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Abstract

Adolescence is an important neurodevelopmental period marked by rapidly escalating rates of 

alcohol and drug use. Over the past decade, research has attempted to disentangle pre- and post-

substance use effects on brain development by using sophisticated longitudinal designs. This 

review focuses on recent, prospective studies and addresses the following important questions: (1) 

what neuropsychological and neural features predate adolescent substance use, making youth 

more vulnerable to engage in heavy alcohol or drug use, and (2) how does heavy alcohol and drug 

use affect normal neural development and cognitive functioning? Findings suggest that pre-

existing neural features that relate to increased substance use during adolescence include poorer 

neuropsychological functioning on tests of inhibition and working memory, smaller gray and 

white matter volume, changes in white matter integrity, and altered brain activation during 

inhibition, working memory, reward, and resting state. After substance use is initiated, alcohol and 

marijuana use are associated with poorer cognitive functioning on tests of verbal memory, 

visuospatial functioning, psychomotor speed, working memory, attention, cognitive control, and 

overall IQ. Heavy alcohol use during adolescence is related to accelerated decreases in gray matter 

and attenuated increases in white matter volume, as well as increased brain activation during tasks 

of inhibition and working memory, relative to controls. Larger longitudinal studies with more 

diverse samples are needed to better understand the interactive effects of alcohol, marijuana, and 

other substances, as well as the role of sex, co-occurring psychopathology, genetics, sleep, and age 

of initiation on substance use.
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Introduction

Historically, alcohol and other substance use disorders were perceived as conditions that 

emerged during adulthood. More recently, researchers are appreciating that substance use 

disorders are developmental problems that begin earlier in life, typically during adolescence 

[1, 2], with earlier initiation of substance use relating to poorer outcomes [3, 4]. Alcohol is 

by far the most commonly used substance among youth, with 37 % of 18-year olds 

endorsing alcohol use and 24 % reporting being drunk in the past month [5]. Marijuana is 

the second most used substance during adolescence, followed by e-cigarettes and cigarettes. 

Other drug use is relatively uncommon during this developmental period (see Fig. 1) [5]. 

Because of the comparatively high level of alcohol and marijuana use and low level of other 

drug use during adolescence, most studies have specifically focused on the effects of alcohol 

and marijuana on neural and cognitive development.

Excessive alcohol and marijuana use during adolescence is concerning because this is a 

developmental stage characterized by significant neural development. While overall brain 

volume does not change during this time, there are substantial volume changes in gray and 

white matter regions of the brain. Gray matter is made up of neuronal cell bodies, dendrites, 

glial cells, synapses, and capillaries. During adolescence and into young adulthood, there is 

an overall decrease in gray matter, which is thought to be due to synaptic pruning (i.e., the 

elimination of underutilized or unnecessary neural connections), changes in the extracellular 

matrix, and white matter encroachment on gray matter [6–11]. Concurrent with gray matter 

decreases, white matter (i.e., myelinated axon tracts that connect gray matter regions) 

linearly increases during adolescence [11, 12]. This increase in white matter is thought to be 

due to the increased myelination of axons, which allow for more efficient communication 

between brain regions [13–15]. Decreases in gray matter and increases in white matter 

during adolescence are related to enhanced information processing, which is required for 

complex cognitive abilities [16]. In general, these neural changes begin primarily in 

posterior regions of the brain and progress to more anterior regions, with neural changes 

occurring well into the mid-to-late 20s [8]. Additionally, there is an imbalance in the way the 

brain develops, with mesolimbic and reward systems maturing before prefrontal and 

cognitive control areas [17–20]. Differences in the non-linear development of these two 

neural systems are believed to leave adolescents more vulnerable to engage in risk-taking 

behaviors like alcohol and other drug use [21]. During this crucial period of rapid neural 

development, the brain may be more vulnerable to the potentially persistent effects of neural 

insults, such as excessive alcohol and drug use [22–24].

Previous cross-sectional studies suggest that there is a relationship between adolescent 

substance use and brain development, but the direction of this relationship cannot be inferred 

given the cross-sectional design (i.e., it is unclear if the observed neural abnormalities in 

adolescent heavy drinkers are a pre-existing risk factor for initiation of substance use or a 

consequence of use). Over the past decade, researchers have attempted to delineate between 

pre-existing alterations and post-substance effects on brain development by using 

sophisticated prospective, longitudinal designs that assess youth before they have ever used 

any alcohol or drugs and continuing to assess them over time as a portion naturally 

transitions into substance use. This design allows for examination of normal developmental 
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neural trajectories in youth who have never used alcohol or drugs during adolescence and 

compares their brain maturation to youth who transition into substance use. This review will 

mainly focus on these prospective longitudinal studies and will address the following 

important questions: (1) what neural features predate adolescent substance use and make 

youth more vulnerable to engage in alcohol or drug use, and (2) how does alcohol and drug 

use affect normal neural and cognitive development? This review covers the most recent, 

prospective longitudinal findings from the past four years. Cross-sectional studies or studies 

that do not include baseline pre-substance use data are not included.

Neural Features that Predate Adolescent Substance Use

Neuropsychological Precursors

Several cognitive and neural features may make youth more predisposed to engaging in 

heavy alcohol and marijuana use during adolescence. Inhibition, or impulse control, may be 

a key cognitive feature involved in regulating substance use [25]. Inhibition is a type of 

executive functioning that refers to the ability to withhold a pre-potent response in order to 

select a more appropriate, goal-directed response [26, 27]. One prospective study examined 

neurocognitive functioning in 175 substance-naive healthy 12- to 14-year-olds, and assessed 

participants’ substance use each year until age 18, by which 105 (60 %) transitioned into 

alcohol or marijuana use. Compromised inhibitory functioning during early adolescence, 

prior to the onset of substance use, was related to greater subsequent alcohol and marijuana 

use by age 18, even after controlling for common predictors of youth substance use 

including familial substance use disorders, externalizing behaviors, sex, pubertal 

development, academic achievement, and age [23]. Predictors accounted for 23 % of the 

total variance in substance use. This suggests poorer inhibitory functioning, in addition to 

demographic and genetic variables, predisposes youth to initiate substance use during 

adolescence. Importantly, this study was interested in cognitive predictors of substance use 

and not problem use. Other cognitive domains may be more predictive of problem use 

levels, as opposed to simple initiation of use, and should be examined in future studies. 

Similar to many of the existing studies on the effect of substance use on brain development, 

youth in this sample were, on average, from upper middle class families in affluent 

neighborhoods and had no co-occurring psychopathology. Findings could be more 

pronounced in youth with a greater number of environmental or genetic risk factors, 

including ADHD and depression. Despite these limitations, these findings are consistent 

with research showing pre-existing alterations in working memory and inhibitory 

functioning are related to escalation of drinking during early adolescence [28] and suggest 

that neuropsychological data could be used in preventative interventions to identify teens at 

risk for initiating problematic substance use.

Functional Brain Precursors

Aberrant brain structure and functioning may underlie observed premorbid differences in 

inhibitory functioning. By using functional magnetic resonance imaging (fMRI), a safe, non-

invasive technique used to investigate brain activity, researchers have been able to study 

neural changes associated with adolescent substance use. fMRI studies on healthy, non-

substance using youth have shown that neural circuitry underlying inhibitory control 
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undergoes significant neurodevelopment during adolescence [29, 30]. Longitudinal fMRI 

studies of youth have shown that even in the presence of comparable performance, abnormal 

brain activation during inhibition tasks predicts alcohol use by mid-to-late adolescence [31–

33], future substance use and dependence symptoms [33, 34], and significant alcohol-related 

consequences like blackouts (i.e., when a person is awake while drunk but does not 

remember pieces or large sections of time) [35]. Furthermore, less frontal and parietal brain 

activation on tasks of visual working memory in substance-naive youth have been found to 

be predictive of greater substance involvement by late adolescence [36].

Brain activation during reward processing has also been found to predict future adolescent 

substance use engagement. In a sample of 100 12– to 15-year - olds, reductions in resting-

state cerebral blood flow (i.e., when participants were not performing a task) within reward 

and default mode networks were associated with greater alcohol consumption at a 3-year 

follow-up [37]. This study had a relatively small sample size, with a fifth of the sample 

having already initiated substance use at baseline and only a third transitioning into alcohol 

use by the follow-up. This sample also had higher rates of co-occurring externalizing 

behaviors in the drinking group that could have accounted for variations in blood flow. In a 

much larger multi-site European study of 692 youth [38], increased brain activity in superior 

frontal regions during reward processing at age 14 was predictive of initiation of alcohol use 

by age 16 [32]. In this sample, “drinking” was considered having at least three lifetime binge 

drinking episodes by age 16. It is unclear if this low level of alcohol engagement is clinically 

meaningful. Continued follow-up of this sample will help clarify how reward processing 

might predict transitioning into more problematic patterns of drinking during adolescence. 

Further, this study found that the most predictive variable of future drinking was cigarette 

use at baseline. This highlights the importance of having completely substance-naive youth 

at baseline to understand what underlying neural factors are associated with future use.

In regard to marijuana use, a Dutch study found that heavy marijuana-using young adults 

exhibited higher brain activation during reward processing than controls, which was 

predictive of greater marijuana use at a 6-month follow-up [39]. This was a relatively small 

sample (32 marijuana users, 41 controls); larger sample sizes with more information 

regarding co-occurring substance use are needed to understand how neural factors contribute 

to marijuana initiation and if these features confer risk to all substances or are specific to 

marijuana.

Overall, findings suggest that aberrations in brain activation during tasks of inhibition, 

working memory, and reward processing may be useful in predicting which youth will 

initiate alcohol and marijuana use during adolescence. It is also possible that prevention and 

intervention techniques targeting these cognitive domains could be helpful in staving off 

early adolescent substance use.

Structural Brain Precursors

Pre-existing structural brain differences may also predispose youth to engage in heavy 

substance use. In a prospective study of 121 youth, smaller orbitofrontal cortex volumes at 

age 12 predicted marijuana use by age 16 [40]. Findings have been replicated in other 

samples showing smaller frontal gray matter volume [32, 41, 42] and less cerebellar white 
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matter volume [42] predict initiation of drinking by late adolescence, even after controlling 

for family history of substance use disorders [41]. Reward-related subcortical brain 

structures also appear to be involved in initiation of substance use. In a community sample 

of adolescents with no prior substance use, smaller left nucleus accumbens, a brain region 

involved in reward and reinforcement, predicted greater substance use at a 2-year follow-up 

[43]. Smaller volumes of the anterior cingulate, a region implicated in affective processes, 

self-control, and substance use, have also been found to predict later alcohol-related 

problems [44]. White matter integrity, as measured by diffusion tensor imaging, has also 

been related to future substance use. Lower white matter integrity in fronto-limbic regions at 

ages 16 to 19 predicted future alcohol and marijuana use and other delinquent behavior at an 

18-month follow-up [45]. Overall, less volume in brain regions involved in impulsivity, 

reward sensitivity, and decision-making and altered white matter integrity appear to 

influence initiation of alcohol and marijuana use during adolescence.

Together, these findings suggest that pre-existing alterations, both in neurocognitive 

performance and neural response patterns during inhibition, working memory, and reward 

processing, as well as structural brain differences, could be useful markers of vulnerability 

to initiating substance use during adolescence. Larger studies including youth with more 

problematic substance use are needed to understand how these markers confer risk to future 

substance use and abuse, and if these neural and neuropsychological features are specific to 

substance use itself or to other risk-taking behaviors as well. Understanding neural markers 

that predispose youth to drinking or substance use may aid prevention and early intervention 

programs by identifying youth who are more likely to initiate substance use.

Neural Features that Follow Adolescent Substance Use

Longitudinal neuropsychological and neuroimaging studies have been useful in 

disentangling pre-existing neural features associated with adolescent substance use initiation 

from consequences directly related to substance use. Overall, adolescent substance use has 

been found to negatively affect behavior and brain structure and function; however, the level 

at which each substance separately affects brain functioning has been debated. Considering 

that it would be highly unethical to randomize youth to different substance-using groups, 

research is limited to natural observational studies. Alcohol and marijuana are the most 

commonly used substances during adolescence; therefore, most research has focused on 

these substances. When recruiting adolescents, it is relatively easy to recruit those who: (1) 

do not use any alcohol or drugs, (2) use only alcohol, or (3) use both alcohol and marijuana; 

however, it is very uncommon to recruit youth who only use marijuana, let alone other less 

frequently used substances. While some studies try to statistically control for alcohol and 

other drug use to parse the relative contribution of each substance on brain functioning, this 

method is imperfect given the high collinearity between alcohol and other drug use variables 

as well as potential interactive effects. Prospective studies with much larger sample sizes are 

currently underway and may help to answer this important question [38, 46]. Currently, 

studies typically combine heavy substance-using groups and compare them to non-using 

controls.
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Substance-Related Changes in Neuropsychological Functioning

Collection of neuropsychological test data has enabled tracking cognitive skills over time to 

assess the effect of alcohol and marijuana on normal intellectual development. This is a 

particularly important area, as educational attainment is among the most critical 

developmental tasks of adolescence, and alcohol use and smoking behaviors at ages 12 to 14 

predict lower educational achievement at later time points even after some confounding 

variables are taken into account [47]. In a sample of 234 healthy adolescents followed over 4 

years, subdiagnostic alcohol and marijuana users showed worsening verbal memory, 

visuospatial functioning, and psychomotor speed after initiating intense or frequent alcohol 

and other substance use when compared to controls [48]. In a 10-year longitudinal study, 

heavy substance-using youth in treatment were assessed at age 16 and followed until early 

adulthood (~age 25). Youth who were heavy substance users showed poorer verbal learning 

and memory, visuospatial functioning, and working memory and attention at the 10-year 

follow-up [49, 50]. Alcohol use and drug withdrawal symptoms were related to worse verbal 

learning and memory, and stimulant use over the follow-up was related to worse visual 

learning and memory [50]. Heavier use patterns and greater hangover and withdrawal 

symptoms over time were related to worse cognitive functioning, suggesting a dose-

dependent relationship between substance use and cognitive functioning [49] that has been 

replicated in other studies [48, 51]. Interestingly, youth who had met criteria for a substance 

use disorder at some point during the 10-year follow-up but remitted performed similarly to 

youth who had a persistent substance use disorder, suggesting heavy substance use during 

adolescence could have lasting effects into adulthood [50].

Given the recent legalization of medicinal and recreational marijuana in several states and 

the shifts in adolescents’ attitudes regarding marijuana use and increased rates of use [5], 

there has been elevated interest in understanding the deleterious effect of marijuana on 

cognitive development. A recent longitudinal study tracked heavy marijuana-using youth 

who also engaged in alcohol use from age 16 to 19. Heavy marijuana users showed 

worsening performance on several cognitive domains when compared to non-using youth, 

including worse performance on tests of complex attention, memory, processing speed, and 

visuospatial functioning. Earlier onset of marijuana use was associated with poorer 

processing speed and executive functioning by age 19, suggesting initiation of marijuana use 

during early adolescence (before age 16) may be more harmful to the developing brain than 

later initiation [52••]. There is some suggestion that cognitive domains are differentially 

impacted by marijuana use in adolescence, with attention, declarative memory, and cognitive 

control particularly affected (for review [53]). A large longitudinal birth cohort study (N = 

1037) indicated that persistent adolescent-onset marijuana use is associated with 

neuropsychological decline broadly across domains of functioning, with more persistent use 

associated with greater decline (IQ decline of more than 5 points in the most persistent use 

group) and functioning not fully restored with cessation of use [54••]. These findings have 

been criticized as potentially representing a regression to the mean, given that the marijuana-

using cohort had higher baseline IQ than the non-marijuana-using cohort. A recent 

longitudinal twin study found that IQ deficits observed in marijuana users may be 

attributable to confounding factors like familial and environmental influences rather than the 

direct neurotoxic effect of marijuana [55]. Of note, these studies examined a small number 
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of IQ subtests and did not assess other measures of executive function or working memory 

that have been found to be affected by heavy marijuana use. Furthermore, the follow-up 

assessment period for this study ended in young adulthood, whereas the aforementioned 

study [54••] followed youth to age 38. Regular use over a prolonged period may result in 

more deleterious effects.

More studies are needed to understand if alcohol and marijuana-related effects are acute or 

are associated with long-term impairments. After a month of monitored abstinence, some 

cognitive deficits appear to persist for heavy substance using youth, with abstinence 

associated with improvements in verbal learning and memory but persistent deficits in 

attention [51, 56, 57]. A recent marijuana cessation study indicated that youth who attained 

abstinence during treatment demonstrated improved verbal memory and psychomotor task 

performance, compared to those who continued using marijuana [58]. Larger sample sizes 

with longer follow-ups are needed to understand the potential cognitive recovery related to 

alcohol and marijuana abstinence.

Substance-Related Changes in Brain Structure

Structural brain changes might help explain cognitive and behavioral differences between 

substance-using adolescents and non-users. In a recent prospective study, within-subject 

changes in brain volume were collected in the longest intervals and in the largest sample size 

of adolescents to date [59••]. Gray and white matter volume trajectories were compared 

between 75 youth who began drinking during adolescence and 59 continuously non-using 

controls over 4 years. The non-drinking adolescents studied over the same period served as a 

control group for estimating typical developmental trajectories over the same age range as 

the heavy drinkers. Heavy-drinking youth showed abnormal neurodevelopmental trajectories 

compared to continuously non-using controls, including accelerated decreases in gray matter 

volume (particularly in frontal and temporal regions) and attenuated increases in white 

matter volume over the follow-up, even after controlling for marijuana and other substance 

use [59••]. These findings replicated earlier longitudinal studies with smaller sample sizes 

showing heavy drinkers had accelerated decreases in gray matter over time compared to 

non-using controls [42, 60]. Potential interpretations of these findings include accelerated 

but non-beneficial pruning or, alternatively, premature cortical gray matter decline similar to 

volume declines related to accelerated aging in adult alcoholics [61] or even “normal” aging 

[62, 63]. Overall, heavy drinking appears to affect the normal developmental trajectories of 

gray and white matter maturation during adolescence. Existing studies tend to group youth 

by “drinkers” versus “controls”; future studies, with larger sample sizes, are needed to better 

understand the dose-dependent effect of alcohol and marijuana on neural development.

Normal adolescent brain development involves substantial cortical thinning, which has been 

linked to elimination of weak synaptic connections, changes in the extracellular matrix, and 

white matter encroachment [6–11]. Recent studies have examined how alcohol and 

marijuana affect normal cortical thinning during this developmental period. In regards to 

marijuana use, a 3-year prospective study showed that heavy marijuana users who also used 

alcohol showed greater cortical thickness, particularly in frontal and parietal lobes, at 

baseline and the 3-year follow-up. More cumulative marijuana use was associated with 
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increased thickness estimates by the 3-year follow-up [64]. These findings appear to hold 

even after a month of monitored abstinence [65]. Of note, these findings are in contrast to 

the previously reported alcohol-focused study [59••] that showed alcohol use was related to 

accelerated gray matter declines. Importantly, both the heavy marijuana- and alcohol-using 

youth showed decreased gray matter over adolescence (as expected with normal 

development), but it was the alcohol-using group that showed the abnormal accelerated 

declines [59••]. This suggests a differential effect of alcohol and marijuana use on brain 

development. There are likely several factors contributing to these marijuana findings, 

including interactive effects of different substances [52••, 64], genetics [66–68], and the age 

of use initiation on brain development [52••, 69]. Again, larger studies are needed to parse 

these factors contributing to the observed deviations in normal neurodevelopment.

In contrast to gray matter, white matter (i.e., myelinated axon tracts that connect gray matter 

regions) linearly increases during adolescence [11, 12]. Several cross-sectional studies have 

shown abnormal white matter microstructure in adolescent substance users [70]. Recent 

longitudinal findings have helped disentangle pre-existing white matter differences from 

post-substance use. Adolescents with extensive marijuana-and alcohol-use histories showed 

worsening white matter integrity over an 18-month [71] and 3-year follow-up in association, 

projection, and interhemispheric white matter tracts when compared to non-using youth [72, 

73]. In all three studies, substance-using youth showed consistently poorer white matter 

integrity compared to controls, as well as poorer performance on tests of neurocognitive 

functioning [71–73]. Marijuana-related changes in white matter microstructure may confer 

risk for co-occurring psychological disorders like schizophrenia [74].

Clearly, larger sample sizes over longer periods of time, including data on youth who have 

sustained long periods of abstinence, are needed to understand the nuanced cause and effect 

of alcohol and other drug use on neural development and to determine if aberrations are 

reversible. Future work will also need to examine interactions between differing use patterns 

of these substances to determine the contributions of each substance, as well as dose-

dependent effects, on normal brain development.

Substance-Related Changes in Brain Functioning

fMRI studies have begun to elucidate neural contributions to the cognitive differences 

observed both pre- and post-substance use initiation. In a longitudinal study, 40 12- to 16-

year-old adolescents were scanned before they ever used any alcohol or drugs and then were 

rescanned approximately 3 years later [36, 75]. Adolescents who transitioned into heavy 

drinking by late adolescence (approximately age 18) showed less brain activation during a 

visual working memory [36] and inhibition task [75] at baseline in frontal and parietal 

regions compared to demographically matched controls; this local brain response increased 

in youth who initiated drinking compared to those who remained abstinent over the follow-

up, possibly suggesting that youth who initiated heavy drinking during adolescence required 

more cognitive energy to perform at the same level as controls. Less neural response during 

working memory and inhibition at baseline was related to greater rates of transitioning into 

substance use. Early maturation of neural features could be considered a vulnerability for 

youth, increasing the likelihood of engaging in sensation-seeking behaviors at an earlier age. 
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Together, these studies suggest that neurodevelopmentally precocious youth may have a 

greater tendency to initiate and escalate risk-taking behaviors like substance use relative to 

peers [33, 76–78]. In a separate study, adolescent recent (past 90 day) binge drinkers were 

found to have reduced posterior cerebellar activity during reward processing above and 

beyond their baseline substance-naive neural functioning; more drinks per drinking day was 

related to less cerebellar activation. This study suggests binge drinking may affect the 

emotional component of reward processing, as damage to the posterior portion of the 

cerebellum has been associated with cognitive and emotional deficits [79, 80]. Observed 

changes in blood flow [81] and brain activation [82] between adolescent substance users and 

controls may remit after a month of abstinence. Taken together, these studies suggest that 

neural differences both predate and precede heavy drinking, mirroring the behavioral 

findings from neuropsychological and structural studies [42, 59••, 83], and sustained 

abstinence may be related to recovery in functioning. Of note, samples from these studies 

are small (≤20 drinkers in each study) and include mostly Caucasian participants from high 

socioeconomic status groups. Larger and more diverse sample sizes are needed, particularly 

to examine sex differences, which have been found in cross-sectional studies [83–86]. 

Additionally, these functional changes were not examined in relation to neuropsychological 

deficits; thus, it is not possible to infer whether changes in neural response were related to 

poorer cognitive outcomes. While several cross-sectional studies have shown fMRI brain 

activation differences between marijuana-using youth and controls [87–92], few longitudinal 

studies have been performed. In a sample of Dutch marijuana users, brain activation during a 

working memory task was not related to substance use over the 3-year follow-up [93]. More 

longitudinal fMRI studies focusing on marijuana-using adolescents are needed to better 

understand the specific effect of marijuana, above and beyond alcohol use, on neural 

functioning.

Summary and Perspective

Recent research has substantially advanced our understanding of the complicated 

relationship between adolescent brain development and substance use, with prospective, 

longitudinal designs parsing pre-existing vulnerabilities from alcohol and marijuana-related 

consequences. However, with the notable heterogeneity in patterns of substance use and co-

use during this critical developmental period, more work is needed to characterize 

substance-specific concerns and to determine what developmental processes and cognitive 

domains may be most responsive to prevention and treatment efforts. The majority of 

existing studies include predominately Caucasian youth from upper middle class families 

and exclude youth who have co-occurring psychological disorders. These findings need to 

be replicated in more diverse samples to see if results generalize. Understanding the 

interactive effect of substance use on other disorders (e.g., ADHD, depression, anxiety) will 

be important, as adolescents with co-occurring psychological disorders are at the greatest 

risk of having long-term problems [68, 94]. Several other factors may contribute to the 

observed findings and need to be considered in future analyses, including sex [83–86], 

interactive effects of different substances [52••, 64], genetics [66–68], sleep habits [95], and 

the age at which use is initiated [52••, 69, 96]. Cigarette and e-cigarette usage are common 

among adolescents (see Fig. 1); however, most of the existing longitudinal studies were 
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completed in cities that have low rates of adolescent smoking (e.g., San Diego; <1 % of the 

recruited sample), and therefore, the differential effect of these and other substances of abuse 

on the brain were not able to be examined. Because other substances have lower base rates 

of use (see Fig. 1), much larger sample sizes are needed to understand how drugs like 

opioids, amphetamines, cocaine, and hallucinogens might differentially affect neural 

development. Again, larger studies are needed to parse these factors contributing to the 

observed deviations in normal neurodevelopment, many of which are underway [38, 46] 

(http://addictionresearch.nih.gov/adolescent-brain-cognitive-development-study) and will 

help close the existing gaps in the current literature.

Of note, all of the existing studies relied on youth self-report of substance use. Incorporating 

real time measures (via smart phone technology) and biological markers of substance use 

would greatly improve the accuracy of reporting and would elucidate the more nuanced 

effects of substance use on behavior and cognition. Existing marijuana studies typically use 

crude measures of quantifying marijuana use (e.g., “days used marijuana in past month/

year”). Collecting additional biomarker data on cannabis potency and content (e.g., 

THC/CBD ratios) will be important in more accurately quantifying the effect of marijuana 

on brain functioning. Further, it is necessary to use better quantity and frequency data when 

assessing substance use; some of the existing studies used ranges for self-report 

questionnaires, which weakens the ability to understand dose-dependent relationships. 

Universal definitions need to be adopted. For example, the IMAGEN study considered binge 

drinking as a “drinking episode that lead to drunkenness,”[38] while other studies typically 

defined binge drinking as having four or more drinks for women or five or more for men on 

one occasion. Similar to the need to be consistent across studies with substance use 

reporting, there needs to be reasonable consistency in measures used to assess cognitive 

functioning, in order to improve the ability to compare findings across studies. Having a 

common language among researchers will help when comparing studies and disseminating a 

clear message to the public.

At present, it is clear that assessment of neuropsychological, functional, and structural 

factors may help assess risk for problematic adolescent substance use, potentially informing 

targeted prevention efforts. Additionally, emerging work has helped characterize time-

limited and potentially persisting effects of substance use on the developing brain, which 

may help guide treatment and rehabilitation efforts (see Table 1 for summary). Further 

research in this area has the potential to significantly impact public health, via better-

informed prevention and intervention strategies to address adolescent-specific 

vulnerabilities.
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Fig. 1. 
Alcohol and marijuana are the two most commonly used substances among adolescents. 

Data from Monitoring the Future [5]
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Table 1

Summary of pre- and post-substance use initiation on adolescent brain development

Pre-existing neural features relating to ↑ 
substance use during adolescence

Effects of alcohol and marijuana on neural development

Neuropsychological testing ↓ Inhibitory functioning

↓ Working memory

Alcohol:

↓ Verbal learning and memory

↓ Visuospatial functioning

↓ Psychomotor speed

↓ Working memory

Marijuana:

↓ Attention

↓ Memory

↓ Processing speed

↓ Visuospatial functioning

↓ Cognitive control

↓ IQ

Brain structure ↓ Frontal, nucleus accumbens, anterior 
cingulate, and cerebellar white matter 
volume

↓ White matter integrity in fronto-limbic 
tracts

Alcohol:

↓ Accelerated decreases in gray matter (frontal, temporal)

↓ Attenuated white matter development (pons, corpus 
callosum)

↓ White matter integrity

Marijuana:

↑ Cortical thickness (frontal, parietal)

↓ White matter integrity

Brain functioning ↓ Brain activation during tasks of 
inhibition and working memory

↑ Reward response in frontal regions

Aberrant resting state functional connectivity

Alcohol:

↑ Brain activation during inhibition and working memory
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