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Supplementary methods:
Participants

Exclusion criteria: major neurodevelopmental disorders (e.g., autism), uncorrectable visual
impairment, hearing deficits, uninterruptible central nervous system medication, any
contraindications (e.g., pregnancy) for MRI (Bourque, Baker et al. 2016). Half of the high-risk
youth were exposed to a brief personality-targeted cognitive behavioural intervention in the 7"
grade (Bourque, Baker et al. 2016, O'Leary-Barrett, Masse et al. 2017).

Self-report measures of substance use

DEPADO (Landry, Tremblay et al. 2004) measures of substance use frequency were available
for all participants included in the present study. At time 2, timeline follow back (TLFB; (Sobell
and Sobell 1992)) data for 23 participants were not available. At time 3, TLFB data were not
available for 4 participants. Individuals with missing TLFB data were removed from this
analysis. DEPADO categories of substance use frequency were converted into ‘times per week’
as described in the main manuscript. Supplementary tables S1 and S2 present results of
parametric and non-parametric correlations between frequency of use as measured by the
DEPADO and TLFB.

Supplementary table S1. Agreement between TLFB and DEPADO (Pearson)

r p
Time 2 Cannabis 0.86 <2.2x10716
Alcohol 0.45 2.29x10°
Time 3 Cannabis 0.86 <2.2x10716
Alcohol 0.75 <2.2x10716

Supplementary table S2. Agreement between TLFB and DEPADO (Spearman)

rho P
Time 2 Cannabis 0.77 <2.2x10716
Alcohol 0.72 <2.2x10716
Time 3 Cannabis 0.80 <2.2x10716

Alcohol 0.71 <2.2x10°16



MRI image processing

Freesurfer 6.0.0: Briefly, this pipeline includes B1 bias field correction, skull stripping,
segmentation of grey and white matter, talairach transformation, cortical surface reconstruction,
cortical parcellation and estimation of grey matter metrics including cortical thickness and surface
area (Fischl 2012). Cross-sectional data were then passed on to the Freesurfer longitudinal
pipeline, which improves reliability for within-person data (Reuter, Schmansky et al. 2012).

Freesurfer processing was conducted on a compute cluster provided by the Digital Research
Alliance of Canada and the Freesurfer 6.0.0 tools on CBrain (Sherif, Rioux et al. 2014).

Qoala-T: Qoala-T is a quality control tool for Freesufer-processed data that was originally
validated with a developmental sample including adolescents (Klapwijk, Van De Kamp et al.
2019). Qoala-T uses supervised-learning to generate quality-control ratings and scans scoring
below 50 were not included in the analysis (Klapwijk, Van De Kamp et al. 2019).

CNRI1 gene expression

Regional microarray expression data were obtained from 6 post-mortem brains (1 female,
ages 24.0--57.0, 42.50 +/- 13.38) provided by the Allen Human Brain Atlas (AHBA,
https://human.brain-map.org; (Hawrylycz, Lein et al. 2012)). Data were processed with the
abagen toolbox (version 0.1.3; https://github.com/rmarkello/abagen) using a 69-region
volumetric atlas (Desikan, Ségonne et al. 2006), independently aligned to each donor's native
MRI space.

The report of processing of AHBA data was generated as an automated output of the
abagen pipeline before being reviewed by authors with minor revisions for manuscript
preparation. All generated text was released under a creative commons CCO license.

Before processing, AHBA samples were filtered to include only those from cortical
regions (Dear, Wagstyl et al. 2024).

-

and Fornito 2019); probes not matched to a valid Entrez ID were discarded. Next, probes were
filtered based on their expression intensity relative to background noise (Quackenbush 2002), such
that probes with intensity less than the background in >=50.00% of samples across donors were
discarded , yielding 32,669 probes. When multiple probes indexed the expression of the same gene,
we selected and used the probe with the most consistent pattern of regional variation across donors
(i.e., differential stability; (Hawrylycz, Miller et al. 2015), calculated with:
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Where, p is Spearman’s rank correlation of the expression of a single probe, p, across
regions in two donor brains B; and B;j and N is the total number of donors. Here, regions
correspond to the structural designations provided in the ontology from the AHBA.


https://human.brain-map.org/
https://github.com/rmarkello/abagen

To increase spatial coverage, tissue samples in the right hemisphere were mirrored into
the left hemisphere (Romero-Garcia, Whitaker et al. 2018). Samples were assigned to brain
regions in the provided atlas if their native voxel coordinates were within 2 mm of a given
parcel. To reduce the potential for misassignment, sample-to-region matching was constrained
by hemisphere and gross structural divisions (i.e., cortex, subcortex/brainstem, and cerebellum,
such that e.g., a sample in the left cortex could only be assigned to an atlas parcel in the left

e

region in the provided atlas were discarded.

Inter-subject variation was addressed by normalizing tissue sample expression values
across genes using a robust sigmoid function (Fulcher, Little and Jones 2013):

1

where (x) is the median and IQR,, is the normalized interquartile range of the expression of a single
tissue sample across genes. Normalized expression values were then rescaled to the unit interval:

anI‘m =

Xnorm — min(xnorm)
max(xnorm) - min(xnorm)

Xscaled =

Gene expression values were then normalized across tissue samples using an identical
procedure. Samples assigned to the same brain region were averaged separately for each donor,
yielding a regional expression matrix for each donor with 69 rows, corresponding to brain regions,
and 15,946 columns, corresponding to the retained genes. Finally, 33 of 69 regions remained after
filtering for regions with > 3 donors.

Figures

Brain map and linear effect figures were created using ggseg (Mowinckel and Vidal-Pifieiro
2020) and visreg (Breheny and Burchett 2017) in R (v4.3.2). Where necessary, minor changes to
figure formatting were made using Inkscape (https://inkscape.org/).



https://inkscape.org/

Details of excluded or absent MRI scans at each time point

Supplementary table S3. Reasons for absence or exclusion of MRI scans
at each time point

Time 1 Time 2 Time 3

Missed visit 0 3 0
No scan due to orthodontic braces 0 5

Withdrew from study 0 10 15
Substance use measures unavailable 1 0 0
Incidental finding 2 2 2
Epilepsy 1 1 1
®MRI visual quality control fail 2 2 2
Failed QoalaT 0 2 3
Failed Freesurfer processing 1 0 0
Only 1 scan passing QC 12 0 0

®MRI quality was inspected at the time of scan. If the first T1-weighted image was
judged to be of low quality, the sequence was repeated up to twice during the same
MRI visit. Only the highest quality MRI for a given MRI visit was considered for the
present analysis.



Supplementary results:
Substance use by sex

Supplementary table S4. Alcohol use in male and female participants

Characteristic Time 1 Time 2 Time 3
n n n
Sample size” 132 126 123
male female  male female male female
n 61 71 55 71 55 68
Cannabis use frequency
Fisher’s exact test p=.002 p=.83 p=.47
Never (%) 20(33) 36(50) 12(22) 20(28) 6(11) 7 (10)
Occasional (%) 41(67) 28(39) 31(56) 37(52) 19(35) 24(35)
Once/month (%) 0(0) 3(8) 7 (13) 6 (8) 11(20) 20(29)

Weekends or 1-2/week (%) 0(0) 4(6) 509 7(10) 17(31) 16(24)
3 or more times/week (%) 0(0) 0(0) 0(0) 1(1) 2(4) 1(1)

*Differences between sample sizes for individual timepoints and the total sample size
(n=136) are due to participant attrition at individual timepoints, for details see Supplementary
Table S3.

Supplementary table S5. Cannabis use in male and female participants

Characteristic Time 1 Time 2 Time 3
n n n
Sample size® 132 126 123
male female  male female male female
n 61 71 55 71 55 68
Cannabis use frequency
Fisher’s exact test p=.92 p=.22 p=.50
Never (%) 56(92) 66(93) 48(87) 54(76) 32(58) 37(54)
Occasional (%) 4(7) 3(4) 3(5) 10(14) 11(20) 18(26)
Once/month (%) 1(2) 1(1) 0(0) 3(4) 4(7) 2(3)

Weekends or 1-2/week (%) 0(0) 0(0) 3(5) 2(3) 4(7) 7 (10)
3 or more times/week (%) 0(0) 1(1) 1(2) 2(3) 4(7) 4 (6)

*Differences between sample sizes for individual timepoints and the total sample size
(n=136) are due to participant attrition at individual timepoints, for details see Supplementary
Table S3.



Model comparisons with and without quadratic terms for age

Inclusion of age? and/or age**region terms did not lead to meaningful improvement in
model fit compared to the base model (likelihood ratio test; supplementary table S5).

Base model Including Age? Including Age?*region
ThickAvg_combat ~ ThickAvg_combat ~ ThickAvg_combat ~
LR * region + LR * region + LR * region +
holes_LR * region + holes_LR * region + holes_LR * region +
Age * region + Age * region + Age * region +
Age_sq + Age_sq * region +
SEX + ICV_z + (1 | CODE) SEX + ICV_z + (1 | CODE) SEX + ICV_z + (1 | CODE)
Outcome:

ThickAvg _combat Cortical thickness

Predictors:
LR: hemisphere (two levels: left, right)

holes_LR: total number of surface holes in uncorrected reconstruction in left or right
hemisphere

Age: participant age at timepoint

Age_sq: square of participant age at timepoint
region: brain region (34 regions x 2 hemispheres)
SEX: participant sex (two levels: left, right)
ICV_z: standardized intracranial volume

Random effects:
(1 | CODE): Random intercept for participant

Supplementary table S6. Model comparisons with quadratic terms for age

#params AIC  BIC logLik  deviance df  p (%)

Age 140 28595 27452 14437 28875
Age*region

o
/’:ggiAge fegion 141  -28593 -27442 14437 28875 1 .88
Age, Age*region

Age?, Age*region 174 -28534  -27113 14441 -28882 34 1.0

Model tests reflect contrasts against the base model (Age, Age*region)



CNRI1 expression by region

Supplementary table S7 Normalized expression of CNR1

CNRI

region (Normalized expression) RANK
caudal anterior cingulate 0.839 1
rostral anterior cingulate 0.836 2
medial orbitofrontal 0.795 3
insula 0.764 4
temporal pole 0.762 5
lateral orbitofrontal 0.72 6
entorhinal 0.665 7
pars orbitalis 0.657 8
posterior cingulate 0.642 9
rostral middle frontal 0.634 10
parahippocampal 0.612 11
fusiform 0.594 12
middle temporal 0.589 13
superior temporal 0.587 14
superior frontal 0.586 15
inferior temporal 0.584 16
pars opercularis 0.57 17
pars triangularis 0.568 18
caudal middle frontal 0.516 19
paracentral 0.512 20
bankssts 0.493 21
precuneus 0.479 22
precentral 0.457 23
supramarginal 0.443 24
isthmus cingulate 0.436 25
inferior parietal 0.357 26
superior parietal 0.341 27
transverse temporal 0.294 28
postcentral 0.265 29
lingual 0.248 30
lateral occipital 0.222 31
cuneus 0.164 32
pericalcarine 0.102 33

frontal pole NA NA



Supplementary sensitivity analyses
Controlling for Personality Traits

Effects of within-person variation in cannabis use on cortical thickness: initiation or escalation of
cannabis use

Across all participants, the association of within-person changes in cannabis use and cortical
thickness was not meaningfully different when controlling for SURPS impulsivity score (Fi 2s663.0=3.84,
p=.05), or sensation seeking score (F1256202=33.67, p=.055).

Males: The association of within-person changes in cannabis use and cortical thickness for male
participants was significant when controlling for SURPS impulsivity score (Fi,113703=8.87, p=.0029), or
sensation seeking score (Fi,11380.=10.41, p=001).

Females: The association of within-person changes in cannabis use and cortical thickness for female
participants was not significant when controlling for SURPS impulsivity score (F1,14047.5=0.79, p=0.37), or
sensation seeking score (Fi,14046.1=0.59, p=.44).

Cannabis use propensity (between-person) and cortical thickness

Males: The interaction between average cannabis use and cortical thickness was significant when
controlling for impulsivity (Fs3,11361.9=4.46, p=3.21x107'%) or sensation-seeking (F33,11361.9=4.46,
p=3.13x10"'%).

Females: The interaction between average cannabis use and cortical thickness was significant when
controlling for impulsivity (F33 14002.1=1.85, p=0.002) or sensation-seeking (F33,14002.1=1.86, p=0.002).

Comparison of regional cortical phenotypes:
Spatial similarity of cortical thickness signatures for cannabis use propensity and within-person cannabis
use in male participants

The regional pattern of the cannabis propensity phenotype (figure 4A and supplementary figure
S3) was not significantly correlated with the regional pattern for within-person increases in cannabis use
(figure 2 and supplementary figure S2; rho=-.26, p=.14).
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Effects of within-person variation in cannabis use on cortical surface area:

Cortical surface area was not significantly associated with within-person variation in cannabis use
across all regions (cannabiSwimin: F1,256823=0.21, p=.65). The cannabiswimin*region interaction was not
significant (F3325563.3=0.27, p=.99). The three-way cannabiswimin*region*sex interaction was not
signiﬁcant (F33,25501_4=0.60, p=.97).

Cannabis use propensity (between-person) and cortical surface area

Across the whole sample, surface area was not significantly associated with cannabis use at the
between-person level (Fi1206=0.12, p=.73), accounting for age, sex, brain region, alcohol use, and
intracranial volume. There was a significant cannabisay*region interaction (Fs32ss6s3=3.45, p=8.04x10'")
indicating that adolescents prone to more frequent cannabis use exhibit a specific neural signature on
surface area. The three-way cannabiswimin*region*sex interaction was significant.

Cannabis use propensity and cortical surface area: moderating effects of sex

The three-way cannabispeween*region*sex interaction was significant (F3325s535.5=7.59, p<2.2x10
16), indicating that the patterns of regional surface area associated with proneness to more frequent
cannabis use differed between males and females.

Cannabis use propensity and surface area in males

Cannabis use propensity (average cannabis use throughout adolescence) was not significantly
associated with overall surface area in male participants (F1576=0.10, p=.76). A significant interaction
indicated that cannabis use propensity was associated with region-specific patterns of deviations from
model-predicted surface area (cannabisSpemween*region: Fss 113055=9.43, p<2.2x10719).

Cannabis use propensity and surface area in females

Cannabis use propensity (average cannabis use throughout adolescence) was not significantly
associated with overall surface area in female participants (F1,693=0.05, p=.82). A significant interaction
indicated that cannabis use propensity was associated with region-specific patterns of deviations from
model-predicted surface area (cannabiSpeween™region: Fs3 140357=2.94, p=3.60x10%).
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Supplementary Figures

Effects of within-person variation in cannabis use: initiation or escalation of cannabis use

Regional deviations from expected cortical thickness associated with
escalation of cannabis use by one-time-per-week (full sample, n=136)
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Supplementary Figure S1. Regional deviations in cortical thickness associated with within-person increases in
cannabis use in all participants (n=136). The simple main effect is depicted as a dotted line surrounded by shaded
area (95% confidence intervals) across the width of the figure. Estimated slope reflects the deviation from
expected cortical thickness for each within-person increase in cannabis use of one-time-per-week. Linear mixed
models were fit using a shared error term across regions of interest. Model controls for image quality, intracranial
volume, sex, age, region, and alcohol use
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Regional deviations from expected cortical thickness associated with
escalation of cannabis use per one-time-per-week (males, n=62)
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Supplementary Figure S2. Regional deviations in cortical thickness associated with within-person increases in
cannabis use in male participants (n=62). Estimated slope reflects the deviation from expected cortical thickness
for each within-person increase in cannabis use of one-time-per-week. Linear mixed models were fit using a
shared error term across regions of interest. Model controls for image quality, intracranial volume, age, region,
and alcohol use.

Regional deviations from expected cortical thickness associated with
escalation of cannabis use per one-time-per-week (females, n=74)
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Supplementary Figure S3. Regional deviations in cortical thickness associated with within-person increases in
cannabis use in female participants (n=74). Estimated slope reflects the deviation from expected cortical thickness
for each within-person increase in cannabis use of one-time-per-week. Linear mixed models were fit using a
shared error term across regions of interest. Model controls for image quality, intracranial volume, age, region,
and alcohol use.

Effects of between-person differences in cannabis use throughout adolescence: cannabis use propensity
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Regional deviations from expected thickness associated with propensity
toward cannabis use (mm per one-time-per-week average cannabis use; males, n=62)
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Supplementary Figure S4. Regional deviations in cortical thickness associated with greater average cannabis
use in male participants (n=62). Estimated slope reflects the deviation from expected cortical thickness for each
increase in average cannabis use of one-time-per-week. Models were fit using a shared error term across regions
of interest. Model controls for image quality, intracranial volume, age, region, and alcohol use

Estimated Slope (+1 SE)

Regional deviations from expected thickness associated with propensity
toward cannabis use (mm per one-time-per-week average cannabis use; females, n=74)

0.10
0.05
v }f}{ {%*f{ }{{}i
-0.05
-0.10
o D .0 N.O XIS N NI N PN PN I PPN 2}
FFIFTIFLLIIIFFNLIF ST ELESEIFESEES
Y TS S ¥ S S S ITEILSTIIRSESEIIISSORqs &
FOILLILITIILLLITSTISF S g2 P TS T T OISSSIES
OS] §.& SIS SIS SOFTSFSSFIFSSTITITEIIILOETFF
S S N ST R SIESR ) R ST 5L S § S s
O TR OGN SSFIFNNS O AIESEE G <& L O - - ) N9
CEEFSTFEETEs 67 ¢ S fILPrss £
9§ $ L $ & N T Q@ N )
S EE 258 & ¢ FF¢ 5 LS F1
&I SIS N S 5§ & AR
< o> D XS o @ 2} IS Q v RN
5§ TSy & <
o O < & =
N 5
& &

Region of Interest

lobe

Frontal
Insula
Temporal

Parietal

thwde

Occipital

Effect Lines

- Simple Main Effect (95% CI)

— Zero

Supplementary Figure S5. Regional deviations in cortical thickness associated with greater average cannabis
use in female participants (n=74). Estimated slope reflects the deviation from expected cortical thickness for each
increase in average cannabis use of one-time-per-week. Models were fit using a shared error term across regions
of interest. Model controls for image quality, intracranial volume, age, region, and alcohol use
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