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SUBSTANCE USE AND ADOLESCENT COGNITIVE DEVELOPMENT

In the absence of experimental designs, large-scale lon-
gitudinal designs with multiple repeated assessments provide
an opportunity to explore inferences about causality between
two variables by examining how changes in one domain are
related to changes in another over time. As depicted in
Figure 1, computational models can test the extent to which
changes in one behavior lead to concurrent or lasting changes
in another (e.g., after an increase in substance use subsides),
but such models require large prospective data sets. To our
knowledge, few data sets have been available that might al-
low dissociation of antecedent cognitive risk factors from
the consequences of substance misuse on adolescent cogni-
tive development from this perspective.

Using this multivariate, multilevel framework, the asso-
ciation between substance use and cognition can be inves-
tigated with respect to four theoretical hypotheses, also
shown in Figure 1. Recognizing that cognitive factors are
also implicated in risk for early-onset substance use (17),
we hypothesized that working memory and response inhibi-
fion (two executive functions of the frontal lobes) would
be associated with overall risk for early onset and heavier
substance use generally (the vulnerability hypothesis).
Consistent with previous research suggesting a relationship
between adolescent binge drinking and cognitive functions
(7}, we hypothesized that further increases in alechol con-
sumption would predict impaired spatial working memory,
recall memory, perceptual reasoning, and inhibition, over
and above common vulnerability. The literature also sug-
gests that effects of heavy alcohol consumption on memory
recover over time (3). We therefore hypothesized that the
relationship between alcohol use and memory functions
could be accounted for by common vulnerability and neu-
roplasticity hypotheses. '

The effects of cannabis use should also conform to a
vulnerability hypothesis, particularly with respect to in-
hibitery function (1), but additional cognitive consequences
of adolescent cannabis use are hypothesized on measures
of memory function and general IQ, such as perceptual
reasoning (7, 18). Considering results from animal studies
showing that chronic administration of THC causes dose-
dependent neurotoxic changes in brain regions that are rich
in cannabinoid receptors, such as the hippocampus, amyg-
dala, septum, and cortex (17), and that abnormalities in
hippocampal and temporal structures seem particularly
linked to human cannabis use (16), we hypothesized that
additional visual-spatial memory deficits will be conse-
quential to cannabis use in adolescence, where both neu-
roplasticity and neurotoxicity models are considered, as
the literature relating to the degree to which these effects
last beyond the consumption period in humans remains
inconclusive. A fourth model will also be tested—the
developmental sensitivity model, informed by current neu-
rodevelopmental theories (19) suggesting that cognitive func-
tions linked to the prefrontal cortex (executive cognitive
functions such as working memory, response inhibitien, and
perceptual reasoning) should show age-dependent effects,

2 ajp.psychiatryonline.org

FIGURE 1. Neurotoxicity and Neuroplasticity Models: Multilevel
Modeling of Causality®
' Time 4

Time1 ez

| Time3

This multilevel computational method tests between-subject differ-
ences at one level and then various within-subject processes at a second
level, allowing for the investigation of concurrent and time-lagged re-
lationships between sets of variables. Cognitive performance (Cog) and
substance use {Sub) were measured at four tme points (time 1 represents
assessment in the 7th grade, time 2 in 8th grade, and so on). The first
hypothesis proposes an underlying cognitive vulnerability that might
contribute to early-onset substance use and the likelihood of continued
and heavy use over time {green arrow} {14, 15}. Three within-subject
effects reflect processes that are consequential to substance use. The
neurotoxicity hypothesis suggests that past substance use causes im-
pairment in cognitive function in some lasting way, regardless of whether
the substance use continues {blue arrows) (16}, The neuroplasticity
hypothesis suggests that consumption is associated with impaired
cognitive perforrmance, but only in the short term, and that through
mechanisms of neuraplasticity, abstinence, or reduction in consump-
tion, the cognitive impairment subsides {hashed lines). Finally, in the
developrnental sensitivity hypothesis, substance use at a critical period
in development will lead to neurotoxicity, depending on the neuro-
maturational state of the particular brain region {with larger neurotox-
icity or neuroplasticity effects at earlier times than at later times}.

with earlier onset of substance use being linked to greater
impairment.

Using data from a large longitudinal study of adclescents
assessed repeatedly on substance use and cognitive functions
through the critical developmental period when substance
use onset and brain maturation overlap, this study represents
a unique opportunity to study the effects of cannabis and
alcohol on various cognitive domains with enough power
to model the complex nature of these relationships. Results
from this highly conservative analysis may help guide drug
policy. Results supporting neuroplastic or neurotoxic effects
of substance use on adolescent cognitive development may
help in advocating for more investment in evidence-based
preventive interventions, which currently represent a small
fraction of the societal costs resulting from substance abuse
in Western societies (20).

METHOD

Participants

‘We used data from the Co-Venture trial (21}, a longitudinal
population-based randomized controlled trial assessing the
5-year efficacy of a personality-tarpeted drug and alcohol
prevention program named Preventure. A total of 3,826
seventh-graders (47% female; mean age, 12.7 years {SD=0.5];
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SUBSTANCE USE AND ADOLESCENT COGNITIVE DEVELOPMENT

TABLE 1. Frequency Distribution for Substance Use Variables in a School Sample of Adolescents Assessed Over 4 Years

- Frequency

Three Times or

o — o : Once or
Frequency - Never Occasionally = Once'aMonth  Twice Per Week = More Per Week  Every Day -
Cannabis use
Year 1 95.41% - 2.76% 0.71% 0.45% 0.32% 0.37%
Year 2 90.20% 6.27% 1.50% 112% 0.53% 0.38%
Year 3 80.09% 12.29% 2.20% 2.95% 117% 130%
Year 4 71.19% 17.91% 362% 347% 1.81% 2.00%
Alcohot use
Year 1 63.56% 31.77% 2.97% 1.39% 0.18% 0.13%
Year 2 48.66% 41.62% 7.18% 2.21% 0.24% 0.10%
Year 3 35.86% 46.04% 11.67% 6.06% 0.23% 0.13%
Year 4 23.87% 44.61% 18.89% 11.73% 0.60% 0.30%
_ : _ Number of drinks on drinking occasion
Quantit® - ... O -2 3-5 5-8 - =8
Alcohol use
Yearl 85.37% 11.58% 1.81% 0.81% 0.44%
Year 2 7497% 18.67% 3.55% 2.15% 0.66%
Year 3 65.44% 21.51% 7.22% 4.33% 1.49%
Year 4 59.33% 19.75% 10.51% 8.68% 1.74%

2 Year 1 represents assessment in 7th grade, year 2 in 8th grade, and so on.

b alcohol use quantity variables were categorized here for presentation purposes; in the analyses, alcohol use guantity was used as a continuous variable.

Statistical Analysis
Multilevel linear models assessed the influence of cannabis
(frequency) and alcohol (quantityXfrequency) consump-
tion on four domains of cognition. Three multilevel linear
models were applied: one for cannabis, one for alcohol, and
one combining alcohol and cannabis. The time parameter was
coded as wave. Predictors were person-mean centered. Nor-
mality and homoscedasticity of residuals were examined for
each step of the madels. For all three analyses, a first model
estimated the intercept and time parameters and a second
model evaluated the contribution of three predictors: average
use over 4 years (between-subject differences in consump-
tion), change in use this year compared with the participant’s
mean use {within-subject difference in consumption), and
substance use the year before compared with the participant’s
mean use {lagged within-subject difference in consumption). A
final model added interaction parameters: interaction of time
by average use aver 4 years, interaction of time by change in use
this year compared with the participant’s mean use, and in-
teraction of time by substance use the year before compared
with the participant’s mean use. Effects of between-subject
differences were interpreted as a common vulnerability be-
tween consumption and poor neurocoguitive performance.
within-subject effects (increased consumption that year) were
interpreted as neuroplastic effects, and time-lagged within-
subject effects (consumption last year) were interpreted as
neurotoxic effects, The most parsimonious of three iterative
steps for each analysis was identified using the likelihood ratio
test. Only effects revealed to be significant in the most parsi-
monious model were interpreted.

Missing data on the main variables were handled through
full information maximum likelihood. School was included
as a cluster-level variable. As a sensitivity analysis, and to
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ensure the robustness of our results, all models were re-
estimated excluding users at the first year to focus only on
those who started substance use later.

The intraclass correlation coefficient (ICC) function from
the psych package in the R statistical environment was used
to estimate the within-subject stability of cognitive data
over time; intraclass correlation coefficients were 0.74 for
working memory, 0.80 for perceptual reasoning, 0.58 for
delayed memory recall, and 0.68 for response inhibition.

RESULTS

Cannabis Models

‘Table 2 presents results for the cannabis models. The first
model indicated that average freguency of cannabis use over
4 years (between-subject differences) predicted lower per-
formance on working memory (§=0.51, SE=0.25, p=0.04),
perceptual reasoning (B=—0.25, SE=0.08, p=0.001), and in-
hibition (B=1.19, SE=0.48, p<0.01) over the same time pericd.
Over and above the significant between-subject effects, a
signifieant within-subject effect showed that any further
increase in cannabis use frequency was associated with im-
pairment in delayed recall memory in the same year (=
~0.14, SE=0.05, p<0.01). A significant within-subject lagged
effect revealed that any further increases in cannabis use
frequency predicted further impairment on the inhibition
task 1 year later {$=1.05, SE=0.41, p=0.01). Similar, but mar-
ginal, cannabis lagged effects were revealed for working
memory (§=0.36, SE=0.19, p=0.06).

Including interactions with time improved model fit only
for the perceptual reasoning model and revealed a time-by-
within-subject interaction, suggesting stronger within-subject,
or concurrent, effects (B=—0.66, SE=0.22, p<0.003) in early
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SUBSTANCE USE AND ADOLESCENT COGNITIVE DEVELOPMENT

TABLE 3. Estimated Parameters for All Alcohol Models in a School Sample of Adolescents Assessed Over 4 Years®

ri

Memory: -

Inhibitory Coritrol

subjects (lagged)

‘Predictor it - Estimate . SE- P>l
Modell - : L o N . o .
Intercept 22214 1414 0.000 14905 03% 0000 17585 0376 0.000 38303 2945 0.000
Time 6797 0952 0.000 1104 0264 0000 -9477 0261 0000 -8905 2003 0000
Time squared 0814 0160 0000 -0071 0044 0108 1980 0.044 0.000 0.871 0335 0.009
Socioeconomic status 0124 0080 012¢ 0035 0025 0162 -0019 0016 0.245 0.243 0453 0113
‘Gender 1834 0.267 0.000 0313 0084 0000 0.058 0.054 0.280 0400 0511 0434
Alcohol, between-subjects  0.094 0.047 0.048 -0057 0015 0000 -00i0 0011 0352 0.273 0.093 0.003
Alcohol, within-subjects -0.002 0026 0936 -0.010 0007 0143 0.060 0008 0985 0.063 0.056 0.265
Alcohol, within-subjects 0.031 0035 0375 ~0005 0010 0568 -0013 0010 0188 -0.01% 0071 0789
{lagged)
-Model 2 L : . ) R ) L .
Intercept 22359 1553 0000 14878 0436 0.000 17547 0415 0000 38329 3227 00060
Time -6.914 1052 0.000 1146 0293 0000 -9438 0.28% 0000 -8989 2208 0.000
Time squared 0.836 0176 0.000 -0082 0049 0.094 1971  0.049 0.000 0.893 0369 0.015
Sacioeconomic status 0124 0080 0121 -0035 0025 0162 -~0018 0016 0253 0251 0453 0102
Gender 1840 Q267 0.000 0.308 0.084 0.000 0.053 0.054 0.326 0.435 0511 0355
Alcohol, between-subjects 03123 0164 0.453 -0148 0046 0001 -0019 0.042 0649 0101 0339 0767
Alcohol, within-subjects 0.067 0130 0607 -0.060 0037 0103 ~0062 0032 0051 0532 0286 0.082
Alcohol, within-subjects 0.024 0172 0890 -0.028 0.049 0563 0.035 0040 0385 -0703 0374 0060
{lagged)
TimeXalcohol, ~0.008 0.051 0872 0.029 0014 0039 0.004 0016 0.820 0035 0106 0.738
between-subjects
Tirnex alcohol, -0.020 0.040 0619 0012 0011 0297 0.019 0.0if 0073 -0129 0088 0141
within-subjects
TimeXalcohol, within- 0004 0.052 0.937 0.002 0015 08%8 -0.018° 0.013 0183 0.212 0113 0.061

2 Gigniticant effects are indicated by boldface. Performance on working memory and inhibitory contral tasks was measured by counting number of errors; a

lower score indicates a better petformance.

consumption and a common vulnerability that is specific to
cannabis and poor inhibitory control.

Neuroplasticity Hypothesis

Our results suggest neuroplastic (concurrent) effects of can-
nabis and, contrary to our hypotheses, did not reveal such ef-
fects for alcohel. Over and above the effect of being prone to
cannabis use during adolescence, when increases in canna-
bis use frequency were observed in a given year, reductions
in delayed recall memory and perceptual reasoning were ob-
served in that same year, and these effects were independent
of any changes in aleohol quantity X frequency. The transient
effects of cannabis on episodic memory have been reported
in animal (32) and human studies investigating long-term
cognitive outcomes of cannabis-exposed subjects who later
achieved abstinence (4). The ability to encode and retrieve
memories is regulated by the circuitry of the medial-temporal
lobe, including the hippocampus, which is rich in endo-
cannabinoid receptors (17).

Neurotoxicity Hypothesis

Findings were also consistent with a lasting, or neurotoxic,
effect of cannabis on two domains of cognition: inhibitory
control and working memory. This study showed that can-
nabis use in a given year was associated with impaired in-
hibitory control and working memory 1 year later, over and

6 ajp.psychiatryontine.org

above any common vulnerability. As reviewed by Volkow
et al. (2), two meta-analyses summarizing case-control
studies comparing users, nonusers, and former users sug-
gest small but broad effects of cannabis on cognitive func-
tioning. Moreover, a longitudinal analysis of adolescent
cannabis users reported long-term effects of early onset and
persistent cannabis use on measures of executive function-
ing, verbal IQ, and decision making (18). Functional imaging
studies have alsc shown that adolescent cannabis users show
abnormal prefrontal cortex activation during a working
memory task and altered patterns of functional connectivity
in frontotemporal networks (7). Working memory and re-
sponse inhibition critically involve a network linking the
prefrontal cortex to the posterior parietal cortex and the
striatum, and animal studies indicate that the acute effects
of cannabis on working memory are mediated through CB1
receptors in the prefrontal cortex and hippocampus (33). Con-
sidering that at least one experimental study with animals
failed to demonstrate lasting working memory impairments
following adolescent exposure to cannabis (32} and the fact
that our analyses revealed marginal lagged effects for work-
ing memory, it will be important to further explore the nature
of the long-term relationship between cannabis and working
memory. One possibility worth exploring with available human
data is whether these mild effects on working memory may be
secondary to the effects of cannabis on other cognitive processes.
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SUBSTANCE USE AND ADOLESCENT COGNITIVE DEVELOPMENT

FIGURE 2. Between-Subject and Within-Subject (Concurrant and Lagged) Relationships Between Cannabis Use Frequency and Working
Memory Errors, Perceptual Reasoning Performance, Delayed Memory Recall Performance, and Inhibitory Control Errors”
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21 agged effects were calculated starting in 8th grade. For working mernory, performance was measured by counting the number of times a previously
chosen stimulus was selected on a given trial {Le., spatlal working memory errors); lower scores indicate better performance. For perceplual rea-
soning and delayed memory recall, performance was calculated as a score, with higher scores indicating better performance, For inhibitory

control, performance was measured by counting the number of commission errors across both conditons of the task lower scores indicate

better performance.

scores and other meaningful academic outcomes as this
cohort transitions to young adulthood. Finally, it will be
important to investigate these findingg in interaction with
important demographic variables, such as gender and eth-
nicity, as this study was not designed to rigorously investi-
gate such effects.

In summary, this study uniquely contributes to an
- emerging literature on neurocognitive consequences of al-
cohol and cannabis use by investigating relationships be-
tween year-to-year changes in substance use and cognitive
development in a population-based sample of adolescents
and by sccounting for multilevel effects. In a context where
policies and attitudes regarding substance use are being
reconsidered, this research may contribute by highlighting

8 appsychlatryonline.org

the importance of protecting youths from adverse effects
of consumption, particularly those substances that ap-
pear to have effects consistent with the neurotoxicity

hypothesis (39).
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