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A B S T R A C T

Associations between cannabis use and psychotic disorders suggest that cannabis may be a contributory risk
factor in the neurobiology of psychosis. In this study, we examined brain structure characteristics, total and
regional gray matter density (GMD), using Voxel Based Morphometry, in psychotic individuals, stratified by
history of cannabis use (total n=109). We also contrasted GMD estimates in individual diagnostic groups
(schizophrenia/bipolar I disorder) with and without history of adolescent cannabis use (ACU). Individuals with
psychosis as a whole, both with and without history of ACU, had lower total and regional GMD, compared to
healthy controls. ACU was associated with attenuated GMD reductions, compared to non-users, especially in the
schizophrenia cases, who showed robust GMD reductions in fronto-temporal and parietal cortex, as well as
subcortical regions. Notably, total and regional GMD estimates in individuals with psychosis and ACU were not
different from controls with no ACU. These data indicate that the history of ACU in psychotic individuals is
associated with attenuated GMD abnormalities. Future investigations targeting potential unique etiological and
risk factors associated with psychosis in individuals with ACU may help in understanding of the neurobiology of
psychotic disorders and novel treatment options for these individuals.

1. Introduction

According to the UNO World Drug Report, about 3.8 percent of the
global population used cannabis in the past year, roughly the same
proportion as in the last decade (United Nations Office on Drugs and
Crime, World Drug Report 2017), making cannabis among the most
frequently used illicit drugs in the world. In the US, the prevalence of
cannabis use is on the rise and has reached 13.5% of the population
(United Nations Office on Drugs and Crime, World Drug Report 2017).
Cannabis use disorders are a common comorbidity for schizophrenia
and related psychotic disorders, with a recent meta-analysis estimating
current cannabis use at 16%, and lifetime cannabis use at 27%, with
higher rates in males and in first episode schizophrenia individuals
(Koskinen et al., 2010). Cross-sectional and longitudinal studies show a
consistent relationship between cannabis use and psychotic disorders
(Gage et al., 2016). Cannabis use prior to onset of psychosis
(Semple et al., 2005) is associated with earlier onset of illness (Tosato
et al., 2013). In addition, onset of cannabis use at younger ages

(Large et al., 2011) and the frequent use of more potent strains of
cannabis are associated with higher risk of developing psychosis
(Di Forti et al., 2014). This temporal and dose response relationship
between cannabis use and psychosis (Kraan et al., 2016) suggests that
cannabis can be a contributory risk factor in the neurobiology of psy-
chotic disorders. This clinical observation can also be found in basic
neuroscience studies showing that the adolescent brain responds dif-
ferently to cannabis use than the adult brain, making it susceptible to
cannabis use and resulting in lasting effects on brain circuitry and
morphology (Grigorenko et al., 2002; Kittler et al., 2000; Quinn et al.,
2008; Realini et al., 2011; Rubino and Parolaro, 2016; Rubino et al.,
2009).

An unexpected and intriguing observation is that premorbid can-
nabis use in schizophrenia is associated with better cognitive function,
compared to individuals with schizophrenia without history of cannabis
use (Hanna et al., 2016; Schnell et al., 2012; Yucel et al., 2012), though
some studies have not supported this observation (Ringen et al., 2010).
Schnell et al., (2012) have found less severe cognitive impairments and
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gray matter reductions in the middle frontal regions in patients with
schizophrenia and concurrent cannabis use (Schnell et al., 2012). Two
meta-analyses confirm the observation that previous cannabis use in
schizophrenia is associated with less cognitive impairment (Rabin et al.,
2011; Yucel et al., 2012). This association is more consistent in studies
that focused on adolescent cannabis use (ACU), which was found to be
associated with milder cognitive impairment compared to non-users
(Hanna et al., 2016; Yucel et al., 2012), contrary to the observation of
poorer cognition associated with ACU in otherwise healthy individuals
(Meier et al., 2012).

We recently reported that in individuals with psychosis (schizo-
phrenia/schizoaffective disorder [SZ] and psychotic bipolar I disorder
[BP]), ACU was associated with less impaired global cognitive function,
as measured by the Brief Assessment of Cognition in Schizophrenia
(BACS), compared to cannabis non-users (Hanna et al., 2016). Further,
we found that this effect on cognition was specifically driven by dif-
ferences between the SZ with and without history of ACU, and not the
BP, subgroups.

Here, we extended our work by examining brain structure char-
acteristics—whole brain and regional gray matter density (GMD)—in

Table 1
Substance use characteristics of the study sample.

a. Substance use characteristics in the Psychosis Groups

HC-NonACU (n= 32) HC-ACU (n= 14) PSY-NonACU (n= 35) PSY-ACU (n= 28) Statistical test**

Lifetime substance use disorder diagnosis
Cannabis use–Age of first use 21.11 (17–35) 15.57 (14–17) 17.83 (15–20) 14.48 (5–17) F(3,60)= 13.79, p<0.001
Cannabis use–Age of last use 21.00 (10–37) 24.90 (16–31) 41.67 (27–55) 36.60 (15–55) F(3,29)= 0.52, NS
Cannabis use–Amount of use χ²(6)= 107.27, p<0.001
Less than 5 times over lifetime 100% 0% 100% 0%
5–50 times over lifetime 0% 25% 0% 4%
More than 50 times over lifetime 0% 75% 0% 96%
Cannabis abuse 0% 7% 0% 4% χ²(3)= 3.91, NS
Cannabis dependence 0% 14% 0% 32% χ²(3)= 22.8, p=0.001
Other substance Abuse/Dependence* 6% 43% 26% 89% χ²(3)= 47.07, p<0.001

b. Substance use characteristics in the Diagnosis Groups

HC-NonACU
(n=32)

HC-ACU
(n=14)

BP-NonACU
(n= 12)

BP-ACU
(n=7)

SZ-NonACU
(n= 23)

SZ-ACU
(n= 21)

Statistical test*

Lifetime substance use disorder
diagnosis

Cannabis use–Age of first use 21.11 (17–35) 15.57 (14–17) 18.67 (18–20) 12.64 (5–17) 17.56 (15–20) 15.10 (12–17) F(5,58)= 9.26, p<0.001
Cannabis use–Age of last use 21.00 (10–37) 24.90 (16–31) n\a 32.50 (32–43) 41.67 (27–55) 37.23 (15–55) F(5,27)= 0.48, NS
Cannabis use–Amount of use χ²(10)= 108.09, p<0.001
Less than 5 times over lifetime 100% 0% 100% 0% 100% 0%
5–50 times over lifetime 0% 25% 0% 14% 0% 0%
More than 50 times over

lifetime
0% 75% 0% 86% 0% 100%

Cannabis abuse 0% 7% 0% 0% 0% 5% χ²(5)= 4.57, NS
Cannabis dependence 0% 14% 0% 29% 0% 33% χ²(5)= 22.93, p<0.001
Other substance abuse/

Dependence*
6% 43% 33% 86% 22% 90% χ²(5)= 47.57, p<0.001

*Other Substance Abuse/Dependence diagnoses included Alcohol, Cocaine, and Amphetamine use disorders.
**Post hoc pairwise comparisons (Tukey HSD or chi square, as appropriate); only statistically significant (p<0.05) differences are reported:
a. Psychosis Groups:
Cannabis use – Age of first use: HC-NonACU>HC-ACU (p<0.001), PSY-NonACU (p<0.05); PSY-ACU (p<0.001); PSY-NonACU>PSY-ACU (p<0.01).
Cannabis use – Amount of use: There was a higher proportion of heavy users among HC-ACU compared to HC-NonACU (χ2

(2)= 44.0, p<0.001) and PSY-NonACU
(χ2

(2)= 46.0, p<0.001); and among PSY-ACU compared to HC-NonACU (χ2
(2)= 56.0, p<0.001) and PSY-NonACU (χ2

(2)= 58.0, p<0.001).
Cannabis Dependence: There was a higher proportion of Cannabis Dependence among HC-ACU compared to HC-NonACU (χ2

(1)= 4.78, p=0.029) and PSY-NonACU
(χ2

(1)= 5.21, p=0.022); and among PSY-ACU compared to HC-NonACU (χ2
(1)= 12.1, p=0.001) and PSY-NonACU (χ2

(1)= 13.13, p<0.001).
Other Substance Use: There was a higher proportion of Other Substance Use among HC-ACU compared to HC-NonACU (χ2

(1)= 9.08, p=0.003); and among PSY-ACU
compared to HC-ACU (χ2

(1)= 10.41, p=0.001) and HC-NonACU (χ2
(1)= 41.6, p<0.001) and PSY-NonACU (χ2

(1)= 25.31, p<0.001); and among PSY-NonACU
compared to HC-NonACU (χ2

(1)= 4.62, p=0.032).
b. Diagnosis Groups:
Cannabis use – Age of first use: HC-NonACU>HC-ACU (p<0.001), SZ-ACU (p<0.001); BP-ACU (p<0.001); BP-ACU<SZ-NonACU (p<0.05); BP-NonACU
(p<0.05).
Cannabis use – Amount of use: There was a higher proportion of heavy users among HC-ACU compared to HC-NonACU (χ2

(2)= 44.0, p<0.001) and SZ-NonACU
(χ2

(2)= 34.0, p<0.001) and BP-NonACU (χ2
(2)= 24.0, p<0.001); and among SZ-ACU compared to HC-NonACU (χ2

(2)= 49.0, p<0.001) and SZ-NonACU
(χ2

(2)= 39.0, p<0.001) and BP-NonACU (χ2
(2)= 29.0, p<0.001); and among BP-ACU compared to HC-NonACU (χ2

(2)= 39.0, p<0.001) and SZ-NonACU
(χ2

(2)= 29.0, p<0.001) and BP-NonACU (χ2
(2)= 19.0, p<0.001).

Cannabis Dependence: There was a higher proportion of Cannabis Dependence among HC-ACU compared to HC-NonACU (χ2
(1)= 4.78, p=0.029); and among SZ-ACU

compared to HC-NonACU (χ2
(1)= 12.29, p<0.001) and SZ-NonACU (χ2

(1)= 9.12, p=0.003) and BP-NonACU (χ2
(1)= 5.08, p=0.024); and among BP-ACU com-

pared to HC-NonACU (χ2
(1)= 9.64, p=0.002) and SZ-NonACU (χ2

(1)= 7.04, p=0.008) and BP-NonACU (χ2
(1)= 3.83, p=0.05).

Other Substance Use: There was a higher proportion of Other Substance Use among HC-ACU compared to HC-NonACU (χ2
(1)= 9.08, p=0.003); and among SZ-ACU

compared to HC-ACU (χ2
(1)= 9.33, p=0.002) and HC-NonACU (χ2

(1)= 37.6, p<0.001) and SZ-NonACU (χ2
(1)= 20.92, p<0.001) and BP-NonACU (χ2

(1)= 11.81,
p=0.001); and among BP-ACU compared to HC-NonACU (χ2

(1)= 22.24, p<0.001) and SZ-NonACU (χ2
(1)= 9.46, p=0.002) and BP-NonACU (χ2

(1)= 4.87,
p=0.027); and among BP-NonACU compared to HC-NonACU (χ2

(1)= 5.44, p=0.02).
HC: healthy controls; PSY: volunteers with psychosis; SZ: volunteers with schizophrenia or schizoaffective disorder; BP: volunteers with psychotic bipolar I disorder,
HC: healthy controls; ACU: adolescent onset cannabis use; Non-ACU: cannabis non-users.
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the same cohort of psychosis cases, stratified by cannabis use history.
First, we tested GMD characteristics in the psychosis group as a whole,
stratified by history of ACU. Then, we contrasted GMD estimates in
individual diagnostic groups (SZ, BP) with and without history of ACU.
We hypothesized that individuals with psychosis and history of ACU
would have higher GMD estimates, more similar to healthy controls
(HC), compared to the non-ACU psychosis group. Further, based on our
previous findings with the same sample demonstrating preserved cog-
nitive function in individuals with psychosis following adolescent ex-
posure to cannabis (Hanna et al., 2016), we predicted that the effect of
ACU on GMD would be more evident in SZ compared to BP. In addition,
we explored associations between GMD and cognitive performance in
the overall psychosis group as well as in individual diagnostic sub-
groups.

2. Methods

2.1. Study sample

Whole brain and regional GMD measures were assessed in 109 vo-
lunteers from the Bipolar-Schizophrenia Network for Intermediate
Phenotypes (B-SNIP) sample (Tamminga et al., 2013) (Dallas site only,
where more extensive data about cannabis use was collected). The B-
SNIP logistics, overall sample characteristics, and clinical measures
have been previously described (Tamminga et al., 2013). Individuals
with psychosis included in this sample were stable, medicated out-
patients; HC did not have any personal or family history of psychotic or
recurrent mood disorders. Both patient and HC volunteers with organic
brain disorders, history of brain insults accompanied by a loss of con-
sciousness≥ 30min, decompensated medical conditions, or substance
abuse within 1 months or dependence within 3 months of enrollment
were excluded. The drug-free status was confirmed by qualitative urine
toxicology screens (Reditest Panel-Dip, substance abuse screening de-
vice; Redwood Toxicology Laboratory); each subject was screened at
least twice, at the initial intake appointment and then again at the
beginning of the study. Pregnant women, subjects with claustrophobia,
those with irremovable ferromagnetic medical and non-medical objects
lodged in body were also excluded.

For hypotheses-testing purposes, volunteers were grouped either by
presence of lifetime psychosis [(i) psychosis (PSY), n=63; (ii) HC,
n=46] or by specific DSM-IV diagnoses [(i) schizophrenia or schi-
zoaffective disorder (SZ), n=44; (ii) psychotic bipolar I disorder (BP),
n=19; (iii) HC, n=46]. Furthermore, within each group volunteers
were stratified by history of cannabis use as previously described
(Hanna et al., 2016): (i) adolescent-onset cannabis users (ACU), with
cannabis use on 5 or more occasions before age 18 (89% used>50
occasions); or (ii) non-users (NonACU), with cannabis use on less than 5
occasions over their lifetime). Cannabis use assessment was done ac-
cording to information collected using two primary tools. One is a semi-
structured clinical interview, where information on age of first use, age
of last use, and frequency of use was collected (Table 1). In addition, the
DSM-IV diagnosis-level information pertinent to cannabis and other
substance use was acquired using the Structured Clinical Interview for
DSM-IV Axis I Disorders, Patient Edition (SCID-I/P) (First et al., 1997),
to define the diagnosis of cannabis abuse or dependence in all subjects.
This information combined was used to divide the subjects into the
different groups. Descriptive demographic, clinical, and cognitive
characteristics of the study sample are detailed in Table 2 and Sup-
plementary Table 1.

2.2. Cognitive assessment

Cognitive assessments used in these analyses included (i) premorbid
general intelligence estimate from the Wide Range Achievement Test-4
(WRAT-4) Reading subtest (Wilkinson and Robertson, 2006), and (ii)
the BACS battery (Keefe et al., 2004), including overall composite score

and 6 subdomains and corresponding subtests scores: verbal memory/
list learning, working memory/digit sequencing, motor speed/token
motor, verbal fluency/category instances and letter fluency, attention
and speed of information processing/symbol coding, and executive
function/tower of London. These subdomains have been extensively
validated and shown to be affected in psychotic disorders (Keefe et al.,
2004).

2.3. MRI acquisition and data processing

T1-weighted Magnetization Prepared Rapid Gradient Echo
(MPRAGE) images based on parameters from the Alzheimer's Disease
Neuroimaging Initiative (ADNI1) protocol (http://adni.loni.usc.edu/
methods/documents/mri-protocols/) were acquired on a 3-Tesla
Philips Achieva magnet at the Advanced Imaging Research Center, UT
Southwestern Medical Center. All volunteers were scanned on the same
magnet for the duration of the study. Imaging acquisition parameters
and quality control procedures are detailed elsewhere (Ivleva et al.,
2013; 2017). Whole brain voxel-wise GMD analyses were carried out
using the optimized Voxel-Based Morphometry (Ashburner and
Friston, 2000) toolbox (VBM8) for Statistical Parametric Mapping
(SPM8) (http://www.fil.ion.ucl.ac.uk/spm/software/spm8), and in-
corporated the Diffeomorphic Anatomical Registration Through Ex-
ponentiated Lie Algebra (DARTEL), a high-dimensional nonlinear inter-
subject registration tool (Ashburner, 2007). Image preprocessing in-
cluded the standard steps in MATLAB2013a/SPM8/VBM8/DARTEL
(Kurth et al., 2010): (1) individual T1 images were manually reoriented
to anterior-posterior commissure and segmented into gray matter,
white matter, and cerebrospinal fluid components via the standard
SPM8 segmentation algorithm; (2) rigid body transformation para-
meters were extracted from the nonlinear deformations estimated by
the segmentation algorithm and subsequently used to write out rigidly
transformed versions of the tissue class images for each subject via
DARTEL; (3) the mean of the study images serving as a study-specific
template was created and subsequently refined via the cyclic DARTEL
iterations to ensure accurate registration while conserving each sub-
ject's anatomical features informative for registering over subjects; (4)
gray matter and white matter intensity averages were generated from
the template, and nonlinear warping of the subjects’ gray matter and
white matter images was performed simultaneously to the tissue in-
tensity averages; (5) warped gray matter images were used in the
modulation step to ensure preservation of absolute amount of gray
matter corrected for individual brain size (Good et al., 2001); (6)
modulated normalized GM images were smoothed with an 8-mm full
width at half maximum (FWHM) and selected for subsequent group-
level statistical analyses.

2.4. Statistical analyses

2.4.1. Clinical and cognitive measures
A one-way ANOVA with post-hoc Bonferroni or Tukey multiple

comparison tests and Yates corrected chi-square test were used as ap-
propriate for demographic, clinical and cognitive variables (Statistical
Package for Social Sciences (SPSS), version 19.0) (IBM Corp, 2013).

2.4.2. Whole brain GMD estimates
Subject-level whole brain GMD estimates were extracted from

modulated (pre-smoothed) gray matter images using an in-house
MATLAB-based routines (Ivleva et al., 2017). Separate two-way AN-
COVAs were used to examine between-group differences on total GMD
in Psychosis vs. HC (Model1: HC-NonACU vs. HC-ACU vs. PSY-NonACU
vs. PSY-ACU) and Diagnosis vs. HC (Model2: HC-NonACU vs. HC-ACU
vs. SZ-NonACU vs. SZ-ACU vs. BP-NonACU vs. BP-ACU) (SPSS, version
19.0). The main effects of diagnosis and ACU status and the interaction
between diagnosis and ACU were included as between-subject factors
while controlling for a set of covariates known to affect brain structure
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[age, sex, handedness (Li et al., 2012; Renteria, 2012), lifetime sub-
stance use other than cannabis (yes/no, for all substances combined)
(Nunez et al., 2016)]. Bonferroni corrections were used for multiple
post-hoc comparisons.

2.4.3. Voxel-wise GMD analyses
Whole brain voxel-wise GMD analyses were carried out using a

series of general linear models (i.e., full factorial design) in SPM12,
conducted separately for Psychosis vs. HC (Model1) and for Diagnosis
vs. HC (Model2) grouped based on presence/absence of ACU history, as
detailed above. The same covariates (age, sex, handedness, lifetime
substance use other than cannabis) were incorporated into all SPM
models specified as continuous or categorical regressors, as appropriate.
Absolute threshold masking was set at 0.1mm3/voxel to include voxels
with lower GMD estimates, given the nature of our sample (i.e., patients
with psychotic disorders). All GMD group-level outcomes are reported
at p<0.05 using cluster-wise FWE-R (Family Wise Error based on
random field theory) (Worsley et al., 1992) correction for multiple
comparisons, with a cluster-defining threshold of p<0.001, un-
corrected.

Effect sizes for between-group differences were estimated using
standard Cohen's d based on group means and pooled standard devia-
tion for whole brain, and regional GMD estimates derived from 5mm
radius spheres placed around each significant cluster's peak voxel on
unsmoothed modulated gray matter images.

2.4.4. Associations between total GMD and cognitive measures (exploratory
analyses)

In addition, associations between total GMD estimates and (i) WRAT
score, (ii) BACS total score and (iii) BACS subscales scores were ex-
plored using Pearson correlations (SPSS, version 19.0). Given the ex-
ploratory nature of the analysis, we did not implement correction for
multiple comparisons.

3. Results

3.1. Gray matter density outcomes in the psychosis and healthy control
groups stratified by ACU

3.1.1. Whole brain gray matter density
In the Psychosis vs. HC model [psychosis (HC/PSY)× cannabis use

(ACU/NonACU)], a significant effect of group on whole brain GMD
estimates was detected (F(1,101)= 16.30, p≤ 0.001). There was no
significant effect of ACU status, or group by ACU interaction.
Subsequent pairwise comparisons revealed that PSY-NonACU had sig-
nificantly lower total GMD than HC-NonACU (p=0.026) and HC-ACU
(p=0.004); likewise, PSY-ACU had lower GMD compared to HC-ACU
(p=0.022) (Fig. 1a).

3.1.2. Regional gray matter density
Consistent with total GMD outcomes, voxel-wise GMD analysis de-

tected a significant effect of group (F(3,100)= 5.86, p<0.05, cluster-
wise FWE, k≥ 875 voxels), but no significant interaction between the
group and ACU status (Table 3).

PSY-NonACU vs. HC-NonACU. Subsequent pairwise contrasts iden-
tified lower GMD in PSY-NonACU vs. HC-NonACU (t=3.17, k=971
voxels) in the left medial frontal gyrus (t=5.4, d=1.10), right inferior
temporal gyrus (t=4.0, d=0.77), right Superior Temporal Gyrus
(t=4.5, d=0.78), right precuneus (t=4.5, d=1.04), right middle
occipital gyrus (t=4.3, d=0.99) and left cuneus (t=6.0, d=0.95)
(Table 3, Fig. 2), consistent with typical GMD findings in psychosis
samples (Honea et al., 2005; Ivleva et al., 2012; 2013).

PSY-ACU vs. HC-ACU. Pairwise comparisons between HC vs. PSY
with history of ACU, revealed attenuated between-group effects (re-
lative to PSY vs. HC with non-ACU status), where PSY-ACU had lower
GMD than HC-ACU (t=3.17, k=1046 voxels) in a few brain regions,

including the right inferior frontal gyrus (t=4.7, d=0.99), right cu-
neus (t=5.4, d=1.46), right lingual gyrus (t=5.0, d=1.27) and left
lingual gyrus (t=4.6, d=1.27) (Table 3, Fig. 2).

PSY-NonACU vs. HC-ACU. Likewise, PSY-NonACU, compared to
HC-ACU, had significantly lower GMD (t=3.17, k=915 voxels) in
several cortical regions, including the right middle frontal gyrus
(t=4.2, d=0.75), right parahippocampal gyrus (t=4.9, d=1.17),
left parahippocampal gyrus (t=4.2, d=1.00) and right lingual gyrus
(t=5.1, d=1.61) (Table 3, Fig. 2).

PSY-ACU vs. HC-NonACU. Strikingly, no significant GMD differ-
ences were detected between PSY-ACU and HC-NonACU, i.e., voxel-
wise GMD estimates in the psychosis group with history of ACU were
not different from HC without lifetime cannabis exposure.

The within-group contrasts in the Psychosis and HC stratified by
ACU status (HC-ACU vs. HC-NonACU; PSY-ACU vs. PSY-NonACU)

Fig. 1. Whole brain gray matter density estimates categorized by the Psychosis
(a) or Diagnosis (b) approaches, stratified by adolescent cannabis use.
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Table 3
Regional gray matter density characteristics categorized by the Psychosis or Diagnosis approach.

Group comparison Hemisphere Brain region (Peak voxel
location)

Cluster size
(Voxels)

Maximum t (x, y, z;
MNI coordinates)

Regional GMD estimates (Mean ± SD, mm3/voxel) Effect
size (d)

Main effect of Group
Psychosis Model Left Posterior Cingulate 11,904 16.0 (−7.5, −63,

7.5)
HC-NonACU: 0.75 ± 0.1; HC-ACU: 0.78 ± 0.07;
PSY-NonACU: 0.67 ± 0.11; PSY-ACU: 0.68 ± 0.09

–

Left Medial Frontal Gyrus 2031 11.3 (−4.5, 52.5,
21)

HC-NonACU: 0.74 ± 0.1; HC-ACU: 0.69 ± 0.09;
PSY-NonACU: 0.63 ± 0.1; PSY-ACU: 0.64 ± 0.08

–

Right Middle Frontal Gyrus 875 9.11 (30, 33, −4.5) HC-NonACU: 0.47 ± 0.06; HC-ACU: 0.69 ± 0.09;
PSY-NonACU: 0.63 ± 0.1; PSY-ACU: 0.64 ± 0.08

–

Diagnosis Model Left Posterior Cingulate 6422 9.4 (−7.5, −63,
7.5)

HC-NonACU: 0.75 ± 0.1; HC-ACU: 0.78 ± 0.07;
SZ-NonACU: 0.66 ± 0.11; SZ-ACU: 0.68 ± 0.09;
BP-NonACU: 0.69 ± 0.13; BP-ACU: 0.68 ± 0.07

–

Left Medial Frontal Gyrus 1558 7.8 (−7.5, 51, 25.5) HC-NonACU: 0.76 ± 0.08; HC-ACU: 0.72 ± 0.1;
SZ-NonACU: 0.64 ± 0.11; SZ-ACU: 0.67 ± 0.08;
BP-NonACU: 0.67 ± 0.1; BP-ACU: 0.70 ± 0.07

–

Left Parahippocampal Gyrus 1097 8.4 (−16.5, −21,
−18)

HC-NonACU: 0.38 ± 0.03; HC-ACU: 0.37 ± 0.04;
SZ-NonACU: 0.34 ± 0.04; SZ-ACU: 0.35 ± 0.03;
BP-NonACU: 0.38 ± 0.03; BP-ACU: 0.39 ± 0.03

–

Right Inferior Frontal Gyrus 1079 6.8 (30, 22.5, −4.5) HC-NonACU: 0.76 ± 0.12; HC-ACU: 0.76 ± 0.09;
SZ-NonACU: 0.66 ± 0.07; SZ-ACU: 0.65 ± 0.06;
BP-NonACU: 0.76 ± 0.09; BP-ACU: 0.65 ± 0.12

–

Right Inferior Parietal Lobule 1058 7.5 (61.5, −31.5,
28.5)

HC-NonACU: 0.70 ± 0.1; HC-ACU: 0.67 ± 0.09;
SZ-NonACU: 0.62 ± 0.08; SZ-ACU: 0.61 ± 0.1;
BP-NonACU: 0.69 ± 0.1; BP-ACU: 0.66 ± 0.06

–

Right Precuneus 960 7.8 (16.5, −67.5,
34.5)

HC-NonACU: 0.69 ± 0.13; HC-ACU: 0.73 ± 0.16;
SZ-NonACU: 0.57 ± 0.1; SZ-ACU: 0.55 ± 0.13;
BP-NonACU: 0.58 ± 0.1; BP-ACU: 0.59 ± 0.11

–

Left Medial Frontal Gyrus 800 6.9 (−6, 34.5,
−19.5)

HC-NonACU: 0.76 ± 0.1; HC-ACU: 0.76 ± 0.09;
SZ-NonACU: 0.67 ± 0.1; SZ-ACU: 0.72 ± 0.09;
BP-NonACU: 0.80 ± 0.11; BP-ACU: 0.70 ± 0.09

–

Pairwise comparisons
PSY-NonACU<HC-NonACU Left

Left
Right
Right
Right
Right

Medial Frontal Gyrus
Cuneus
Precuneus
Middle Occipital Gyrus
Inferior Temporal Gyrus
Superior Temporal
Gyrus

8550
6922
1803
1443
1088
971

5.4 (−4.5, 52.5, 21)
6.0 (−6, −67.5,
13.5)
4.5 (18, −69, 33)
4.3 (19.5, −94.5,
−4.5)
4.0 (46.5, −67.5,
−4.5)
4.5 (54, −27, 22.5)

PSY-NonACU: 0.63 ± 0.10; HC-NonACU: 0.74 ± 0.10
PSY-NonACU: 0.65 ± 0.10; HC-NonACU: 0.74 ± 0.09
PSY-NonACU: 0.56 ± 0.09; HC-NonACU: 0.67 ± 0.12
PSY-NonACU: 0.42 ± 0.05; HC-NonACU: 0.48 ± 0.07
PSY-NonACU: 0.72 ± 0.15; HC-NonACU: 0.86 ± 0.21
PSY-NonACU: 0.69 ± 0.10; HC-NonACU: 0.78 ± 0.13

1.10
0.95
1.04
0.99
0.77
0.78

PSY-ACU<HC-ACU Right
Right
Left
Right

Cuneus
Inferior Frontal Gyrus
Lingual Gyrus
Lingual Gyrus

5622
2247
1631
1046

5.4 (7.5, −88.5, 18)
4.7 (28.5, 31.5, −6)
4.6 (−13.5, −64.5,
1.5)
5.0 (19.5, −93,
−12)

PSY-ACU: 0.53 ± 0.07; HC-ACU: 0.64 ± 0.08
PSY-ACU: 0.44 ± 0.05; HC-ACU: 0.50 ± 0.07
PSY-ACU: 0.61 ± 0.11; HC-ACU: 0.77 ± 0.14
PSY-ACU: 0.55 ± 0.12; HC-ACU: 0.73 ± 0.16

1.46
0.99
1.27
1.27

PSY-NonACU<HC-ACU Right
Right
Right
Left

Lingual Gyrus
Parahippocampal Gyrus
Middle Frontal Gyrus
Parahippocampal Gyrus

6387
1352
956
915

5.1 (16.5, −96,
−12)
4.9 (37.5, −16.5,
−18)
4.2 (30, 49.5, −7.5)
4.2 (−31.5, −16.5,
−16.5)

PSY-NonACU: 0.50 ± 0.07; HC-ACU: 0.63 ± 0.09
PSY-NonACU: 0.56 ± 0.09; HC-ACU: 0.66 ± 0.08
PSY-NonACU: 0.51 ± 0.08; HC-ACU: 0.57 ± 0.08
PSY-NonACU: 0.57 ± 0.06; HC-ACU: 0.63 ± 0.06

1.61
1.17
0.75
1.00

SZ-NonACU<HC=NonACU Left
Left
Right
Right
Right
Right

Superior Medial Gyrus
Cuneus
Superior Temporal
Gyrus
Superior Parietal Lobule
Inferior Temporal Gyrus
Inferior Frontal Gyrus

9946
9645
2890
1620
1426
1185

5.7 (−4.5, 52.5,
22.5)
5.9 (−12, −70.5,
15)
5.4 (54, −28.5, 21)
4.6 (28.5, −75,
43.5)
4.2 (46.5, −69,
−4.5)
4.5 (39, 21, 0)

SZ-NonACU: 0.63 ± 0.10; HC-NonACU: 0.75 ± 0.09
SZ-NonACU: 0.62 ± 0.12; HC-NonACU: 0.77 ± 0.11
SZ-NonACU: 0.67 ± 0.11; HC-NonACU: 0.78 ± 0.14
SZ-NonACU: 0.48 ± 0.07; HC-NonACU: 0.54 ± 0.08
SZ-NonACU: 0.69 ± 0.16; HC-NonACU: 0.82 ± 0.19
SZ-NonACU: 0.62 ± 0.09; HC-NonACU: 0.73 ± 0.12

1.26
1.30
0.87
0.80
0.74
1.04

SZ-ACU<HC-ACU Right
Right
Right
Left

Cuneus
Inferior Frontal Gyrus
Inferior Occipital Gyrus
Postcentral Gyrus

2603
2260
923
895

5.0 (7.5, −88.5, 18)
4.7 (30, 31.5, −7.5)
4.9 (19.5, −93,
−13.5)
4.3 (−66, −7.5, 21)

SZ-ACU: 0.53 ± 0.07; HC-ACU: 0.64 ± 0.08
SZ-ACU: 0.46 ± 0.04; HC-ACU: 0.55 ± 0.06
SZ-ACU: 0.57 ± 0.12; HC-ACU: 0.77 ± 0.17
SZ-ACU: 0.45 ± 0.07; HC-ACU: 0.57 ± 0.07

1.46
1.77
1.36
1.71

(continued on next page)
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showed no between-group differences.

3.2. Gray matter density outcomes in the DSM-IV diagnosis and healthy
control groups stratified by ACU

3.2.1. Whole brain gray matter density
In order to examine diagnosis-specific effects moderated by history

of ACU on brain structure, we split the overall PSY group into two
subgroups according to their DSM-IV diagnosis: SZ and BP. Whole brain
GMD analyses [diagnosis (HC/SZ/BP)× cannabis use (ACU/Non-
ACU)] revealed a significant effect of diagnosis (F(2,99)= 9.36,
p≤ 0.001). Similar to the Psychosis vs. HC model, there was no sig-
nificant effect of ACU, or diagnosis by ACU interaction. Subsequent
pair-wise comparisons showed that SZ had overall lower total GMD
estimates than HC (p≤ 0.001), with GMD reductions observed in SZ-
NonACU vs. HC-NonACU (p=0.017), SZ-NonACU vs. HC-ACU
(p=0.002), and SZ-ACU vs. HC-ACU (p=0.062, trend) (Fig. 1b).

3.2.2. Regional gray matter density
Voxel-wise GMD analysis detected a significant effect of group

(F(5,98)= 4.49, p<0.05, FWE, k=800 voxels), but no diagnosis by
ACU interaction (Table 3).

HC-NonACU vs. SZ-NonACU. In terms of pairwise contrasts, SZ-
NonACU showed lower GMD relative to HC-NonACU (t=3.18,
k=1185 voxels) in multiple fronto-temporo-parietal regions: the right

inferior frontal gyrus (t=4.5, d=1.04), left superior medial gyrus
(t=5.7, d=1.26), right inferior temporal gyrus (t=4.2, d=0.74),
right superior temporal gyrus (t=5.4, d=0.87), right superior par-
ietal lobule (t=4.6, d=0.80) and left cuneus (t=5.9, d=1.30)
(Table 3, Supplementary Fig. 1a).

HC-ACU vs. SZ-ACU. When we contrasted HC-ACU vs. SZ-ACU,
pairwise comparisons revealed a largely attenuated effect, where SZ-
ACU had lower GMD estimates than HC-ACU (t=3.18, k=895 voxels)
in a few regions: the right inferior frontal gyrus (t=4.7, d=1.77),
right inferior occipital gyrus (t=4.9, d=1.36), left postcentral gyrus
(t=4.3, d=1.71) and right cuneus (t=5.0, d=1.46) (Table 3,
Supplementary Fig. 1a).

HC-ACU vs. SZ-NonACU. The SZ-NonACU vs. the HC-ACU contrast
revealed GMD reductions in SZ-NonACU (t=3.18, k=1424 voxels) in
the right inferior frontal gyrus (t=4.5, d=1.16), superior medial
gyrus (t=4.2, d=0.88), right superior orbital gyrus (t=5.0,
d=1.00), left cingulate gyrus (t=4.8, d=1.26), left para-
hippocampal gyrus (t=4.7, d=1.13), right parahippocampal gyrus
(t=5.1, d=1.17), right lingual gyrus (t=4.7, d=1.69) and left
lingual gyrus (t=4.9, d=1.36), with the largest clusters localized to
frontal regions (Table 3, Supplementary Fig. 1a).

HC-NonACUvs. SZ-ACU. No significant GMD differences were ob-
served in SZ-ACU vs. HC-NonACU, i.e., voxel-wise GMD estimates in SZ
with history of ACU were not different from HC without lifetime can-
nabis exposure.

Table 3 (continued)

Group comparison Hemisphere Brain region (Peak voxel
location)

Cluster size
(Voxels)

Maximum t (x, y, z;
MNI coordinates)

Regional GMD estimates (Mean ± SD, mm3/voxel) Effect
size (d)

SZ-NonACU<HC-ACU Left
Right
Right
Right
Right
Left
Left
Left

Parahippocampal Gyrus
Superior Orbital Gyrus
Lingual Gyrus
Parahippocampal Gyrus
Inferior Frontal Gyrus
Superior Medial Gyrus
Cingulate Gyrus
Lingual Gyrus

4778
3929
3883
3588
2408
1742
1593
1424

4.7 (−33, −16.5,
−15)
5.0 (10.5, 24,
−25.5)
4.7 (18, −97.5,
−12)
5.1 (37.5, −18,
−18)
4.5 (51, 40.5, −18)
4.2 (−3, 61.5, 7.5)
4.8 (−4.5, −33, 39)
4.9 (−10.5, −61.5,
4.5)

SZ-NonACU: 0.43 ± 0.04; HC-ACU: 0.47 ± 0.03
SZ-NonACU: 0.78 ± 0.14; HC-ACU: 0.91 ± 0.12
SZ-NonACU: 0.48 ± 0.06 HC-ACU: 0.59 ± 0.07
SZ-NonACU: 0.55 ± 0.09 HC-ACU: 0.65 ± 0.08
SZ-NonACU: 0.58 ± 0.07; HC-ACU: 0.68 ± 0.10
SZ-NonACU: 0.52 ± 0.08; HC-ACU: 0.59 ± 0.08
SZ-NonACU: 0.70 ± 0.10; HC-ACU: 0.82 ± 0.09
SZ-NonACU: 0.67 ± 0.12; HC-ACU: 0.82 ± 0.10

1.13
1.00
1.69
1.17
1.16
0.88
1.26
1.36

BP-NonACU<HC-NonACU Left Lingual Gyrus 2182 4.3 (−3, −67.5, 12) BP-NonACU: 0.57 ± 0.06; HC-NonACU: 0.64 ± 0.08 0.99
BP-ACU<HC-ACU Right Cuneus 3268 4.6 (7.5, −90, 21) BP-ACU: 0.54 ± 0.07; HC-ACU: 0.67 ± 0.10 1.51
BP-NonACU<HC-ACU Right Lingual Gyrus 2857 4.1 (16.5, −94.5,

−12)
BP-NonACU: 0.51 ± 0.09; HC-ACU: 0.66 ± 0.11 1.49

SZ-NonACU<BP-NonACU Right Superior Temporal
Gyrus

1265 4.2 (42, −22.5, 0) SZ-NonACU: 0.55 ± 0.05; BP-NonACU: 0.66 ± 0.11 1.29

HC: healthy control; PSY: psychosis; SZ: schizophrenia; BP: bipolar I disorder; ACU: adolescent cannabis use; GMD: gray matter density; SD: standard deviation; MNI:
Montreal Neurological Institute.

Fig. 2. Regional brain gray matter density outcomes across the Psychosis groups, stratified by adolescent cannabis use.The images show voxel-wise spatial t maps for
gray matter density reductions in PSY vs. HC, stratified by adolescent cannabis use. All between-group effects are reported at p< 0.05, using cluster-wise Family Wise
Error correction for multiple comparisons. The images are displayed in neurological convention; color bars indicate the ranges of t values for each between-group
contrast.PSY: volunteers with psychosis; HC: healthy controls; ACU: adolescent onset cannabis use; Non-ACU: cannabis non-users.
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In contrast, when we compared BP vs. HC subgroups stratified by
ACU status, the pattern of GMD changes remained consistent in mag-
nitude and spatial distribution, with modest reductions in BP across
comparisons localized to the posterior cortical regions: BP-NonACU vs.
HC-NonACU, left lingual gyrus (t=3.18, k=2182 voxels); BP-ACU vs.
HC-ACU, right cuneus (t=3.18, k=3268 voxels); and BP-NonACU vs.
HC-ACU, right lingual gyrus (t=3.18, k=2857 voxels), (Table 3,
Supplementary Fig. 1b).

Similar to the effect found in SZ, no significant GMD differences
were observed in BP-ACU vs. HC-NonACU.

The within-diagnosis comparisons stratified by ACU status revealed
no significant GMD differences when contrasting SZ-ACU vs. SZ-
NonACU, BP-ACU vs. BP-NonACU or HC-ACU vs. HC-NonACU.

Cross-diagnostic groups contrasts (SZ vs. BP, stratified by ACU
status) revealed lower GMD estimates in SZ-NonACU relative to BP-
NonACU (t=3.18, k=1265 voxels) in the right superior temporal
gyrus (t=4.2, d=1.29) (Table 3, Supplementary Fig. 1c), consistent
with a typically observed SZ vs. BP effect. In contrast, no between-
group differences in GMD were observed for SZ vs. BP with lifetime
cannabis exposure (SZ-ACU vs. BP-ACU).

3.3. Associations between total gray matter density and cognitive measures

There was a significant direct association between premorbid gen-
eral intelligence estimates (WRAT-4, reading subscale score) and total
GMD in the PSY-ACU group (r=0.47, p<0.05). But, when this overall
Psychosis group was split into individual diagnoses (SZ, BP), both with
the history of ACU, no significant associations were observed.

There were also significant direct associations between WRAT and
total GMD estimates in cannabis non-users: HC-NonACU (r=0.49,
p<0.01) and SZ-NonACU (r=0.42, p<0.05). Finally, we found a
significant association between BACS Digit Sequencing subscale score
and whole brain GMD estimates in the HC-NonACU group (r=0.46,
p<0.01).

4. Discussion

We examined GMD characteristics in individuals across the SZ/BP
psychosis continuum and healthy controls categorized by history of
ACU status. We tested whole brain total and regional GMD outcomes, as
well as the relationships between GMD and cognitive function. In the
psychosis group as a whole, total and regional GMD estimates were
lower than in HC, in both PSY-ACU and PSY-NonACU. This finding is
consistent with previous reports on gray matter structure changes in
individuals with psychotic disorders from our (Ivleva et al., 2012; 2013;
2017) and other groups (Honea et al., 2005). When the psychosis and
HC groups were stratified by history of ACU, GMD reductions in both
PSY-ACU vs. HC-ACU and PSY-NonACU vs. HC-ACU were attenuated
relative to GMD differences between the psychosis and HC groups
without adolescent cannabis exposure. The regional pattern of GMD
changes spanned multiple cortical areas, consistent with prior reports of
widespread gray matter changes in SZ and related psychotic disorders
(Gupta et al., 2015; Ivleva et al., 2013; Ivleva et al., 2017; Rapp et al.,
2012). This pattern of GMD reductions captured with in vivo imaging is
thought to reflect postmortem tissue pathology observed in psychosis,
including reduced interstitial neuropil (Selemon and Goldman-Rakic,
1999; Selemon and Rajkowska, 2003), dendritic spine density and
length of dendrites (Konopaske et al., 2014; McDonald et al., 2017),
pyramidal and interneuron cell size (Jeste and Lohr, 1989; Benes et al.,
1991) and/or density (Benes et al., 1998; Bitanihirwe et al., 2009; Jeste
and Lohr, 1989; Woo et al., 2004; Zhang et al., 2002); and perineuronal
nets density (Berretta et al., 2015; Bitanihirwe and Woo, 2014; Mauney
et al., 2013), albeit with an overall preservation of cortical neurons
number (Selemon and Goldman-Rakic, 1999; Selemon and Rajkowska,
2003). Notably, total and regional GMD estimates in the PSY-ACU
group were not different from those in the ‘typical’ (not exposed to

cannabis) control group, HC-NonACU. These findings indicate that
GMD is less reduced in individuals with psychotic disorders with a
history of early cannabis exposure, and thus that early cannabis abuse
may precipitate psychosis in those with less prominent cognitive and
neuroanatomic risk factors for illness.

In order to test whether SZ or BP diagnoses associated with ACU
have differential effects on these GMD changes, we split the PSY group
into two subgroups according to their DSM-IV diagnosis, SZ (inclusive
of schizophrenia and schizoaffective disorder) or BP. We found that the
changes in GMD observed in PSY as a whole were more prominent in
the SZ group, as it showed robust GMD reductions spanning fronto-
temporo-parietal and subcortical regions. In contrast, BP-NonACU
showed a few small clusters of GMD reduction in the left posterior
cingulate and the right cuneus. Similar to SZ-ACU, BP-ACU cases had
GMD not different from HC.

We did not observe a significant group by ACU status interaction in
this sample, which supports a consistent pattern of association between
gray matter structure and early cannabis exposure—higher GMD esti-
mates associated with lifetime history of ACU—across both psychosis
groups as well as HC, consistent with some recent reports (Filbey et al.,
2015; Gilman et al., 2014; Matochik et al., 2005). In addition, we did
not observe any within-group differences in direct comparison between
ACU and NonACU, either among HC or the diagnostic groups, possibly
due to the modest sample size. This will be examined further in the
future in a larger sample.

Our findings demonstrate that individuals with psychosis and no
ACU have significantly lower GMD compared to HC. With early can-
nabis exposure these GMD changes characteristic for psychosis are at-
tenuated. In both SZ-ACU and BP-ACU individuals, GMD was not sig-
nificantly different from controls. When considering the claim that
cannabis use could be associated with more normal GMD, one possible
explanation involves cannabis as a possible risk factor for developing
psychosis (Kristensen and Cadenhead, 2007), especially at a younger
age (Caspi et al., 2005; Konings et al., 2008). Certain individuals may
have a genetic predisposition for psychosis, but require an additional
environmental insult, such as cannabis use during adolescence, in order
to develop psychosis (Hanna et al., 2016). GMD estimates and cognitive
function in SZ with ACU are similar to those of HC, suggesting that they
are innately more biologically and cognitively intact and have less
vulnerability for psychosis, and perhaps had they not been exposed to
cannabis, they would not have developed psychosis. These individuals
may represent a clinically distinct subgroup, with novel illness me-
chanisms which might require novel therapies.

Another possible explanation for the association between ACU and
higher GMD is that cannabis may have a sparing effect on brain
structure. In humans, studies examining associations between cannabis
use and brain structure are few, with mixed results, ranging from GMD/
volume increases (Filbey et al., 2015; Gilman et al., 2014; Matochik
et al., 2005), to no alteration (Jager et al., 2007), to volume reductions
(Bangalore et al., 2008; Medina et al., 2007; Yucel et al., 2008), pos-
sibly due to modest sample sizes and differences in methodology.
Gilman et al., (2014) found greater whole brain GMD following can-
nabis use in nondependent recreational cannabis users (18–25 years).
Likewise, Filbey et al., (2015) reported that early cannabis use (onset of
first use before age 16) was associated with increased cortical thickness
and gray/white matter border contrast, and decreased local gyrification
index in prefrontal regions. Also, Matochik et al., (2005) found greater
GMD following heavy cannabis use in adult users (21–35 years). In
preclinical studies, exposure to a cannabinoid agonist caused morpho-
logical changes in the structure of dendrites and dendritic spines in
pyramidal neurons in the medial prefrontal cortex (Carvalho et al.,
2016). In addition, Δ9 –tetrahydrocannabinol (THC), the principal ac-
tive component of cannabis, has been shown to alter structural mor-
phology of dendrites in the central nervous system (Kolb et al., 2006).
Kolb et al., (2006) found that chronic exposure to low doses of THC
modified the structure of dendrites in the shell of the nucleus
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accumbens and the medial prefrontal cortex (though not in other brain
regions), resulting in increased dendritic length and increased number
of dendritic branches. These changes in neuronal morphology were
evident long after drug exposure, and are therefore representative of a
persistent reorganization of synapses in the affected brain regions
(Kolb et al., 2006). This reorganization effect of THC may contribute to
the sparing GMD effect observed in SZ-ACU individuals, whereby THC-
induced lengthening and greater branching in dendrites might com-
pensate for the disease-associated ‘primary’ GMD loss in psychosis.

Another possibility for the development of psychosis following ACU
may involve the kind of cannabis that these individuals were exposed
to. Cannabis contains more than 70 different cannabinoids
(Mechoulam, 2005), the concentrations of which differ based on can-
nabis strain. Two of the more abundant cannabinoids are THC and
cannabidiol (CBD). While THC is the main psychotomimetic ingredient,
CBD has been shown to have antipsychotic properties (Zuardi et al.,
2012). Therefore, exposure to cannabis strains with a low CBD and/or
high THC content may be more likely to lead to psychosis.

We found that adolescent onset cannabis use was associated with
higher GMD estimates, in line with an existing body of literature in-
dicating higher GMD and cognitive function in individuals with early
vs. late cannabis exposure (Filbey et al., 2015; Gruber et al., 2012;
Jacobus et al., 2015). Several studies (DeRosse et al., 2010; Leeson
et al., 2012; Meijer et al., 2012; Schnell et al., 2009; Stirling et al., 2005;
Yucel et al., 2012), but not all (Mata et al., 2008; Power et al., 2015;
Ringen et al., 2010), have linked prior cannabis use in individuals with
schizophrenia to less impaired cognitive function, compared to in-
dividuals with schizophrenia without a cannabis use history. When
prior cannabis use is defined as adolescent cannabis use, however, the
results are highly consistent in associating it with improved cognitive
function (Hanna et al., 2016; Jockers-Scherubl et al., 2007; Kumra
et al., 2005; Yucel et al., 2012). These observations suggest that the
adolescent brain may be particularly vulnerable to the effects of can-
nabis. Support for this comes from several independent animal studies
reporting long term neurobehavioral effects of adolescent, but not
adult, THC or synthetic cannabinoid treatments (O'Shea et al., 2004;
2006; Quinn et al., 2008; Rubino and Parolaro, 2015; Rubino et al.,
2008; 2009; Schneider and Koch, 2003). In this sample, the overall
modest sample size limited our ability to compare HC and SZ with early
and late onset cannabis use; however, it will be important to examine in
future studies.

When looking at correlations between whole brain GMD and
WRAT/BACS, we found associations between cognitive ability and
GMD in psychotic individuals with ACU. The same association emerged
in healthy controls without ACU. Thus, there seemed to be an inverse
pattern between HC and PSY in terms of how the relationship between
GMD and WRAT scores is influenced by ACU status. Such relationships
between GMD and cognitive function mediated by cannabis use require
further investigation.

Another important aspect to consider involves the association be-
tween social adjustment and substance use. Previously it has been
suggested that individuals who use drugs have higher social functioning
(Salyers and Mueser, 2001). In addition, recent work highlights the link
between socioeconomic status and brain structure (Noble et al., 2015).
We did examine between-group differences in current psychosocial
functioning based on the Birchwood Social Functioning scale (total
score) and found no significant effects in either psychosis or diagnosis
subgroups stratified by adolescent cannabis use (PSY-ACU vs. PSY-
NonACU, SZ-ACU vs. SZ-NonACU, and BP-ACU vs. BP-NonACU)
(Table 2). Likewise, no significant difference in social functioning was
observed in HC with and without adolescent cannabis exposure. We did
observe, however, significantly lower social functioning in the psy-
chosis and SZ groups, compared to HC, consistent with previous find-
ings in the overall B-SNIP sample (Tamminga et al., 2013). Based on
these observations, it is unlikely that social functioning-associated ef-
fects can explain our GMD findings in ACU vs. NonACU groups.

However, while the information on premorbid social adjustment is not
available in our sample, it will be important to consider in future stu-
dies.

Several additional limitations should be noted. The sample size is
modest introducing the possibility of subtle between-group GMD dif-
ferences that were not detected with available power. The available
information on lifetime cannabis use is limited, given the post hoc
nature of these analyses. Future in-depth investigation of the effect of
cannabis in psychosis on various brain structure and function measures
is in progress. The psychosis volunteers included in this sample were
chronically medicated, which could contribute to GMD differences
observed in the psychosis vs. healthy control groups (Fusar-Poli et al.,
2013; Ho et al., 2011; Vita et al., 2015). In the B-SNIP overall sample
we previously tested for concomitant medication effects on brain
structure (Ivleva et al., 2013; 2017) and robust associations were not
observed. In this study, focused on adolescent cannabis use, the rates of
concomitant psychotropic medication use among various classes were
highly consistent in the psychosis- and diagnosis-based ACU and
NonACU groups (Supplementary Table1). Therefore, the medication
effects are unlikely to explain different GMD characteristics observed in
the ACU and NonACU groups, albeit the absence of lifetime medication
data limits the interpretation of treatment-related effects.

In conclusion, we have found overall lower GMD in psychosis
compared with HC, consistent with previous reports (Honea et al.,
2005; Ivleva et al., 2012; 2013; 2017). However, when the psychosis
group was stratified by ACU, we found that individuals with psychosis
and ACU had GMD not different from healthy controls, consistent with
previously reported higher cognitive functioning in these affected in-
dividuals (Hanna et al., 2016; Yucel et al., 2012). This intriguing ob-
servation of more spared cognitive function and GMD in psychotic in-
dividuals with ACU requires further investigation in order to better
understand the effects of cannabis on the neurobiology of psychosis.
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