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Neurobiology of Disease

Daily Marijuana Use Is Not Associated with Brain
Morphometric Measures in Adolescents or Adults
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Recent research has suggested that marijuana use is associated with volumetric and shape differences in subcortical structures, including
the nucleus accumbens and amygdala, in a dose-dependent fashion. Replication of such results in well controlled studies is essential to
clarify the effects of marijuana. To that end, this retrospective study examined brain morphology in a sample of adult daily marijuana
users (n = 29) versus nonusers (1 = 29) and a sample of adolescent daily users (1 = 50) versus nonusers (n = 50). Groups were matched
on a critical confounding variable, alcohol use, to a far greater degree than in previously published studies. We acquired high-resolution
MRI scans, and investigated group differences in gray matter using voxel-based morphometry, surface-based morphometry, and shape
analysis in structures suggested to be associated with marijuana use, as follows: the nucleus accumbens, amygdala, hippocampus, and
cerebellum. No statistically significant differences were found between daily users and nonusers on volume or shape in the regions of
interest. Effect sizes suggest that the failure to find differences was not due to a lack of statistical power, but rather was due to the lack of
even a modest effect. In sum, the results indicate that, when carefully controlling for alcohol use, gender, age, and other variables, there

is no association between marijuana use and standard volumetric or shape measurements of subcortical structures.
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Introduction
The United States has seen changing trends concerning the
acceptance of marijuana. As of 2013, 20 states had either decrim-
inalized marijuana or legalized medical use. Colorado, Washing-
ton, Oregon, and Alaska have now legalized its recreational use.
Concurrently, the popular press has shown significant interest in
scientific studies on the effects of marijuana use. Two widely
featured studies include one suggesting that regular marijuana
use decreases IQ [Meier et al., 2012 (which has been challenged
for not accounting for a confounding effect of socioeconomic
status); Rogeberg, 2013], and another suggesting that “recre-
ational use” causes brain abnormalities (Gilman et al., 2014).
To be sure, these two studies do not stand alone. Other studies
of the relationship between marijuana use and brain morphology
have found equivocal results (Lisdahl etal., 2014; Lorenzetti et al.,
2014). Marijuana use has been associated with both increased
(Cousijn et al., 2012) and decreased (Yiicel et al., 2008; Demir-
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akcaetal.,2011; Solowij etal., 2011) volumes of subcortical struc-
tures, or both (Battistella et al., 2014). Importantly, these studies
were not designed to determine causality (i.e., that marijuana use
causes morphological changes), which would require a longitu-
dinal design to establish temporal precedence.

Finally, many studies did not adequately exclude the effects of
confounding variables. Several reports included marijuana
groups that differed from control groups in alcohol use/abuse
(Demirakea et al., 2011; Solowij et al., 2011; Schacht et al., 2012;
Gilman et al., 2014). Unlike marijuana, alcohol abuse has been
unequivocally associated with deleterious effects on brain mor-
phology and cognition in both adults (Sullivan, 2007; Harper,
2009) and adolescents (Nagel et al., 2005; Medina et al., 2008;
Squeglia et al., 2012). Statistically controlling for comorbid alco-
hol abuse, as many studies do, is not an ideal strategy, especially in
small groups or under conditions where covariates may interact
with the independent variable (Miller and Chapman, 2001).
Thus, it is possible that alcohol use, or other factors, may explain
some of the contradictory findings to date.

Given the interest in the risks associated with marijuana use
among the general public and policy makers, replication of re-
ports that marijuana use is associated with morphological
changes in the brain is essential. To that end, we retrospectively
examined brain morphology in a sample of adult daily marijuana
users (n = 29) versus nonusing control subjects (n = 29), using
techniques identical to those used in the study by Gilman et al.
(2014). We examined the same variables in adolescent daily users
(n = 50) versus nonusers (n = 50). Importantly, there were two
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Table 1. Subject characteristics for marijuana nonusers and daily users in adult and adolescent samples based on the past 60 and 90 d, respectively

Adults Adolescents
Nonusers Daily users Nonusers Daily users
(N=129) N=129 Significance (N'=50) (N'=50) Significance
Sex
Males 16 16 36 41
Females 13 13 14 9 0.235
Age (years) 27.5(6.8) 27.4(7.1) 0.985 16.77 (0.95) 16.65 (1.09) 0.538
Age range (years) 18-53 19-53 14-18 14-18
Education” 13.5(1.8) 13.5(1.7) 0.966 9.08 (0.98) 9.16 (1.33) 0.739
AUDIT score 11.9(7.5) 11.9(6.1) 0.986 7.38(7.00) 8.10 (5.79) 0.577
AUDIT consumption score 6.7 (3.0) 7.1(3.0) 0.691 4.06 (3.40) 4.52 (2.87) 0.466
Substance use’
Alcohol (n)
Drinking days 12.31(21.47) 12.97 (18.26) 0.869
Heavy drinking days 12.2(10.8) 16.8 (15.0) 0.185
Drinks per drinking day 4.6 (2.5 5.7 (3.6) 0.216 5.19 (5.46) 5.42 (5.26) 0.831
Cigarettes (n)
Smoking days 35.2(28.8) 46.1(25.2) 0.127
Cigarettes per smoking day 7.7(83) 10.9 (8.2) 0.371 3.09 (4.66) 3.60 (3.70) 0.546
Marijuana (n)
Smoking days 0° 60 <0.001 0° 90 <0.001
Ethnicity (n)
(aucasian 13 14 10 5
Latino 6 5 30 34
Native American 3 3 1 3
African American 4 3
Asian/Pacific Islander 1 1
Mixed 4 1 3 4
Unknown 3 6 1
Depression® 9.06 (7.79) 9.00 (6.20) 0.983 2.78 (2.81) 3.58(3.53) 0.213
Anxiety? 8.17(11.14) 12.63 (10.35) 0.158
IMPSS
IMP 3.32(2.47) 2.85(2.03) 0.445 3.84(2.22) 4.08 (2.10) 0.579
S 7.36 (2.70) 6.67 (2.71) 0.444 7.82 (2.44) 7.56 (2.38) 0.591

Data are mean (SD), unless otherwise indicated. IMP, Impulsivity subscale; SS, sensation-seeking subscale.
“Highest grade completed for adults and current grade at study screening for adolescents.

®TimeLine Follow Back for past 60 d for adults and variables adapted from White and Labouvie (1989) for the past 90 d for adolescents.

“Beck Depression Inventory for adults and Children’s Depression Inventory for adolescents.
9Beck Anxiety Inventory for adults; no measure available for adolescents.

differences in our analytic approach. Because the previous study
suggested an exposure-dependent effect (Gilman et al., 2014), we
compared daily users to nonusers. Evaluating the extremes
should provide greater statistical power (McClelland, 1997). Fur-
thermore, groups were matched on the Alcohol Use Disorders
Identification Test (AUDIT), whereas groups differed on AUDIT
scores in the original article. We evaluated the following struc-
tures that were the focus of recent studies of marijuana: the bilat-
eral nucleus accumbens and amygdala (Gilman et al., 2014);
hippocampus (Demirakca et al., 2011; Schacht et al., 2012); and
cerebellum (Solowij et al., 2011; Cousijn et al., 2012).

Materials and Methods

Adult participants and measures. Adult participants (N = 503) were re-
cruited from the greater Albuquerque, NM, or Boulder/Denver, CO,
metropolitan regions through advertisements for studies on alcohol/sub-
stance use. Exclusionary criteria and study details have been specified in
previous publications (Filbey et al., 2008; Claus et al., 2011). Written
informed consent, approved by the University of New Mexico Human
Research Committee, was obtained from all participants.

Participants completed the Time Line Follow Back (TLFB) to assess
quantity and frequency of substance use for the past 60 d (Sobell and
Sobell, 1992), the AUDIT to assess hazardous drinking/dependence
(Saunders et al., 1993), the Impulsive Sensation-Seeking Scale (IMPSS)
of the Zuckerman—Kuhlman Personality Questionnaire (Zuckerman et
al., 1993), the Beck Depression Inventory (Beck etal., 1961), and the Beck
Anxiety Inventory (Beck et al., 1988).

Based on the TLFB data, a subset of subjects was identified as daily
marijuana users (n = 29, 16 male and 13 female). From the remaining
subjects, age, gender, and AUDIT scores were used to create a matched
control group reporting no marijuana use in the past 60 d.

Adolescent participants and measures. Adolescent participants (N =
262) were recruited through juvenile justice services in Albuquerque as
part of a larger study on adolescent risk behavior (Magnan et al., 2013).
All eligible participants were assented, and parental or legal guardian
consent was obtained before participation; the University of New
Mexico Human Research Committee approved all study procedures.
Exclusionary criteria were the use of psychotropic medications or
diagnosis of a psychiatric disorder other than attention deficit hyper-
activity disorder.

Adolescents were identified based on the frequency of their marijuana
use during the past 3 months (White and Labouvie, 1989) as daily users
(n =50, 41 male and 9 female) or as part of a matched group of nonusers
(n = 50, 36 male and 14 female). Additional measures for quantity and
frequency of alcohol use and cigarette smoking were obtained from the
assessment of the past 3 months (White and Labouvie, 1989). Adoles-
cents also completed the AUDIT and IMPSS as well as the Children’s
Depression Inventory (Kovacs, 1992).

Anatomical image acquisition. Both neuroimaging sites have 3 T Sie-
mens Trio scanners with 12-channel radio frequency coils. High-
resolution T1-weighted structural images were acquired using the same
5-echo multi-echo MPRAGE sequence, as follows: TE = 1.64, 3.5, 5.36,
7.22,and 9.08 ms; TR = 2.53 s; TI = 1.2 s; flip angle = 7°; excitations =
1; slice thickness = 1 mm; field of view = 256 mm; resolution = 256 X
256 X 176; voxel size 1 X 1 X 1 mm; pixel bandwidth = 650 Hz.
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Table 2. Statistics for GLMs for VBM and FreeSurfer analyses evaluating effect of marijuana between non-users and daily users

Variance Variance
Nonusers Daily users accounted accounted
Estimated Estimated forbylcv— Effect size w Effect size
Analysis method  Structure marginalmean ~ SE marginalmean  SE F p (partial ) F p (partial m?)
VBM
Adults Intracranial volume ~ 1,922,899.00 31,018.92  1,913,330.59 31,018.92 0.048  0.828  0.001
Total brain 1,513,201.81 4119.80  1,515,438.64 4119.80  1971.974 0.000 0.973 0.147  0.703  0.003
Total gray matter 827,994.23 4163.58 829,365.60 4163.58 484.884 0.000  0.898 0.054 0817  0.001
Total white matter 685,207.58 3898.48 686,073.04 3898.48 548.049 0.000  0.909 0.025 0876  0.000
R accumbens 311.84 9.04 304.24 9.04 3.296 0.075  0.057 0353 0.555  0.006
Ramygdala 1453.71 30.34 1463.16 30.34 0.786 0379 0.014 0.048  0.827  0.001
R hippocampus 3002.16 38.79 3073.21 38.79 439 0.041  0.074 1.677 0201  0.030
L accumbens 3.2 9.92 320.46 9.92 4335 0.042  0.073 0387  0.536  0.007
L amygdala 1171.16 26.32 1159.46 26.32 0.881 0352 0.016 0.099 0755  0.002
L hippocampus 3065.53 4339 3120.25 4339 2.682 0.107  0.046 0.795 0377  0.014
Cerebellum 7835.77 152.16 7834.36 152.16 5.694 0.020  0.094 0.000 0995  0.000
Adolescents Intracranial volume ~ 1,920,158.44 24,590.65  1,954,935.94 24,590.65 1.000 0320 0.010
Total brain 1,545,844.43 3136.89  1,551,499.77 3136.89  3895.177  <<0.001 0.976 1617 0207  0.016
Total gray matter 866,299.03 2737.60 869,082.33 2737.60  1386.205  <<0.001  0.935 0.514 0475  0.005
Total white matter 679,545.40 2345.95 682,417.44 234595  1600.461  <<0.001  0.943 0.746 0390  0.008
R accumbens 297.45 6.42 300.14 6.42 1.282 0.260  0.013 0.087 0769  0.001
R amygdala 1408.51 23.32 1404.80 23.32 0.274 0.602  0.003 0.013 0911  0.000
R hippocampus 3055.38 30.73 3018.74 30.73 3.750 0.056  0.037 0.708  0.402  0.007
L accumbens 302.09 7.74 308.29 7.74 2.268 0.135  0.023 0320 0.573  0.003
L amygdala 1124.23 17.72 1141.06 17.72 3.947 0.050  0.039 0.448  0.505  0.005
L hippocampus 2978.78 30.05 2990.58 30.05 2.048 0.156  0.021 0.077  0.782  0.001
Cerebellum 75711.77 116.42 7729.65 116.42 3.357 0.070  0.033 0915 0341  0.009
FreeSurfer
Adults Intracranial volume ~ 1,546,121.38 39,078.81  1,536,555.86 39,078.81 0.030 0.863  0.001
Total brain 1,229,307.07 13,039.49  1,234,999.71 13,039.49 100.313 <<0.001 0.654 0.095 0759  0.002
Total gray matter 613,116.05 8389.40 615,901.38 8389.40 29.021  <<0.001 0354 0.055 0815  0.001
Total white matter 519,152.95 6951.24 522,287.80 6951.24 104.247  <0.001  0.663 0102 0.751  0.002
R accumbens 677.13 16.32 672.94 16.32 6.794 0.012  0.110 0.033  0.856  0.001
R amygdala 1656.83 32.96 1686.17 32.96 15155 <0.001  0.216 039  0.532  0.007
R hippocampus 4279.82 55.10 4337.39 55.10 44457  <0.001 0.447 0.546  0.463  0.010
R cerebellum 53,360.00 827.30 54,256.69 827.30 55924  <<0.001  0.504 0.587  0.447  0.011
L accumbens 498.65 15.94 521.04 15.94 12.782 0.001 0.189 0985 0325 0.018
L amygdala 1624.13 28.94 1679.18 28.94 15.604  <<0.001  0.221 1.809  0.184  0.032
L hippocampus 4240.54 55.10 4342.42 55.10 40.003  <0.001  0.421 1709  0.197  0.030
L cerebellum 52,465.04 777.66 53,511.52 777.66 66.129  <<0.001 0.546 0.905 0346 0.016
Adolescents Intracranial volume ~ 1,552,515.32 25,781.08  1,616,127.20 2578108 — — — 3.044  0.084  0.030
Total brain 1,276,109.88 8077.09  1,272,935.92 8077.09 370.806  <<0.001 0.793 0.076 0783  0.001
Total gray matter 668,428.50 5354.95 663,327.32 5354.95 158.859  <€0.001  0.621 0.447  0.505  0.005
Total white matter 510,897.02 4981.67 513,508.50 4981.67 228614  <0.001  0.702 0.135  0.714  0.001
R accumbens 719.98 14.04 697.28 14.04 15.984  <<0.001 0.141 1.288 0259  0.013
R amygdala 1713.02 2417 1703.76 2417 25791 <0.001  0.210 0.072  0.789  0.001
R hippocampus 4355.17 46.01 4360.01 46.01 110.710  <<0.001 0.533 0.005 0941 0.000
R cerebellum 57,858.92 674.44 56,291.74 674.44 69.453  <<0.001  0.417 2659  0.706  0.027
L accumbens 573.76 12.40 544.47 12.40 14.288  <<0.001 0.128 2749 0.101 0.028
L amygdala 1681.57 20.26 1667.17 20.26 39.425  <<0.001  0.289 0249  0.619  0.003
L hippocampus 4372.76 48.48 4370.36 48.48 106.960  <<0.001  0.524 0.001  0.972  0.000
L cerebellum 57,757.95 685.38 55,647.39 685.38 74646  <<0.001 0.435 4670  0.033  0.046
R, Right; L, left.

Voxel-based morphometry volumetric/density analysis. Voxel-based
morphometry (VBM) analyses were performed using the FSLVBM
analysis pipeline in FSL (version 5.0.1) (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FSLVBM) following standard automated processing (Ashburner
and Friston, 2000; Good et al., 2001), as in other publications (Depue et
al., 2014; Gilman et al., 2014). Briefly, images were brain extracted and
normalized to Montreal Neurological Institute (MNI) standard space.
Resulting images were averaged to create a study-specific template, to
which native gray matter (GM) images were reregistered and modulated.
The modulated segmented images were smoothed with an isotropic
Gaussian kernel with a o of 3, yielding a full-width at half-maximum
(FWHM) of 6.9 mm. The resulting subject-specific GM probability maps
were input into a general linear model (GLM) to test for group differ-
ences between nonusers and daily marijuana users, controlling for intra-
cranial volume (ICV). Two separate GLM analyses were performed to

assess the following: (1) whole-brain GM volume/density; and (2) partial
volume region of interest (ROI) using the bilateral nucleus accumbens,
amygdala, hippocampi, and the cerebellum. Separate masks for each of
these seven ROIs were created from the Harvard-Oxford Sub-Cortical
Atlas. Multiple-comparison correction used voxelwise thresholding ap-
plied using the FSL Randomize permutation-based non-parametric test-
ing with 5000 Monte Carlo simulations. Clusterwise extent correction
using the FSL built-in cluster-based thresholding technique was applied
with a threshold of t > 2.3.

In addition, we extracted the volume for each of the ROISs; these values
were entered into a multivariate GLM (SPSS version 21) to test for group
differences, controlling for ICV.

FreeSurfer surface-based morphometry volumetric analysis. Surface-
based morphometry (SBM) analyses used FreeSurfer version 5.1 (https://
surfer.nmr.mgh.harvard.edu/) to perform cortical reconstruction and
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Table 3. Statistics for FIRST shape analysis evaluating effect of marijuana between nonusers and daily users

Variance accounted
Nonusers Daily users for by group
Structure Mean scalar SD Mean scalar SD F P Effect size (1)
Adults R accumbens 0.023 0.323 —0.023 0.418 2.081 0.791 0.061
R amygdala —0.040 0.579 0.040 0.541 0.357 1.000 —0.071
R hippocampus —0.048 0.259 0.048 0.374 0.837 0.988 —0.147
L accumbens —0.033 0.325 0.033 0.333 1.903 0.780 —0.100
L amygdala —0.089 0.367 0.089 0.410 0.653 0.976 —0.223
L hippocampus —0.043 0.234 0.043 0.467 0.901 0.993 —0.116
Adolescents R accumbens <<0.001 0.325 <<0.001 0.352 1.516 0.966 0.000
R amygdala 0.053 0.582 —0.053 0.573 1777 0.932 —0.181
R hippocampus —0.006 0.421 0.006 0.349 4.687 0.352 0.030
L accumbens 0.037 0.278 —0.037 0.309 1.523 0.988 —0.267
L amygdala —0.049 0.383 0.049 0.437 1.174 0.991 0.256
L hippocampus 0.018 0.295 —0.018 0.323 1.669 0.906 —0.120
R, Right; L, left.

volumetric segmentation were similar to previous work (Gilman et al.,
2014; Weiland et al., 2014). Briefly, these methods included motion cor-
rection, Talairach transformation, and segmentation and parcellation of
cortical and subcortical structures (Dale et al., 1999; Fischl et al., 2004).
The resulting subject-specific volume maps were input into GLM analy-
ses to perform whole-brain analyses testing for group differences be-
tween nonusers and daily marijuana users, controlling for ICV. To
correct for multiple comparisons, p-maps were thresholded to yield an
expected false discovery rate of 5% (Genovese et al., 2002). Next, ROI
analyses used FreeSurfer output data for bilateral nucleus accumbens,
amygdala, hippocampi, and cerebellum. These volumes were entered
into a GLM to test for group differences while controlling for ICV.

Finally, FreeSurfer outputs volumetric data for 35 cortical structures
per hemisphere, as well as right and left thalamus, pallidum, and the a
priori structures tested in the ROI analyses (i.e., nucleus accumbens,
amygdala, hippocampus, and cerebellum). Volumes of all 82 structures
were entered into a multivariate GLM to test for the group effect on any
structure with ICV as a covariate.

FIRST shape analysis. Shape analyses were performed using the FSL
(version 5.0.1) FIRST toolbox, as in other studies (Depue and Banich,
2012; Depue et al., 2014; Gilman et al., 2014). Briefly, shape models in
FIRST are constructed from a library of manually segmented images.
FIRST searches for the most probable shape instance given the observed
intensities from input images. Segmentation was performed with two-
stage transformation to MNI space (Woolrich et al., 2009) with boundary
voxels thresholded at 6.9 mm FWHM for bilateral nucleus accumbens,
amygdala, and hippocampi (FIRST does not currently provide a shape
model for the cerebellum). Permutation testing used FSL Randomize
with 5000 Monte Carlo simulations to test for group differences in shape,
correcting for multiple vertex comparisons. Clusterwise extent correc-
tion was applied, with a threshold of F > 3.0.

Evaluation of effect sizes from recently published papers. Finally, we
sought to compare our study to other recent studies in the literature. We
evaluated the articles listed in the recent review by Lorenzetti et al. (2014)
and, where volumetric means were available, calculated effect sizes as
Cohen’s d (Cohen, 1988) for the accumbens, amygdala, hippocampus,
and cerebellum.

Results

Participants

Nonusers and daily marijuana users were nearly identical in
terms of age and AUDIT scores, with no significant differences on
other measures of comorbid alcohol and tobacco use, depression,
anxiety, impulsivity, sensation seeking, or education (Table 1).

VBM volumetric/density analysis

The whole-brain and ROI-masked analyses, controlling for ICV,
resulted in no clusters meeting significance thresholds between
daily marijuana users and nonusers in either the adult or adoles-

cent samples, suggesting that there were no differences between
nonusers and daily users in the specific regions of interest or
anywhere else in the brain.

The GLMs of extracted ROI volumes found no effect of group
on structure volumes; statistics for these GLMs are presented in
Tables 2 and 3. To ensure that higher levels of alcohol use were
not masking the effects of marijuana use, we repeated the analyses
using only subjects with AUDIT scores of <8 (a cutoff considered
indicative of problematic use; Saunders et al., 1993) in the adult
sample (n = 8 per marijuana group) and the adolescent sample
(n = 29 per marijuana group). No effect of group on structure
volume was found in either cohort.

FreeSurfer volumetric analysis

The whole-brain analysis, controlling for ICV, resulted in no
clusters meeting significance thresholds between daily and
nonusers in either the adult or adolescent samples, suggesting
that there were no differences between nonusers and daily
users in the specific regions of interest or anywhere else in the
brain.

The GLMs of extracted ROI volumes found no effect of group
on structure volumes; statistics for these GLMs are presented in
Table 2. Additional secondary analyses, limited to subjects with
AUDIT scores <8 in both the adult and adolescent cohorts,
found no effect of marijuana group on structure volumes.

The multivariate GLM evaluating all brain structures found
no effect of group in the adults (F, 55y = 4.783, p = 0.351) or
adolescents (F, g,y = 0.720, p = 0.832) on structure volumes.

FIRST shape analysis

Shape analyses resulted in no clusters meeting the significance
threshold in any of the six ROIs evaluated in the adult sample. A
significant cluster was found in the adolescent sample in the right
hippocampus (x = 63, y = 155,z = 43, k = 1576, t(5¢, = 6.150,
p = 0.040) with a smaller peak scalar value in the daily users
[mean (SD): nonusers, —0.0198 (0.2314); daily users, 0.0198
(0.2338)], which would not meet significance with correction for
multiple comparisons. Table 3 lists structure statistics for each
ROI. Additional secondary analyses, limited to subjects with an
AUDIT score <8 in the adult and adolescent samples, found no
group effect in shape in either cohort.

Evaluation of effect of marijuana in previous studies
To place our findings in context, we graphed our findings along-
side the effect sizes for marijuana users and control groups re-
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Figure 1.

A, Depiction of subcortical structures evaluated for group differences between daily marijuana users and nonusers. B, Effect size of marijuana use on structure volumes from the current

study and recent literature, presented as bilateral structures where available (circle/triangle) or as the entire structure (square). Average values are presented for right and left structures only. NAccFS,
Freesurfer; VBM, voxel-based morphometry; L, left; R, right; NAcc, nucleus accumbens; Hpc, hippocampus; Amyg, amygdala.

ported in previous studies. As can be seen in Figure 1, these varied
considerably across studies, structures, and hemispheres, with a
mean cumulative effect size of d = —0.011, suggesting no effect
within the bounds of sampling error.

Discussion

Our analyses attempted to replicate previous reports suggesting
an exposure-dependent relationship between marijuana use and
multimodal measures of brain morphology. The analyses we per-
formed duplicated those previously used (Gilman et al., 2014)
with several important differences. Our study included more
subjects in adult and adolescent samples, and compared extreme
groups of non-marijuana users to daily users. Most importantly,
the groups were closely matched on an alcohol problem measure
(AUDIT) and were not different on many possible confounding
variables (e.g., tobacco use, depression, impulsivity, age, and gen-
der). In other words, the present analyses had greater power to
detect group differences, while closely controlling for other ef-
fects. We found no evidence of differences in volumes of the
accumbens, amygdala, hippocampus, or cerebellum between
daily versus nonusers, in adults or adolescents. Moreover, effect

size data (Tables 2, 3, Fig. 1) suggest that potential effects are
modest and would require very large sample sizes to detect sig-
nificant differences. The lack of significant differences between
marijuana users and control subjects in the present study is con-
sistent with the observation that the mean effect size across pre-
viously published studies suggests no clear effect of marijuana on
gray matter volumes (Fig. 1). The studies at the top of Figure 1,
arguably those with the tightest control over comorbid alcohol
use, had the tightest range of effect sizes. Additionally, the top six
studies in Figure 1 suggest that choice of analysis software (e.g.,
FSLVBM or FreeSurfer) impacts effect sizes, highlighting an im-
portant consideration when interpreting results in imaging liter-
ature and the need to use multiple approaches in data analysis
(Gilman et al., 2014).

The present study is one of the only studies to match groups
very carefully on a measure of alcohol use severity (i.e., the
AUDIT). Unlike the marijuana literature, which has produced
somewhat equivocal associations between marijuana use and
brain morphology (Lisdahl et al., 2014; Lorenzetti et al., 2014),
the literature on the effects of alcohol use on gray matter is un-
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equivocal. Alcohol consumption is associated with volume loss in
the brain globally (Harper and Kril, 1985; Jernigan et al., 1991;
Pfefferbaum et al., 1992; Hommer et al., 2001; Paul et al., 2008),
as well as in specific cortical (Fein et al., 2002; Makris et al., 2008;
Durazzo et al,, 2011) and subcortical structures, including the
caudate nucleus (Jernigan et al., 1991), thalamus (Segobin et al.,
2014), amygdala (Fein et al., 2006; Makris et al., 2008), nucleus
accumbens (Makris et al., 2008), and cerebellum (Torvik et al.,
1986; Sullivan et al., 2000). Studies have also reported that alco-
hol use is associated with morphological changes in samples of
youth drinking below our sample mean (1.3-3.5 drinks/d vs 5.3
drinks/d in this study; Nagel et al., 2005; Medina et al., 2008;
Squeglia et al., 2012). Thus, even modest alcohol abuse may be
associated with morphological changes and may represent an
important confounding variable in studies on the effects of
marijuana.

These alcohol findings highlight the need to carefully consider
confounding effects of alcohol use. Because alcohol use and mar-
ijuana use are often correlated, marijuana groups are also likely to
differ on alcohol use. Studies often approach these differences by
using alcohol measures as covariates in statistical models. How-
ever, this solution may not be adequate, as analysis of covariance
when the covariate shares a meaningful relationship to the group-
ing variable and the dependent measure— undoubtedly the case
with alcohol and marijuana use and brain morphology— can
lead to inflated effect size estimates and type I error (Miller and
Chapman, 2001). Finally, alcohol is not the only potential con-
founding variable in studies on marijuana. A key difference be-
tween marijuana users and control subjects is often the fact that
users are willing to engage in a high-risk, illegal behavior while
control subjects are not. A major strength of the current adoles-
cent study is that this variable was controlled for, given that non-
users and users were both involved in the justice system (though
not incarcerated) and thus had engaged in risky behaviors other
than marijuana use. If there is a fundamental biological mecha-
nism underlying “risk,” having similar risky behaviors (e.g., en-
gagement in some form of illegal behavior) in both our
adolescent groups should control for any morphological differ-
ences related to the willingness to engage in risky behaviors, to
allow interpretation of the marijuana effect alone. In support of
that logic, these groups did not differ on measures of impulsivity
or sensation seeking, placing focus on the difference in marijuana
use rather than personality traits.

It is also unclear how variations in the morphology of cortical
or subcortical structures would be interpreted. For example, oth-
ers have interpreted reductions of gray matter volume in the
accumbens as evidence of the deleterious effects of alcohol
(Makris et al., 2008), yet increases in accumbens volume associ-
ated with marijuana use were interpreted as deleterious (Gilman
etal., 2014). Future research should link structural differences to
behavioral or functional measures to better understand the im-
plications of differences in brain morphology. In addition, the
morphological techniques used for analyses show substantial
variation in results depending on processing and software, par-
ticularly shape analysis (Gao et al., 2014).

Another important issue for future work is the number and
variety of chemical components in marijuana. Tetrahydrocan-
nabinol (THC) contributes to the “high” associated with use, but
different genetic strains of cannabis may greatly differ on potency
of =80 additional cannabinoids [e.g., cannabidiol (CBD), canna-
binol, cannabigerol, and tetraydrocannabivarin] and terpenoids
(e.g., alpha-pinene, myrcene, limonene; Russo, 2007). This is
particularly important as CBD has CB1 antagonist properties and
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may counteract some of the negative effects of THC (Niesink and
van Laar, 2013), including hippocampal volume reductions
(Demirakca et al., 2011). Ideally, future studies will evaluate and
control for cannabinoid content. While that has not been possi-
ble to date, it will be possible in states that regulate the sale of
marijuana. For example, when an individual purchases mari-
juana in Colorado, strain and potency information, analyzed by a
state-licensed laboratory, is often available, increasing the ability
of future research to examine the influence of different cannabi-
noids and terpenoids.

Multiple other factors will also require attention in future
marijuana research, including mode of delivery, which may de-
termine how, and which, cannabis components impact individ-
uals (Abrams et al., 2007); interaction of developmental stage
(Lisdahl et al., 2014); and interaction of individual genetics with
effects of marijuana on the brain (Caspi et al., 2005; Decoster et
al., 2012; Schacht et al., 2012). Longitudinal studies are needed to
determine causality rather than associations, to the extent possi-
ble with nonexperimental data. Notably, this is a limitation the
current study also shares.

Other limitations of our study include group designation
based on recent marijuana use rather than detailed history (e.g.,
age of onset, duration of both marijuana and alcohol use) as well
as no inclusion of socioeconomic factors (e.g., maternal drug use,
early life stress, nutrition), which may impact brain morphology
during development. A number of systematic differences in these
factors may have contributed to the group differences found in
previous studies (Filbey et al., 2014; Gilman et al., 2014) or
masked an effect in this study. In addition, we acknowledge that
the adolescents in this study were drawn from a convenience
sample of juvenile justice-involved youth who are among the
>31 million adolescents under the jurisdiction of the juvenile
court system (Office of Juvenile Justice and Delinquency Preven-
tion, 2009). While our results may not generalize to all popula-
tions, they would generalize to other youth likely to engage in
marijuana use. Finally, it is important to note that the current
study does not “prove” that marijuana has no effect on brain
morphology. In fact, it is virtually impossible to prove that an
effect does not exist. The point of hypothesis testing is not to
prove the null hypothesis, but to reject the null hypothesis, which
cannot be rejected in this study. Given the well known problems
with null hypothesis significance testing writ large (Cohen, 1994;
Krueger, 2001), we present effect sizes from the present and pre-
vious studies to place our findings in a larger context. We believe
this presentation, rather than a singular focus on whether a crit-
ical value crosses the significance threshold, is consistent with
current recommendations regarding the interpretation of practi-
cal and clinical significance of findings across studies (Cumming,
2012).

In conclusion, clear evidence regarding the effects of mari-
juana on the brain and on health in general are important for
informing the public and policy makers about the potential risks
and/or benefits of marijuana use. The press may not cite studies
that do not find sensational effects, but these studies are still
extremely important. While the literature clearly supports a del-
eterious short-term effect of marijuana on learning and memory
(Ranganathan and D’Souza, 2006; Crane et al., 2013), it seems
unlikely that marijuana use has the same level of long-term del-
eterious effects on brain morphology as other drugs like alcohol.
It is imperative that rigorous research accurately identifies the
harms associated with marijuana use to better inform policy and
perception, especially with respect to harm reduction strategies in
the face of increasing use.
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