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A B S T R A C T   

Subcortical brain morphometry matures across adolescence and young adulthood, a time when many youth 
engage in escalating levels of alcohol use. Initial cross-sectional studies have shown alcohol use is associated with 
altered subcortical morphometry. However, longitudinal evidence of sex-specific neuromaturation and associ-
ations with alcohol use remains limited. This project used generalized additive mixed models to examine sex- 
specific development of subcortical volumes and associations with recent alcohol use, using 7 longitudinal 
waves (n = 804, 51% female, ages 12–21 at baseline) from the National Consortium on Alcohol and Neuro-
development in Adolescence (NCANDA). A second, independent, longitudinal dataset, with up to four waves of 
data (n = 467, 43% female, ages 10–18 at baseline), was used to assess replicability. Significant, replicable non- 
linear normative volumetric changes with age were evident in the caudate, putamen, thalamus, pallidum, 
amygdala and hippocampus. Significant, replicable negative associations between subcortical volume and 
alcohol use were found in the hippocampus in all youth, and the caudate and thalamus in female but not male 
youth, with significant interactions present in the caudate, thalamus and putamen. Findings suggest a structural 
vulnerability to alcohol use, or a predisposition to drink alcohol based on brain structure, with female youth 
potentially showing heightened risk, compared to male youth.   

1. Introduction 

Adolescence is a critical period of development, during which several 
biopsychosocial changes ensue (for review, see Galvan, 2021). For the 
past few decades, scientists have dedicated concerted effort toward 
understanding adolescent brain development and associated behavioral 
phenomena. An understanding of the evolving structure of the adoles-
cent brain began with a hallmark longitudinal imaging study 

demonstrating non-linear decreases in cortical gray matter volume and 
linear increases in white matter volume from childhood through 
adolescence (Giedd et al., 1999). Since then, several longitudinal in-
vestigations have confirmed these findings (e.g., Mills et al., 2016) and 
have also shown overall stable and/or declining global subcortical vol-
ume across adolescence, with considerable individual variability noted 
(Mills et al., 2021). 

Both global and regional patterns of brain structural development 

* Correspondence to: Oregon Health & Science University, 3181 SW Sam Jackson Park Road UHN-80R1, Portland, OR 97239, USA. 
E-mail address: nagelb@ohsu.edu (B.J. Nagel).  

Contents lists available at ScienceDirect 

Developmental Cognitive Neuroscience 

journal homepage: www.elsevier.com/locate/dcn 

https://doi.org/10.1016/j.dcn.2023.101294 
Received 4 May 2023; Received in revised form 28 August 2023; Accepted 1 September 2023   

mailto:nagelb@ohsu.edu
www.sciencedirect.com/science/journal/18789293
https://www.elsevier.com/locate/dcn
https://doi.org/10.1016/j.dcn.2023.101294
https://doi.org/10.1016/j.dcn.2023.101294
https://doi.org/10.1016/j.dcn.2023.101294
http://creativecommons.org/licenses/by-nc-nd/4.0/


Developmental Cognitive Neuroscience 63 (2023) 101294

2

are well documented to show differences between male and female 
adolescents and young adults. Decades of cross-sectional findings sup-
port several sex-specific differences in brain structure in childhood and 
adulthood (Ruigrok et al., 2014; Sowell et al., 2007). More recent lon-
gitudinal investigations have corroborated these findings, with male 
adolescents and young adults showing overall larger cortical and 
subcortical volumes than female adolescents and young adults (Back-
hausen et al., 2021; Herting et al., 2018; Wierenga et al., 2014; Wierenga 
et al., 2018a). These same studies also provide evidence of sex-specific 
non-linear developmental trajectories for major subcortical regions, 
including limbic, striatal, and basal ganglia brain structures across 
adolescence. While some trajectories replicate across developmental 
samples, others diverge (Herting et al., 2018; Mills et al., 2021), sug-
gesting that additional investigations are necessary to establish 
consistency. 

During this developmental period, the majority of adolescents 
initiate alcohol use. Recent Monitoring the Future data suggest that by 
the 12th grade, over 60% of youth have tried alcohol in their lifetime, 
and over 30% have drunk in the past month; by young adulthood, 32% 
of individuals report binge-level (5 + drinks in a row) alcohol drinking 
(Miech et al., 2023). Our prior work, in the National Consortium on 
Alcohol and Neurodevelopment in Adolescence (NCANDA) sample, 
examining longitudinal trajectories of cortical maturation in adoles-
cence and into young adulthood suggests that binge drinking is associ-
ated with more rapid volumetric decline in nearly all cortical regions, 
with the greatest effects observed in the frontal lobe (Infante et al., 2022; 
Pfefferbaum et al., 2018). Similar effects of accelerated cortical volume 
decline as a function of alcohol use have been demonstrated previously 
in smaller longitudinal adolescent samples (Heikkinen et al., 2017; 
Infante et al., 2018; Squeglia et al., 2014), highlighting the robustness of 
this alcohol-related effect on neurodevelopment. 

While fewer studies have examined alcohol use in association with 
subcortical volumes, greater decreases in caudate volume over time 
have been found in association with alcohol consumption (Squeglia 
et al., 2014). Moreover, a recent analysis of multiple longitudinal 
adolescent samples confirmed accelerated decreases in caudate volume 
(as well as accelerated decreases in amygdala and hippocampus vol-
umes) in those with a lifetime history of alcohol use compared to those 
who never have drank alcohol (El Marroun et al., 2021); however, no 
dose-dependent associations were observed in this analysis, limiting 
interpretability. Understanding subcortical volumetric development and 
associations with alcohol use early in life is important, in large part due 
to the critical role these structures play in addiction-relevant emotion, 
reward, and cognitive functions (for review, see Volkow et al., 2019). In 
addition, smaller brain volumes in many of these regions have been 
associated with alcohol use disorders (AUD), and other comorbidities, in 
adults (Shim et al., 2019; Zahr and Pfefferbaum, 2017), are evident in 
early-onset adolescent AUD (De Bellis et al., 2000) and may be predic-
tive of a higher likelihood of relapse following treatment (Segobin et al., 
2014). 

Using seven longitudinal waves of data from NCANDA, we investi-
gated subcortical structural development across adolescence and young 
adulthood and examined whether the developmental trajectories 
differed by sex. Further, we tested how quantity of recent alcohol use 
may be dose-dependently associated with these developmental trajec-
tories and whether sex-specific effects of alcohol use were present. Based 
on prior literature, we expected to observe a main effect of sex in our 
developmental trajectories, such that male adolescents would have 
larger subcortical volumes than female adolescents over time, and that 
there would be sex-specific differences in these developmental trajec-
tories. Further, we expected a greater quantity of recent alcohol use to be 
negatively associated with subcortical volumes. Finally, to add confi-
dence to our results, a second, independent longitudinal dataset was 
utilized to assess the replicability of all findings. 

2. Methods 

2.1. Participants 

This study used data from two independently collected datasets. 
First, seven waves of longitudinal data were included from NCANDA. 
This study recruited youth between 12 and 21 years of age from five sites 
across the United States: Duke University, Oregon Health & Science 
University (OHSU), University of Pittsburgh, SRI International, and 
University of California San Diego (UCSD). Using an accelerated longi-
tudinal design, participants underwent yearly visits (baseline and 6 
follow-up visits are included here) to complete a comprehensive neu-
ropsychological assessment (Sullivan et al., 2016), self-reports of 
behavior, psychiatric symptoms, and substance use (Brown et al., 2015), 
and a multimodal neuroimaging session (Pfefferbaum et al., 2016; Pohl 
et al., 2016). Further recruitment, demographic and procedural details 
have been published elsewhere (Brown et al., 2015). Following exclu-
sions for brain abnormalities (Pfefferbaum et al., 2016), and discrep-
ancies or missingness in substance use self-reports (see Section 2.2), 
3923 cases across 804 subjects were utilized from this dataset. 

The second dataset used for replication was a recently completed 10- 
year longitudinal study of adolescent neurodevelopment, conducted at 
OHSU, which included a high preponderance of youth “at-risk” (AR) for 
alcohol use, determined from familial history of alcoholism and other 
psychopathology (hereafter referred to as the AR study) (Jones et al., 
2019). This study recruited youth between 10 and 18 years of age. All 
youth were followed until age 21 years via phone screens, and a subset 
of youth reporting recent alcohol use, along with age- and sex-matched 
youth without a drinking history (~37% of the sample) were brought 
into the laboratory for at least one (and up to 4) follow-up visits at 
various intervals (see, Jones et al., 2021a). At all visits, participants 
completed a neuropsychological assessment, self-reported behavior, 
psychiatric symptoms, and substance use, and completed a multimodal 
neuroimaging session. Following exclusions for discrepancies or miss-
ingness in substance use self-reports (see Section 2.2), 744 cases across 
467 subjects were utilized from this dataset. 

For both the NCANDA and AR studies, adults provided informed 
consent, while adolescents and their parents provided informed assent 
and consent, respectively. The respective institutional review board 
approved all procedures for each site. Exclusionary criteria at baseline 
for both studies included major Axis I psychiatric disorders, serious 
major medical conditions (including head trauma), learning or devel-
opmental disorders, current use of psychoactive medication, and MRI 
contraindications. For the AR study, at baseline, all participants were 
largely alcohol and drug naïve (≤ 10 lifetime alcohol drinks, < 3 drinks 
on any one occasion, ≤ 10 uses of marijuana, no daily cigarette use, or 
any other drug use). For the NCANDA study, while a majority of par-
ticipants had limited drug and alcohol exposure at enrollment 
(Table S1), a small proportion (n = 133) were recruited who exceeded 
these age-specific alcohol and marijuana low-use thresholds (Brown 
et al., 2000). Sensitivity analyses (see Section 3.4) examined all final 
models in the NCANDA sample while excluding those who exceeded 
baseline substance use thresholds during recruitment. 

The NCANDA data in this manuscript are based on the following data 
releases: Pohl KM, Sullivan EV, Podhajsky S, Baker FC, Brown SA, Clark 
DB, Colrain IM, DeBellis M, Goldston D, Nagel BJ, Nooner KB, Tapert SF, 
Pfefferbaum A: The `NCANDA_PUBLIC_6Y_REDCAP_V02` Data Release 
of the National Consortium on Alcohol and NeuroDevelopment in 
Adolescence (NCANDA), Sage Bionetworks Synapse. https://dx.doi.org/ 
10.7303/syn26133773 (Cummins et al., 2021); Pohl KM, Sullivan EV, 
Baker FC, Brown SA, Clark DB, Colrain IM, DeBellis M, Goldston D, 
Nagel BJ, Nooner KB, Tapert SF, Pfefferbaum A: The `NCANDA_PU-
BLIC_6Y_STRUCTURAL_V01` Data Release of the National Consortium 
on Alcohol and NeuroDevelopment in Adolescence (NCANDA), Sage 
Bionetworks Synapse. https://doi.org/10.7303/syn32773308 (Ouyang 
et al., 2022). The AR data in this manuscript may be provided upon 
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request (including a formal project outline) to the corresponding author. 

2.2. Self-reported substance use 

For both studies, adolescents completed the Customary Drinking and 
Drug Use Record (CDDR) to estimate recent alcohol use (Brown et al., 
1998) at every visit. Recent alcohol use questions of interest for the 
NCANDA study included a measure of frequency (“During the last 30 
days, how many days did you drink alcohol”) and quantity (“Over the 
last month, in the average 24-hour period you were drinking, how many 
alcoholic drinks did you have?”). The AR study used slight variations of 
these questions to measure frequency (“During the last 3 months, how 
many days per month did you drink alcohol?”) and quantity (“Over the 
last 3 months, in the average 24-hour period you were drinking, how 
many alcoholic drinks did you have?”) of recent alcohol use. For both 
studies, frequency and quantity measures were multiplied together to 
create a single measure of recent alcohol use, which approximated the 
total number of alcohol containing drinks per month. This “total drinks” 
variable was log-transformed prior to analyses due to extreme values in 
the distributions (Fig. S1). 

For quality control purposes in both datasets, the following 
discrepant reporting in participants’ self-reported alcohol use on the 
CDDR resulted in case-wise exclusion: reporting more days of drinking 
in the past 30 days (or past 3 months) than days drinking in the past year 
or reporting a non-zero frequency or quantity measure of alcohol use, 
but not both (NCANDA n = 24; AR n = 1). Further, cases where sub-
stance use data were missing were not included in the current analysis 
(NCANDA n = 37, AR n = 7). 

2.3. Image acquisition 

For the NCANDA study, T1-weighted images were collected in the 
sagittal plane using a 3 T General Electric (GE) Discovery MR750 with 
an 8-channel head coil (TR = 5.904 ms, TI = 400 ms, TE = 1.932 ms, flip 
angle = 11◦, voxel size = 1.2 × 0.9375 × 0.9375 mm, 146 slices), a 3 T 
Siemens TIM TRIO with a 12-channel head coil, or 3 T Siemens PRISMA 
FIT with a 20-channel head and neck coil (TR = 1900 ms, TI = 900 ms, 
TE = 2.92 ms, flip angle = 9◦, voxel size = 1.2 × 0.9375 × 0.9375 mm, 
160 slices). 

For the AR study, T1-weighted images were collected in the sagittal 
plane using a 3 T Siemens TIM TRIO with a 12-channel head coil or 
PRISMA FIT with a 20-channel head and neck coil (TR = 2300 ms, TI =
900 ms, TE = 3.58–3.61 ms, flip angle = 10◦, voxel size = 1.1 × 1 × 1 
mm, 160 slices). 

2.4. Image analyses 

To extract subcortical volume estimates, T1-weighted images from 
both studies were processed with a standardized longitudinal segmen-
tation pipeline using FreeSurfer v6.0 (Reuter et al., 2012). This pro-
cessing included a cross-sectional segmentation step, along with 
generation of an unbiased within-subject template used to guide longi-
tudinal segmentation. From this pipeline, the current study examined 7 
subcortical gray matter regions-of-interest (ROIs): accumbens, amyg-
dala, caudate, hippocampus, pallidum, putamen, and thalamus. Addi-
tional preprocessing steps applied as part of the NCANDA protocol (e.g., 
ad-hoc skull-stripping and intensity normalization beyond that carried 
out by FreeSurfer) have been outlined previously (Pfefferbaum et al., 
2018; Pfefferbaum et al., 2016). 

As done in previous studies examining global (Pfefferbaum et al., 
2016) and regional (e.g., Backhausen et al., 2021; Herting et al., 2018) 
volumetric subcortical development, right and left hemispheric volumes 
were averaged, and all results are presented for bilateral 
regions-of-interest. Similar to previous work by our group (Infante et al., 
2022), sensitivity analyses were carried out to examine all final models 
in the left and right hemispheres separately (see Section 3.4). Further, as 

the type of statistical model and inclusion of covariates have been shown 
to influence the study of sex differences and structural development, 
findings using absolute volumes, without covarying or adjusting for 
intracranial volume (ICV), are presented to align with recent studies of 
subcortical development (Backhausen et al., 2021; Herting et al., 2018; 
Wierenga et al., 2018a). As noted previously (Herting et al., 2018), the 
inclusion of allometric covariates, such as ICV, may largely be redundant 
when examining longitudinal development, as between-subject differ-
ences due to differences in head size are captured at the individual level 
using random intercepts via mixed effects modeling (described in Sec-
tion 2.6). However, for completeness, sensitivity analyses examined all 
final models controlling for baseline ICV (see Section 3.4). 

2.5. Outlier detection 

For both studies, case-wise outlier detection excluded ROIs with a 
volume of more than 2.69 standard deviations from the sample mean 
across time points. This statistical outlier cutoff has been used previously 
by the NCANDA consortium (e.g., Phillips et al., 2021) and is part of a 
standardized protocol intended to harmonize analyses across multiple 
sites and datasets (http://enigma.ini.usc.edu/protocols/imaging-proto-
cols/), particularly when visual inspection of ROI boundaries is 
impractical due to large sample sizes. This outlier detection was esti-
mated across all timepoints, separately for male and female participants 
due to overall main effects of sex on subcortical volume and sex differ-
ences in the variability of anatomical volumes (Wierenga et al., 2018b). 
Outlier counts for both samples were ≤ 1% and ranged from 17 to 39 
cases (NCANDA) and 4–8 cases (AR), depending on ROI. 

2.6. Development, sex differences, and alcohol effects in the NCANDA 
sample 

To assess the effects of age and sex on subcortical development, we fit 
a series of Generalized Additive Mixed Models (GAMMs) using the 
‘mgcv’ package (Wood, 2017) in R v4.1.1 (R Core Team, 2020), inde-
pendently for each ROI in the NCANDA sample. All models included 
nested random intercepts per participant, family, and data collection site 
and were fit with Maximum Likelihood (ML) estimation to allow for 
direct statistical comparison of nested models using likelihood ratio tests 
(LRT). Three successive models assessed the pattern of age-related 
subcortical development across the whole sample (Model 1), a main 
effect of sex (Model 2), and differences in the age-related developmental 
trajectories by sex (Model 3).  

volume ~ s(age), random = list(site = ~1, family = ~1, subject = ~1)     (1)  

volume ~ s(age) + sex, random = list(site = ~1, family = ~1, subject = ~1)(2)  

volume ~ s(age, by = sex) + sex, random = list(site = ~1, family = ~1, subject 
= ~1)                                                                                            (3) 

The best model fit for the overall developmental effect was deter-
mined via a two-step method described previously (Jones et al., 2021b). 
First, we compared the overall fit of all three models using LRTs. Then, if 
Model 3 was determined to be the best-fitting model, we refit Model 3 
with sex included as an ordered factor. Instead of generating separate 
trajectories for male and female youth, this method creates a difference 
trajectory between male and female youth, akin to a traditional inter-
action term. A significant model improvement via LRTs and a significant 
difference term between trajectories were deemed necessary to retain 
Model 3. The difference between Model 3 (with sex as a factor) and our 
re-fit of the model (with sex as an ordered factor) is largely cosmetic, and 
allows us to test the significance of both the individual smoothed tra-
jectories for male and female participants, as well as the difference be-
tween those two smoothed trajectories. 

Next, to assess the association between recent alcohol use and 
subcortical volumes, we added a main effect of alcohol use (i.e. a 
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constant effect of alcohol use across age) and an alcohol use-by-age 
interaction (i.e. an effect of alcohol use that increases or decreases 
across age), as well as interaction terms between alcohol use and sex. In 
these models, recent alcohol use was treated as a time-varying predictor 
(i.e. a unique measurement was included for each MRI session - see 
Section 2.2). These predictors were added to and compared to the best- 
fitting developmental GAMM using LRTs. Of note, though we tested 7 
different ROIs, no correction for multiple comparisons was carried out, 
as the model building strategy results in a different final model for each 
ROI and ensures that fixed effects are only interpreted in models that 
best describe the underlying data structure for each ROI independently. 
This is also in line with similar studies using GAMMs, and a model 
building strategy like that outlined above, to assess development in 
these 7 subcortical ROIs (Backhausen et al., 2021; Herting et al., 2018; 
Wierenga et al., 2018a). 

2.7. Assessing replication in the AR sample 

To examine replication in a secondary dataset, the final best-fitting 
NCANDA model was fit in the AR dataset. All parameters were iden-
tical, except for the random intercept of site, which is missing from the 
AR dataset, as all scans were collected at the same location. Then, three 
replication criteria, which were identified in the Open Science Collab-
oration (Open Science Collaboration, 2015) and utilized previously (e. 
g., Owens et al., 2022), were used as replicability metrics: 

1) Direction criterion: percentage of significant tests in the NCANDA 
sample that were in the same direction in the AR sample. 

2) Significance criterion: percentage of significant tests in the 
NCANDA sample that were significant in the same direction in the AR 
sample. 

3) Confidence interval criterion: percentage of significant tests in the 
NCANDA sample that had effect sizes in the AR sample within the 95% 
confidence interval of the NCANDA sample effect size. 

All three criteria were applied to significant main effects of sex, 
alcohol use, and sex-by-alcohol use interactions in the NCANDA sample. 
However, given that fitting smoothed age-related effects in GAMMs does 
not produce discrete directional estimates (an inherent limitation of the 
modeling strategy), the direction and confidence interval criteria could 
not be directly applied to developmental effects. Therefore, only the 
significance criterion was applied to all significant smoothed age effects 
(separately for male and female participants, where appropriate). 

Additionally, an exploratory step-wise modeling strategy, like that 
carried out for the NCANDA sample (described in Section 2.6), was 
repeated for the AR sample to identify regions where unique develop-
mental, sex-specific, or alcohol-related effects were present in the AR 
sample but not in the NCANDA sample (see supplement). 

3. Results 

3.1. Sample characteristics 

A full demographic breakdown of the NCANDA sample has been 
reported previously (Brown et al., 2015). Additionally, for comparative 
purposes, sample demographics are presented by study and sex in  
Table 1. 

3.2. Subcortical development and associations with alcohol use in the 
NCANDA sample 

Model comparisons for all regions in the NCANDA sample are pre-
sented in Table S2, and the final best fitting model for each region can be 
found in Table 2. Developmental model comparisons found both a sig-
nificant main effect of sex (all βs > 0.516, ps < 0.001), and significant 
sex-specific developmental trajectories in the accumbens, caudate, 
hippocampus, and pallidum (from order factor models, all interaction Fs 
> 15.84, ps < 0.001). Qualitatively describing the GAMMs, volumes 

appear to increase with age in the pallidum and decrease with age in the 
accumbens and caudate in all youth; meanwhile, female youth showed 
decreases, while male youth showed increases in hippocampal volume 
over age (Fig. 1). Further, there was a significant main effect of sex (but 
no interaction with age) in the amygdala, putamen and thalamus (all βs 
> 0.862, ps < 0.001). Qualitatively, volumes appear to increase in the 
amygdala and decrease in the putamen and thalamus with age in all 
youth (Fig. 1). In all regions, male youth had significantly greater vol-
umes than female youth. 

Model comparisons and examination of fixed effects also revealed 
that recent alcohol use was significantly associated (β = − 0.015, 
p < 0.001) with smaller hippocampal volumes in both male and female 
youth (Table S2 & Table 2). Alcohol use-by-sex interactions were 
observed in the caudate, putamen, and thalamus (all βs > 0.016, ps <
0.05). In female youth, there was a significant negative association be-
tween alcohol use and volume in the caudate (β = − 0.021, p < 0.001) 
and thalamus (β = − 0.032, p < 0.001), and a trend-level association in 
the putamen (β = − 0.015, p = 0.053). In male youth, there was no as-
sociation between alcohol use and volume in any of these three regions 
(all p’s > 0.05). There was no association between alcohol use and 
accumbens, amygdala, or pallidum volumes. There were no significant 
time-varying effects of recent alcohol use in any region. 

3.3. Replication in the AR sample 

The results of fitting all final NCANDA models to the AR data can be 
found in Table S3. The results of all replication criteria are presented in  
Table 3. Each of the seven regions with a significant main effect of sex in 
the NCANDA sample met the direction and significance replication 
criteria in the AR sample. Further, the confidence interval criterion was 
met for four of the seven regions. That is, of the seven significant main 
effects of sex in the NCANDA sample, 57% met all three replication 
criteria, while 100% met at least two replication criteria. 

In the hippocampus, where there was a significant main effect of 
alcohol use, all three significance criteria were met. Meanwhile, for the 
three regions demonstrating sex-by-alcohol use interactions (caudate, 
putamen, and thalamus), the direction criterion was met in all three 
regions, the significance criterion was met in the caudate, and the 
confidence interval criterion was met in the putamen and thalamus. 
Overall, of the four regions demonstrating either a main effect of alcohol 
use or a sex-by-alcohol use interaction in the NCANDA sample, 25% met 
at all three replication criteria, while 100% met at least two replication 
criteria. 

Finally, of the 11 developmental effects present in the NCANDA 

Table 1 
Sample demographics.   

NCANDA AR  

Female Male Female Male 

N (%) 410 
(51%) 

394 
(49%) 

202 
(43%) 

265 
(57%) 

Age: Mean (SD) 16.31 
(2.57) 

16.09 
(2.48) 

14.10 
(1.62) 

14.37 
(1.71) 

Parental Education: Median 
(years) 

16 17 17 16 

Household Income: Median 
(thousands) 

$100- 
$200 

$100- 
$200 

$75-$100 $75-$100 

Race/Ethnicity: N (%)     
Asian 31 (8%) 32 (8%) 1 (<1%) 7 (3%) 
African-American/Black 63 (15%) 36 (9%) 5 (3%) 5 (2%) 
Hispanic 38 (9%) 43 (11%) 13 (7%) 10 (4%) 
Multiracial 17 (4%) 16 (4%) 17 (8%) 15 (6%) 
Native America/American 

Indian 
0 (0%) 3 (1%) 1 (<1%) 2 (1%) 

Pacific Islander 3 (1%) 1 (<1%) 0 (0%) 1 (<1%) 
Caucasian/White 258 

(63%) 
263 
(67%) 

163 
(82%) 

218 
(85%)  
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sample (age effects in the amygdala, putamen and thalamus, and sex- 
specific age effects in the accumbens, caudate, hippocampus, and pal-
lidum), the significance criterion was met for 9/11 (82%) of these ef-
fects. Replication was not found for significant accumbens development 
in male or female youth. 

3.4. Sensitivity analyses 

When excluding individuals who exceeded baseline substance use 
criteria, all primary findings described in Section 3.2 remained signifi-
cant, except the following: the developmental effect in the accumbens in 
male youth (F = 3.084, p = 0.051) and the sex-by-alcohol interactions in 
the putamen (β = 0.019, p = 0.076) and thalamus (β = 0.019, 
p = 0.051) were all reduced to trend-level. Importantly, when looking at 
these effects in only those subjects who exceeded baseline substance use 
criteria, we see significant accumbens development in male youth (F =
3.354, p = 0.027), a significant sex-by-alcohol interaction in the puta-
men (β = 0.048, p = 0.047) and a trend-level sex-by-alcohol effect in the 
thalamus (β = 0.038, p = 0.071). This suggests these two groups do not 
differ substantially in subcortical volume development, or its association 
with recent alcohol use. Instead, the exclusion of those exceeding 
baseline substance use criteria likely results in a loss of power, partic-
ularly for detecting significant sex-by-alcohol interaction effects, as 
those exceeding baseline substance use criteria help add variability to 
the recent alcohol use variable, particularly on the higher end of this 
distribution. 

When including ICV at baseline as a covariate, all developmental, 
sex-by-age, and alcohol-related effects remained significant. However, 
the main effects of sex in the accumbens (β = 0.097, p = 0.135) and 
caudate (β = − 0.011, p = 0.877) were no longer significant when con-
trolling for baseline ICV. 

When refitting all final models (outlined in Section 3.2) separately in 
the left and right hemispheres, most findings remained unchanged, with 
a few exceptions. Significant accumbens development in male youth 
appeared to be driven by the left (F = 5.087, p = 0.008) but not right 
hemisphere (F = 0.713, p = 0.399), and the sex-specific interaction of 

alcohol use on brain volume in the putamen and thalamus appeared 
stronger in the left (putamen: β = 0.031, p = 0.004; thalamus: 
β = 0.022, p = 0.020), than right (putamen: β = 0.019, p = 0.079; 
thalamus: β = 0.019, p = 0.085) hemisphere. 

4. Discussion 

This study analyzed the large, longitudinal NCANDA dataset to 
examine patterns of subcortical structural maturation in the adolescent 
and young adult brain and to determine the extent to which alcohol use 
is associated with subcortical brain volume during this developmental 
period. To provide further confidence in our observed effects, we sought 
to replicate the findings in a separate, independent, longitudinal 
adolescent sample. In support of our hypotheses, we demonstrated both 
sex specificity and alcohol-related associations in subcortical develop-
mental trajectories. Establishment of sex-specific developmental tra-
jectories of subcortical structures may be relevant for identifying 
subcortical substrates of learning, habit formation, and reward pro-
cessing (Burton et al., 2015; Lipton et al., 2019) with implications for 
addictive behaviors (Volkow et al., 2019). 

Developmentally, we found significant, replicable decreases in 
caudate, putamen, and thalamus volumes and increases in pallidum and 
amygdala volumes in all youth. These effects are all consistent with one 
or more previous longitudinal reports (Backhausen et al., 2021; Denni-
son et al., 2013; Herting et al., 2018; Wierenga et al., 2014; Wierenga 
et al., 2018a). Herein, the pallidum, caudate, hippocampus, and 
accumbens developmental trajectories differed significantly by sex (with 
all but the accumbens effect replicated in a second dataset). Sex-specific 
developmental effects in all of these regions have been noted previously, 
using a comparable developmental age range and modeling strategy (i. 
e., GAMMSs) (Backhausen et al., 2021; Herting et al., 2018). Qualita-
tively, in our study, this difference appeared to be driven by greater 
overall increases in pallidum volumes with age in male than female 
youth, earlier declines in caudate volumes in female than male youth, 
greater overall declines in accumbens volumes in female than male 
youth, and directionally different effects in the hippocampus, with male 

Table 2 
Final best-fitting generalized additive mixed-effects model for the NCANDA sample.   

Parametric coefficients  Smooth terms  

Estimate Std Error 95% CI t-value p-value  edf F-stat p-value 

Accumbens ~ s(age, by = sex) + sex         
Intercept  -0.3599  0.2290      -1.57  0.1160 s(age): female  1.00  60.58  < 0.0001 
Sex (male)  0.5309  0.0553  0.4224  0.6393  9.59  < 0.0001 s(age): male  2.80  5.29  0.0069 
Amygdala ~ s(age,) + sex         
Intercept  -0.5303  0.0549      -9.66  < 0.0001 s(age)  4.24  23.80  < 0.0001 
Sex (male)  1.0382  0.0566  0.9273  1.1491  18.35  < 0.0001        
Caudate ~ s(age, by = sex) + sex + alcohol + alcohol:sex         
Intercept  -0.3086  0.0967      -3.19  0.0014 s(age): female  5.13  310.90  < 0.0001 
Sex (male)  0.6329  0.0628  0.5098  0.7559  10.08  < 0.0001 s(age): male  2.90  356.60  < 0.0001 
Alcohol  -0.0208  0.0043  -0.0292  -0.0124  -4.84  < 0.0001        
Alcohol: Sex (male)  0.0163  0.0056  0.0053  0.0273  2.89  0.0038        
Hippocampus ~ s(age, by = sex) + sex + alcohol         
Intercept  -0.4360  0.0642      -6.79  < 0.0001 s(age): female  3.39  32.84  < 0.0001 
Sex (male)  0.9278  0.0561  0.8179  1.0377  16.55  < 0.0001 s(age): male  4.54  8.93  < 0.0001 
Alcohol  -0.0152  0.0036  -0.0223  -0.0082  -4.23  < 0.0001        
Pallidum ~ s(age, by = sex) + sex         
Intercept  -0.2896  0.1647      -1.76  0.0787 s(age): female  3.70  5.00  0.0006 
Sex (male)  0.5157  0.0627  0.3929  0.6385  8.23  < 0.0001 s(age): male  1.00  57.53  < 0.0001 
Putamen ~ s(age) + sex + alcohol + alcohol:sex         
Intercept  -0.4749  0.0698      -6.81  < 0.0001 s(age)  4.96  275.50  < 0.0001 
Sex (male)  0.8929  0.0596  0.7761  1.0097  14.98  < 0.0001        
Alcohol  -0.0165  0.0085  -0.0331  0.0002  -1.94  0.0526        
Alcohol: Sex (male)  0.0265  0.0100  0.0070  0.0460  2.66  0.0078        
Thalamus ~ s(age) + sex + alcohol + alcohol:sex         
Intercept  -0.4341  0.0450      -9.64  < 0.0001 s(age)  4.41  46.36  < 0.0001 
Sex (male)  0.8615  0.0603  0.7433  0.9797  14.29  < 0.0001        
Alcohol  -0.0317  0.0074  -0.0462  -0.0172  -4.28  < 0.0001        
Alcohol: Sex (male)  0.0222  0.0087  0.0052  0.0393  2.55  0.0107         
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Fig. 1. Smoothed age-related developmental trajectories and 95% confidence intervals for male (blue) and female (red) participants based off the final best fitting 
generalized additive mixed model (GAMM) for each region of interest in NCANDA and AR samples. 
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youth showing increases in volume with age and female youth de-
creases. In addition to these developmental effects, as hypothesized, we 
also noted overall main effects of sex, with male youth having signifi-
cantly larger volumes than female youth across the entire develop-
mental age range (without adjustment for ICV). In addition to 
replicating previous reports (Backhausen et al., 2021; Herting et al., 
2018; Wierenga et al., 2014; Wierenga et al., 2018a), we provide evi-
dence that these effects also persist in the amygdala, putamen, pallidum, 
hippocampus, and thalamus, even after controlling for differences in 
baseline ICV. 

This is the first study to our knowledge to demonstrate longitudinal, 
replicable associations between subcortical volumes and recent alcohol 
use. Here, we show significant sex-by-alcohol use interactions in the 
caudate, putamen, and thalamus (driven by significant negative asso-
ciations between alcohol use and brain volumes in the caudate and 
thalamus in female but not male youth), and a significant negative as-
sociation between alcohol use and hippocampal volume in all youth; all 
of these results are at least partially replicated across the NCANDA and 
AR samples. These findings are also consistent with previous longitu-
dinal reports, which found a negative relationship between alcohol use 
and caudate and hippocampal volume, but did not report sex differences 
(El Marroun et al., 2021; Squeglia et al., 2014). They are also consistent 
with previous cross-sectional reports, which noted stronger negative 
associations between alcohol use and cortical and subcortical volumes in 
female than male youth (Medina et al., 2008; Pfefferbaum et al., 2016; 
Seo et al., 2019). These sex-specific alcohol-related effects, in the 
caudate for example, could be due to differences in maturational timing, 
such that earlier maturation in female youth may make this region more 
vulnerable to effects of alcohol (compared to male youth) or may pre-
dispose female youth to drink more alcohol. Meanwhile, in the hippo-
campus, though male and female youth demonstrate divergent 
developmental trajectories (particularly early in adolescence), alcohol 
use is associated with smaller volumes in all youth. While we cannot 
disentangle cause and effect in human studies, this observation may well 
reflect a neurotoxic effect of alcohol use. Rodent models have shown the 
hippocampus to be particularly sensitive to alcohol’s effects (for review, 
see Walker et al., 2021), and have indicated that adolescent alcohol use 
inhibits neurogenesis in the hippocampus during adulthood (Wooden 
et al., 2021). In our study, alcohol’s association with hippocampal vol-
ume appears impervious to an individual’s neurodevelopmental time 
course. 

This study has several strengths. First, it is the largest study to our 
knowledge to model longitudinal, sex-specific, non-linear development 
of subcortical brain volumes alongside sex-specific associations with 
alcohol, with our results providing a high degree of congruence with 
several previous reports. Second, many of our findings, including 

negative associations between recent alcohol use and subcortical vol-
umes, were partially replicated in a second independent dataset. 
Importantly, this successful replication occurred despite minor differ-
ences in scanner sequence and processing pipelines between the two 
datasets, further suggesting robustness of the effects. While recent re-
ports shed light on the limitations of smaller datasets (e.g. the AR dataset 
used herein) for finding replicable effects using brain-wide association 
analyses (Marek et al., 2022), we demonstrate the utility of these studies 
as replication datasets for larger, better powered consortium-based 
analyses. 

Despite these strengths, several limitations should also be noted. 
First, while we demonstrated replicable sex differences across all 
subcortical brain regions, the functional relevance of sex differences in 
brain structure, both in healthy and diseased states, has been highly 
debated (Becker et al., 2017) and warrants additional exploration. In 
addition, our measurement of “sex” (as assigned at birth) does not 
incorporate the host of biological, social, and environmental influences 
that attach to such a construct. Future research, better considering 
nuanced differences between male and female brain development, 
including measuring more precise explanatory variables (including pu-
berty and sex hormones) at a more granular level, is encouraged. Sec-
ond, while this study used dose-dependent measures of recent alcohol 
use (incorporating frequency and quantity of use), improving on the 
binary variables utilized previously (e.g., El Marroun et al., 2021), there 
remains a need for improvements in our assessment and modeling of the 
complexity in the timing and pattern of alcohol use in adolescents and 
young adults (e.g. weekly episodic heavy drinking vs. low levels of daily 
use). In addition, our structural measurements did not include subre-
gional specificity, which has been additionally shown to vary by sex 
(Fish et al., 2020; Mu et al., 2020) and in alcohol using populations 
(Grace et al., 2021; Phillips et al., 2021). Further, to overcome meth-
odological differences and match analytic models between samples, we 
chose not to adjust for other potential confounds, including known risk 
factors for adolescent substance use (such as family history of alcohol 
use disorder), as well as the potential for biased attrition (e.g. the 
NCANDA study had approximately 81% retention over the 7 years of 
data collection included here). As such, it’s unclear whether differences 
in sample composition or lack of control for confounding factors have 
limited replicability in certain regions and not others. While future 
studies will be necessary to explore other known risk factors, a relative 
strength of the current analysis is its ability to find such a high degree of 
replicability despite differences in sample composition and without 
controlling for additional confounds. Finally, while GAMMs are flexible 
for fitting developmental trajectories and are commonly used to study 
brain development (e.g., Backhausen et al., 2021; Herting et al., 2018), 
they remain limited in their ability to detect temporal causality and are 

Table 3 
Replication criteria in the AR sample.   

Accumbens Amygdala Caudate Hippocampus Pallidum Putamen Thalamus 

Main effect of Sex        
Direction YES YES YES YES YES YES YES 
Significance YES YES YES YES YES YES YES 
Confidence Interval YES NO YES YES NO YES NO 
Main effect of Alcohol       
Direction    YES    
Significance    YES    
Confidence Interval    YES    
Sex-by-Alcohol Interaction       
Direction   YES   YES YES 
Significance   YES   NO NO 
Confidence Interval   NO   YES YES 
Combined Age        
Significance  YES    YES YES 
Female Age        
Significance NO  YES YES YES   
Male Age        
Significance NO  YES YES YES    
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largely associative in nature. Alternative statistical techniques with 
more rigid developmental constraints, but predictive modeling (e.g. 
cross-lagged models), may be a beneficial follow-up to these findings. 
Nonetheless, we believe these analyses establish a reliable foundation 
regarding development effects which may inform future modeling 
strategies geared towards assessing the timing or nuance of 
alcohol-related effects on brain development. 

5. Conclusions 

Our study demonstrates significant, replicable volumetric longitu-
dinal changes in adolescents and young adults over time that include 
decreases in caudate, putamen, and thalamus volumes and increases in 
pallidum volumes in all youth, regardless of sex or recent alcohol use. 
Further, replicable sex-specific developmental effects suggest a greater 
increase in pallidum volumes with age in male youth compared to fe-
male youth and greater declines in caudate volume in female youth 
compared to male youth. While the functional significance of these sex- 
specific developmental effects remains unclear, they should be consid-
ered in future studies modeling developmental changes in subcortical 
structure. Finally, we demonstrate partially replicable negative associ-
ations between recent alcohol use and caudate, hippocampus, and 
thalamus volumes, with effects in the caudate and thalamus driven 
largely by female youth. Future work will be necessary to elucidate the 
mechanism, functional relevance and long-term behavioral implications 
of these alcohol-related effect on subcortical volumes during develop-
ment, which may provide a window into improving prevention and 
intervention efforts. 
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