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Abstract

Exogenous causes, such as alcohol use, and endogenous factors, such as tempera-

ment and sex, can modulate developmental trajectories of adolescent

neurofunctional maturation. We examined how these factors affect sexual dimor-

phism in brain functional networks in youth drinking below diagnostic threshold for

alcohol use disorder (AUD). Based on the 3-year, annually acquired, longitudinal

resting-state functional magnetic resonance imaging (MRI) data of 526 adolescents

(12–21 years at baseline) from the National Consortium on Alcohol and Neuro-

development in Adolescence (NCANDA) cohort, developmental trajectories of

23 intrinsic functional networks (IFNs) were analyzed for (1) sexual dimorphism in

259 participants who were no-to-low drinkers throughout this period; (2) sex-alcohol

interactions in two age- and sex-matched NCANDA subgroups (N = 76 each), half

no-to-low, and half moderate-to-heavy drinkers; and (3) moderating effects of

gender-specific alcohol dose effects and a multifactorial impulsivity measure on IFN

connectivity in all NCANDA participants. Results showed that sex differences in no-

to-low drinkers diminished with age in the inferior-occipital network, yet girls had

weaker within-network connectivity than boys in six other networks. Effects of ado-

lescent alcohol use were more pronounced in girls than boys in three IFNs. In particu-

lar, girls showed greater within-network connectivity in two motor networks with

more alcohol consumption, and these effects were mediated by sensation-seeking

only in girls. Our results implied that drinking might attenuate the naturally

diminishing sexual differences by disrupting the maturation of network efficiency

more severely in girls. The sex-alcohol-dose effect might explain why women are at

higher risk of alcohol-related health and psychosocial consequences than men.
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1 | INTRODUCTION

Adolescent brain development undergoes profound morphological

and functional changes characterized by regional and temporal het-

erogeneity in growth trajectories.1,2 Structural magnetic resonance

imaging (MRI) has revealed that gray matter volume declines, hypoth-

esized to reflect synaptic pruning,3 whereas white matter volume

increases from preadolescence4 throughout adolescence into early

adulthood2 contributing to growth of the brain.4 Although gray matter

pruning in certain regions might reflect changes in myelination affect-

ing the appearance of gray–white matter boundaries in MRIs,3 white

matter expansion is associated with functional connectivity enhance-

ment contributing to efficient neural signaling and transmission2,5 and

capacity for high-level cognition.6 Quantification of these neurobio-

logical foundations of associated functional neuromaturation can be

revealed through longitudinal analysis of whole-brain resting-state

functional MRI (rs-fMRI). Analysis of rs-fMRI has identified multiple

intrinsic functional networks (IFNs)7 reflecting functionally connected

brain regions. IFNs do not necessarily determine direct structural con-

nections but do indicate brain regions exhibiting correlated functional

activity. The organization of IFNs is established early in development

while their remodeling and refinement continue with age.8

Connectivity within functional networks of adolescents differs

between the sexes9 and can be altered by environmental agents,

notably initiation of alcohol use,10 engaged by 33% of 12th graders in

the United States.11 For example, the baseline study of rs-fMRI data

by the National Consortium on Alcohol and Neurodevelopment in

Adolescence (NCANDA) (age 12–21 years at baseline)12 revealed that

girls exhibited weaker functional connectivity within the default

mode, emotion, and salience networks than boys.13 The same study

also showed that adolescents who exceeded a no-to-low drinking cri-

terion had weaker functional connectivity with respect to networks

seeded from the amygdala compared with adolescents with no-to-low

alcohol use.13 This finding was echoed by a longitudinal study,14 in

which lower left amygdala–orbitofrontal connectivity was associated

with greater alcohol consumption within a 2-year period.

A sex-alcohol interaction on functional brain development is likely

as the adverse effect of alcohol consumption on physical and mental

health may be more severe in women than men. Notably, the cogni-

tive and motor impairment related to alcohol dependence was shown

to be greater in women than men, and impairment presents in women

at lower levels of alcohol consumption.15 Likewise, during adoles-

cence, girls who engage in binge drinking transition to addiction more

rapidly than boys, a phenomenon known as “telescoping”.15 Whereas

boys desisting from alcohol abuse after adolescence can function simi-

larly to men without history of alcohol abuse,16 girls desisting from

alcohol abuse after adolescence continue to suffer from negative

alcohol-related health and psychosocial consequences.17

These untoward female-oriented alcohol use effects have been

linked to poorer impulse control in women compared with men at dif-

ferent life stages.18,19 Although impulsivity has been considered as a

risk factor for both genders,20 mounting evidence has indicated that

heavy drinking women displayed poorer impulse control than heavy

drinking men during adulthood.21 Among adolescents, alcohol abuse

has also been associated with higher sensation seeking (SSS) levels.22

During this age period, sex differences emerge in the developmental

trajectories of impulse control, and girls reach peak levels of

sensation-seeking earlier than boys.23 Thus, impulse control may be

relevant in explaining the differential effects of drinking on adolescent

brain development between boys and girls.

To track development of sexual dimorphism in adolescent func-

tional brain networks with respect to age, alcohol consumption, and

impulsivity, we performed a novel voxel-wise analysis of IFNs24

extracted from longitudinal rs-fMRI of 526 adolescents (12–21 years

at baseline) scanned annually from the NCANDA cohort. First, we

documented the sexual dimorphism in healthy functional brain devel-

opment during adolescence in 259 youths (12–21 years at baseline)

with no-to-low alcohol exposure. Next, we sought sex-alcohol interac-

tions by comparing the IFNs in a subset of age- and sex-matched

youth (N = 38F/38M no-to-low vs. 38F/38M moderate-to-heavy,

14–21 years at baseline) who were either moderate-to-heavy drinkers

or no-to-low drinkers.24 Finally, the identified alcohol effects were

related to the alcohol use history and impulsivity of the full NCANDA

cohort, which also consisted of youth who transitioned from no-to-

low to moderate-to-heavy drinkers within the 3-year study period

(259 no-to-low, 182 transitioning, and 85 moderate-to-heavy

drinkers). The analysis tested three principal hypotheses: (1) although

younger boys have stronger within-network functional connectivity

than younger girls, this sexual dimorphism diminishes with age; (2) with

moderate-to-heavy alcohol use, sexual dimorphism strengthens as

girls also exhibit higher within-network connectivity than boys that is

linked to greater disruption in network efficiency; and (3) the alcohol-

related functional connectivity in girls is linked to impulsivity metrics.

2 | MATERIALS AND METHODS

2.1 | Participants

The NCANDA cohort comprises 831 participants, ages 12 to 21 years

at baseline and recruited across five collection sites: University of

California at San Diego (UCSD), SRI International, Duke University

Medical Center, University of Pittsburgh Medical Center, and Oregon

Health & Science University (OHSU). The Institutional Review

Boards (IRB) of each site approved data collection and use.12 In com-

pliance with National Institutes of Health (NIH) policy, the data

releases NCANDA_PUBLIC_Y3_REDCAP_V01, NCANDA_PUBLIC_

Y3_STRUCTURAL_V01, and NCANDA_PUBLIC_Y3_RESTINGSTATE_

V01 have been made public according to the NCANDA Data Distri-

bution agreement (see https://www.niaaa.nih.gov/research/major-

initiatives/national-consortium-alcohol-and-neurodevelopment-

adolescence).25,26

At baseline, 714 adolescents had usable rs-fMRI and structural

scans,12 584 of whom were classified as no-to-low drinkers according

to the minimum drinking criteria of NCANDA based on the National

Institute of Alcohol Abuse and Alcoholism (NIAAA) guidelines for risky
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drinking (see Table S2 and Table 1 of Brown et al12). These age- and

sex-dependent criteria account for total days of drinking lifetime,

maximum drinks per occasion, and other substance use.12 The

remaining 130 youth that exceeded the drinking criteria but did not

exceed marijuana and nicotine exposure criteria12 were classified as

moderate-to-heavy drinkers. None of the moderate-to-heavy drinkers

participants met DSM 5 criteria27 for alcohol use disorder (AUD) at

baseline observation.

By the fourth year of the study, 526 adolescents had at least

three annually acquired usable rs-fMRI scans (Figure 1). Among this

longitudinal cohort, 259 remained no-to-low drinkers throughout the

study, 85 remained moderate-to-heavy drinkers, and 182 transited

from no-to-low drinkers to moderate-to-heavy drinkers during the

study. Five of the 526 youth met criteria for mild AUD at one or more

observations. Participants were characterized by age, sex, pubertal

stage using the self-assessment Pubertal Development Scale (PDS),

socioeconomic status as defined by the longest years of education

from either parent, and the amount of exposure to nicotine and mari-

juana use (Table 1). To study sex-alcohol interactions, the dataset was

matched with respect to scanner type (p = 0.99) and age (14 to 21 at

baseline, p > 0.91) across four groups (Table 1; Figure 1): no-to-low

drinking girls, no-to-low drinking boys, moderate-to-heavy drinking

girls, and moderate-to-heavy drinking boys. The matching algorithm28

did so by ensuring that a maximum number of individuals would be

selected per group and yielded 38 in each group (two male and two

female participants in the drinking group met mild AUD criteria).

2.2 | MRI preprocessing

The structural and resting-state data of all NCANDA participants were

preprocessed using the publicly available NCANDA pipeline,24 which

included motion correction, outlier-detection, detrending, removing of

physiological noise, and temporal and spatial smoothing. The pipeline

then computed subject-specific IFNs based on the 23 group-level

IFNs identified by prior analysis on the NCANDA dataset.24 These

IFNs were selected from 25 independent components that were

derived by applying the Probabilistic ICA of MELODIC FSL V5.0.1029

to the preprocessed rs-fMRI images at baseline of the 584 no-to-low

drinking youths. Of the 25 independent components, 23 were identi-

fied as IFNs commonly observed in other studies. The remaining two

components were artifacts related to cerebrospinal fluid and motion.

Guided by these group-level IFN estimates, 23 subject-specific IFNs

were then derived for each of the 526 participants by the voxel-wise

longitudinal independent component analysis (VL-ICA).24 For each

subject, each of the 23 subject-specific IFNs was encoded at each

voxel by the average connectivity and slope (i.e., change in connectiv-

ity) across all visits. For example, negative slopes associated with posi-

tive average connectivity values encoded a reduction in functional

connectivity over time. For each IFN, the corresponding average con-

nectivity map was estimated by applying dual regression29 to the

concatenated rs-fMRI time series composed of all longitudinal scans

of that subject. The slope map was estimated using VL-ICA.24 The

supplement describes the MRI processing including the ICA

approach in detail.

2.3 | Statistical group analysis

Statistical testing was based on the subsets of the NCANDA data out-

lined in Figure 1. To test the first hypothesis, sex differences were

identified at each voxel in the average connectivity maps and (sepa-

rately) in the slope maps of 259 no-to-low drinkers by a general linear

model (GLM) analysis with sex, age (at baseline), and scanner-type as

covariates (see supporting information for details). The resulting

voxel-wise p values were corrected for spatial coherence by FSL

TFCE,29 family-wise error (FWE) at the 5% level, and Bonferroni

corrected to account for testing across 23 networks. A two-tailed

F IGURE 1 Of the 714 NCANDA participants with usable baseline rs-fMRI scans, the longitudinal analysis of intrinsic functional networks
(IFNs) was over the 526 participants that had three to four annually acquired scans. The analysis examined (1) sexual dimorphism in normal
functional development of IFNs based on 259 participants (139 (F)emale vs. 120 (M)ale) who were no-to-low drinkers throughout this period;
(2) sex-specific IFN trajectories linked to alcohol dose based on 38 no-to-low drinkers and 38 adolescents of the same sex and who exceeded the
drinking criteria throughout the study; and an exploratory analysis based on all four matched data sets; (3) gender-specific alcohol dose effects
mediated by impulsivity on IFN connectivity in all 526 NCANDA participants. The color scheme for labeling data sets will also be used for labeling
the plots in the other figures. NCANDA, National Consortium on Alcohol and Neurodevelopment in Adolescence
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p < 0.05 was viewed as significant. Detected clusters were con-

founded if their average functional connectivity or slope significantly

correlated (uncorrected two-tailed p < 0.1) with subject-specific

motion or the number of rs-fMRI scans of each subject.

To test the last two hypotheses with respect to sex–alcohol inter-

actions, alcohol effects were first identified separately for each gender

on the matched dataset of 38 no-to-low drinkers and 38 moderate-

to-heavy drinkers of that gender (14–21 years at baseline) (Figure 1).

The GLM analysis now replaced the sex covariate by the drinking

group. Next, with sex as an additional covariate, alcohol effects were

further identified on the whole matched dataset consisting of 76 no-

to-low and 76 moderate-to-heavy drinkers for exploratory analysis.

Clusters with significant alcohol-use effects from either analysis were

further analyzed in the following.

To test the second hypothesis regarding the strengthening sex-

ual dimorphism due to alcohol use, the mean value (average con-

nectivity or slope) within each detected cluster was first

residualized with respect to age (at baseline) and scanner by fitting

a GLM on the no-to-low group. For each gender separately, two-

sample t tests (two-tailed p < 0.005) identified the differences in

the residuals across all three drinking groups (no-to-low, trans-

itioners, moderate-to-heavy; 248 girls/278 boys). Then a two-way

analysis of variance (ANOVA) (p < 0.005) identified significant

interactions between sex and drinking-groups. The residuals were

also correlated (two-tailed p < 0.005) to the log of lifetime sub-

stance use averaged over visits (for average connectivity analysis)

or the log of substance use between baseline and last visits (for

slope). Tested substances included alcohol (the total days of drink-

ing lifetime), nicotine (number of cigarettes consumed lifetime), and

marijuana (days of using marijuana lifetime). Clusters with signifi-

cant correlations to nicotine and marijuana exposure were omitted

from analysis.

In line with the third hypothesis, clusters with significant sex–

alcohol-dose effects were tested by the Baron and Kenny model30 for

medication effects (p < 0.005, see supporting information for test pro-

cedures). The model considered the impact of alcohol consumption on

functional connectivity as a direct effect and impulsivity measures as

a mediator of that effect. The impulsivity measures were the five

Urgency-Premeditation-Perseverance-Sensation Seeking-Positive

Urgency (UPPS-P) scores31: negative urgency (NUG), positive urgency

(PUG), lack of premeditation (PMT), lack of perseverance (PSV), and

SSS. After residualizing each score for age at baseline, the average or

the slope of each impulsivity score across all visits was used for medi-

ation analysis.

F IGURE 2 Shown in blue are the regions with significant sex differences (two-sided p < 0.05 after family-wise error (FWE) correction for
number of voxels and IFNs) between the average connectivity maps of 139 no-to-low drinkers girls and 120 boys (see also Figure 1). Effects were
detected in six IFNs, whose hubs (in yellow) are displayed on top of the SRI24 template. IFN, intrinsic functional network

ZHAO ET AL. 5 of 12



3 | RESULTS

3.1 | Sex differences in intrinsic functional
connectivity

Based on the average connectivity analysis, boys exhibited greater

functional connectivity within the positive hubs, that is, regions with

significant positive connectivity within a network, than girls. This

effect occurred in 6 of the 23 IFNs, that is, the dorsal default mode,

auditory, inferior temporo-parieto-frontal, limbic hippocampal, emo-

tion, and precuneus networks (Figure 2, Table 2). Sex differences were

also detected in the slope analysis at the bilateral lingual region of the

inferior occipital network. With respect to this slope difference

(Figure 3), a post hoc analysis revealed that although boys had higher

average functional connectivity than girls in the detected cluster

(p = 0.05, Figure 3B), they also had significantly steeper negative

slopes indicating decreased connectivity over time (p < 0.005,

Figure 3C). A linear mixed model fitted to the data showed that the

TABLE 2 Sex effects on the average functional connectivity maps and the slope detected on the longitudinal resting-state functional
magnetic resonance imaging (rs-fMRI) data associated with 259 no-to-low drinkers in the 714 National Consortium on Alcohol and
Neurodevelopment in Adolescence (NCANDA) study

Network

Number of

voxels

Min p value

(corrected) ROI at min p value

Boys > girls functional

connectivity

Dorsal default mode network 1164 0.004 Frontal_Sup_Medial

Auditory network 1945 0.009 Heschl

Inferior temporo-parieto-frontal

network

151 0.009 Temporal_Sup_L

Precuneus network 132 0.026 Precuneus

Emotion network 447 0.004 Temporal_Pole_L

Limbic hippocampal network 657 0.004 Insula_L

Boys < girls slope Inferior occipital network 150 0.013 Lingual

Note. For each detected cluster, the name of network, number of voxels meeting the p value threshold (family-wise error [FWE] corrected), minimum p

value inside the cluster, and the ROI name at the location of minimum p value are displayed. Networks were specified in Zhao et al.24 ROI names were

specified according to the SRI24 atlas.32

Abbreviation: ROI, region of interest.

F IGURE 3 A, Significant sex differences on the slope maps of 259 no-to-low drinkers were detected in the inferior occipital network. B, C,
Post-hoc analysis examined the sex difference with respect to the average connectivity and slope within the detected cluster (red). D, Linear
mixed effect models fitted to the longitudinal resting-state functional magnetic resonance imaging (rs-fMRI) of no-to-low drinkers revealed that
boys had a decreasing developmental trajectory of functional connectivity in the detected cluster
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functional connectivity was greater in boys during early adolescence,

and this sex difference decreased as the connectivity in boys declined

with aging (Figure 3D). None of the negative hubs revealed significant

sex effects.

3.2 | Sex–alcohol interaction

The sex-specific matched-group analysis revealed that the 38 moder-

ate-to-heavy drinking girls had significantly greater average functional

connectivity in the precentral region of the sensorimotor medial net-

work compared to the 38 no-to-low drinking girls (Figure 4A, Table 3).

Further analyzing this detected cluster on all girls of the NCANDA

dataset, the average functional connectivity of the moderate-to-heavy

drinking girls (N = 45) was greater than that of the female transitioners

(N = 94), and transitioners had average connectivity greater than no-

to-low drinking girls (N = 139) (Figure 4B,C). Even though the compar-

ison against the transitioners only showed trend-level significance

(p < 0.05), their intermediate position between no-to-low and

F IGURE 4 A, Significant alcohol effects on the average connectivity maps of 38 moderate-to-high and 38 no-to-low drinking girls were
detected in the sensorimotor network. B,C, Average functional connectivity inside the detected cluster exhibited a graded dose effect in girls
only. The amount of disruption was ranked from no-to-low, transitioning, to moderate-to-high girls. D, Connectivity within the cluster also
significantly correlated with alcohol consumption among girls with nonzero history. E, This girl-specific correlation was significantly mediated by
sensation seeking (Urgency-Premeditation-Perseverance-Sensation Seeking-Positive Urgency-Sensation Seeking [UPPSP-SSS])

TABLE 3 Alcohol effects detected on the longitudinal resting-state functional magnetic resonance imaging (rs-fMRI data) of the matched
dataset

Difference Network
Number of
voxels

Min p value
(corrected) Group Overlapping ROIs

Average connectivity

No-to-low <

moderate-to-heavy

Sensorimotor

network (medial)

229 0.04 F only Precentral_R

Frontal_Sup_R

Supp_Motor_Area_R

Postcentral_R

Paracentral_Lobule_R

No-to-low < exceeds Motor network 101 0.022 M + F Precentral_R

Postcentral_L + R

SupraMarginal_L

Slope

No-to-low <

moderate-to-heavy

Inferior temporo-

parieto-frontal

network

76 0.004 M + F Postcentral_L

Precetral_L
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moderate-to-heavy drinkers suggested a graded dose effect. The

graded effect was specific to girls on three accounts: (1) the graded

pattern was not observed in boys; (2) the ANOVA test showed a sig-

nificant sex/drinking-group interaction (p = 0.0022); and (3) the

moderate-to-heavy drinking girls had significantly greater connectivity

than the moderate-to-heavy drinking boys (p = 0.0009, two-sample

t test, 45 girls vs. 40 boys), whereas the functional connectivity did

not differ between boys and girls in the no-to-low drinking group. This

female-specific alcohol effect was further supported by a significant

correlation (r = 0.182, p = 0.0023) between the average functional

connectivity and the log of the number of days of drinking lifetime

among the girls with non-zero drinking history (N = 186) (Figure 4D).

The partial mediation analysis also revealed a significant indirect

effect (p < 0.001, Figure 4E) of sensation seeking on the association

between alcohol consumption and functional connectivity. Neither

the alcohol dose effects nor the mediation effects of the impulsivity

scores were significant in boys. Further, the average functional con-

nectivity in the detected cluster did not show significant correlations

with nicotine or marijuana exposure.

3.3 | Exploratory analysis of alcohol use effects

The 76 matched moderate-to-heavy drinkers exhibited greater aver-

age functional connectivity than the matched no-to-low group in the

motor network (Figure 5A, Table 3). The significant cluster

encompassed the precentral, postcentral, and supramarginal regions

according to the SRI24 atlas.32 With respect to this detected cluster,

the average functional connectivity showed a graded effect among

the three drinking groups within each sex (248 girls/278 boys), with

the moderate-to-heavy drinking group having the highest average

functional connectivity and no-to-low drinkers having the lowest

(Figure 5B,C). Meanwhile, girls with non-zeros drinking history

exhibited a significant correlation (r = 0.20, p < 0.0001) between the

average functional connectivity and the log of the number of days of

drinking lifetime, whereas boys showed only a trend-level (r = 0.134,

p = 0.017) correlation (Figure 5D). The findings of the mediation anal-

ysis were confined to a trend-level effect of sensation seeking

(p = 0.04) in girls (Figure 5E) and insignificant for all five UPPS-P

scores in boys.

Slope analysis on the matched groups revealed that the 76 moder-

ate-to-heavy drinkers had a significantly steeper negative slope than

the 76 no-to-low drinkers in the precentral and postcentral regions of

the inferior temporo-parieto-frontal network (Figure 6A, Table 3).

Analysis confined to that region within each sex revealed that all three

drinking groups had significantly negative slopes (one-sample t tests

p < 0.001) with a graded effect for both genders. Among the three

cohorts, the slope in the no-to-low group was the flattest, the slope in

the moderate-to-heavy drinking group was the steepest (Figure 6B,C).

Both boys and girls exhibited a significant negative correlation

between the slope and the log of the number of days of drinking

between baseline and last visit (Figure 6D, boys: r = 0.210,

F IGURE 5 A, Significant alcohol effects on the average functional connectivity maps of 76 moderate-to-high and 76 no-to-low drinking
drinkers were detected in the motor network. B,C, Average functional connectivity inside the detected cluster exhibited a stronger graded dose
effect in girls, where the amount of disruption was ranked from no-to-low, transitioning, to moderate-to-high drinkers. D, Connectivity within the
cluster significantly correlated with alcohol consumption among girls with nonzero history and showed trend-level correlation for boys. E, This
girl-specific correlation was mediated by sensation seeking (Urgency-Premeditation-Perseverance-Sensation Seeking-Positive Urgency-Sensation
Seeking [UPPSP-SSS]) on a trend-level
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p = 0.0008; girls: r = 0.187, p = 0.0002), that is, the higher that number

for a person, the greater the decline in functional connectivity in the

precentral and postcentral regions as the adolescent gets older. No

sex-specific mediation effect was observed for the five UPPSP-scores.

Also, none of the detected clusters in the exploratory analysis was sig-

nificantly correlated with nicotine or marijuana exposure.

4 | DISCUSSION

In support of the first hypothesis, sexual dimorphism diminished with

normal development. Specifically, voxel-wise, longitudinal analysis

revealed that although boys exhibited stronger functional connectivity

within IFN hubs than girls in young adolescence, this difference nar-

rowed with age. The second hypothesis on the sex–alcohol interac-

tion was supported by the female-specific graded alcohol effects

found in the sensorimotor medial network. In support of the third

hypothesis, only in girls was sensation seeking a significant partial

mediator of the alcohol effect on the sensorimotor medial network

and a trend-level mediator on the motor network.

Our longitudinal findings refined region-of-interest studies33

through a voxel-wise analysis, which examined the hub regions in the

spatial (average or slope) maps of each IFN quantifying within-

network functional connectivity. Although studies largely agree that

girls have stronger across-network connectivity than boys,9,33 reports

on within-network sex dimorphism lack consistency. Several

adolescent and adult rs-fMRI studies have documented stronger

within-network connectivity for girls in selective IFNs but stronger

connectivity for boys in other networks.34 Our analysis instead

revealed a consistent pattern on the NCANDA dataset, where boys

always had significantly higher connectivity than girls in the six IFNs

with sex effects. Higher connectivity inside hubs was previously

detected for the older relative to younger adolescents of NCANDA in

cross-sectional study24 suggesting that, regardless of gender, func-

tional networks become more specialized towards specific cognitive

functioning as adolescence advances.35

Notably, our novel longitudinal analysis revealed developmental

trajectories that refined the cross-sectional findings on sex differences

in functional connectivity within the lingual region36 (and more gen-

eral within the occipital cortex37) across the life span. In early adoles-

cence, the NCANDA girls exhibited lower functional connectivity in

the lingual region of the inferior occipital network than boys. As girls

grew older their functional connectivity stayed almost constant. By

contrast, boys exhibited a significant negative trajectory supporting

the hypothesis based on our cross-sectional baseline findings13 that

sexual dimorphism in functional connectivity diminishes with develop-

mental progression through later adolescence.

Normal functional development of the brain can be disrupted by

initiation of drinking during adolescence. Our analyses showed that

alcohol effects on the functional connectivity are different between

sexes and invert the diminishing sexual dimorphism in normal func-

tional development even with alcohol consumption that does not rise

to the level of an AUD diagnosis. Specifically, the present longitudinal

analysis identified alcohol-related modulation in precentral and post-

central regions of the inferior temporo-parieto-frontal network (slope)

and of the sensorimotor and motor networks (average connectivity).

Evidence from neurobiological studies suggests that the major role of

sensorimotor circuits is to allow for development and control of novel

F IGURE 6 A, Significant alcohol effects on slope maps of 76 moderate-to-high and 76 no-to-low drinkers were detected in the inferior
temporo-parieto-frontal network. B,C, The slope inside the detected cluster showed a dose effect and D, a significant correlation with alcohol
consumption between baseline and last visits in both sexes
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or noninnate actions sequences, also referred to as instrumental learn-

ing.38 In relation to alcohol abuse and addiction, the sensorimotor cir-

cuit contributes to the control of habitual and instrumental actions

related to alcohol seeking and taking.38 In addition, functional MRI

studies have frequently linked the alternations in both sensorimotor

and motor networks with excessive alcohol and nicotine abuse and

substance use disorders in adults.39–41 In line with our results, Wang

and colleagues also found increased functional connectivity in the

motor area in adults with alcohol and other substance use dependen-

cies.40 They suggested that such hyper-connectivity was accompanied

by a loss of inhibition in addiction potentially due to the fact that the

elevated dynamic resting state is an indication of higher wiring cost

and lower communication efficiency resulting in difficulty in inhibition.

Whereas our analysis has not revealed sex differences in the two

motor networks in the no-to-low cohort, other studies have docu-

mented sex differences in these networks,42 which could potentially

explain why these two networks were preferentially affected by alco-

hol differently between boys and girls.

Whereas alcohol abuse was traditionally regarded as a male-

oriented problem, recent studies have highlighted the fact that

female youth may be more vulnerable to alcohol misuse than male

youth.15 Mounting evidence links such sexual dimorphism to the

differential alcohol effects on the organization of the neural sys-

tems and their functioning.43 For example, stronger effects of alco-

hol on the working memory and the functional connectivity

associated with the vigilance tasks have been reported for female

adolescents with AUD compared with their male counterparts.44 In

support of this growing literature, our analysis on the NCANDA

data revealed a stronger (graded) alcohol dose effect for girls with

respect to the average functional connectivity of the sensorimotor

medial network despite girls having drunk less than boys (Table 1).

Unlike the diminishing or diminished sex difference in the no-to-

low drinkers, the moderate-to-heavy drinking girls had significantly

greater connectivity than the moderate-to-heavy drinking boys

suggesting an accentuated sexual dimorphism related to alcohol

use. The stronger functional connectivity in precentral and post-

central regions within motor and sensorimotor networks in the

moderate-to-heavy drinking girls was accompanied by a weakening

of functional connectivity within the inferior temporo-parieto-

frontal network. Thus, even subthreshold AUD alcohol consumption

during adolescence in girls appears to affect how these regions

intrinsically connect to specific networks and is opposing to that of

no-to-low drinking adolescents, whose neural networks become

more efficient with maturation, requiring less functional activation

over time.45 As mentioned above, stronger functional connectivity

in the network hubs has been suggested to be a compensatory

mechanism in AUD and drug dependence that usurps cognitive

resources to counteract impairment in neural functioning such as

higher wiring cost and lower efficiency.46,47 However, stronger

functional connectivity might also reflect a neural risk factor where

a strengthening of sensorimotor connections in relation to alcohol

facilitates impulsive response patterns, including sensation seeking

behaviors. For example, Shannon et al48 found that increased

functional connectivity of motor-planning regions with networks

associated with self-referential cognition heightens the predisposi-

tion to impulsive behavior.

Sensation seeking linked sexual dimorphism and the alcohol

effect on the two motor networks (motor and sensorimotor). Studies

have documented that heavy drinking women display poorer impul-

sive control than heavy drinking men, thus leading to problematic

alcohol consumption in women.21 Our analysis found that the correla-

tion for alcohol use and impaired functional connectivity was partially

mediated by sensation seeking in girls and was much weaker in boys.

This female-specific disruption in the development of functional net-

works during adolescence contributes to our understanding of the

higher risk to negative alcohol-related health and psychosocial prob-

lems in women later in life.15

Relevant to our findings on the alcohol-related sex differences is

that factors related to heavy drinking in women are mostly associ-

ated with regulating negative affect and the experience of negative

(i.e., negative reinforcement), whereas factors for men are mostly

associated with enhancing positive emotions (i.e., positive reinforce-

ment).49 For example, the impact of early drinking onset on anxiety

and depression symptoms and has been reported to be stronger for

girls than for boys, and initial depressive symptoms during early ado-

lescence in girls have been associated with increased problematic

alcohol use later in adolescence.50 In our analysis, the UPPS-P mea-

sures related to negative and positive reinforcement (i.e., NUG and

PUG) did not reveal any significant effect. However, we identified a

negative reinforcement effect with respect to alcohol drinking in girls

when extending the mediation analysis to the “relaxation and tension

reduction” score from the Alcohol Expectancy Questionnaire.12

Reflecting the extent to which participants attribute relaxation and

tension reduction as outcomes of drinking, the mediation effect of

the score was significant only for girls on the motor network

(p < 0.0001, Figure S1).

4.1 | Limitation

The current analysis largely depended on correlation analysis. What

remains to be explored is the causal direction between factors, that is,

the possibility that abnormal functional connectivity can trigger impul-

sive behaviors to seek alcohol use, or conversely, that normal func-

tional development is vulnerable to even moderate to heavy but

nondependent levels of alcohol consumption. Likewise, it remains to

be determined whether sex differences in impulsive control are the

result of differential neural vulnerability to alcohol consumption, or

whether they pre-date the problematic drinking in individuals. Finally,

the analysis still needs to track functional repairment following absti-

nence from heavy drinking based on participants that transitioned

from moderate-heavy to no-low drinking, which was the case for only

eight NCANDA subjects by Year 4 of the study but we anticipate to

increase in later years. Such analysis could identify reversible or per-

sistent alcohol-related injury on the functional neurodevelopment

during adolescence.

10 of 12 ZHAO ET AL.



5 | CONCLUSION

Our longitudinal rs-fMRI analysis identified sex differences in intrinsic

functional connectivity within 6 of 23 IFNs in adolescents. Based on

analyzing annually acquired, longitudinal rs-fMRI of 259 adolescents

that met no-to-low drinking criteria, girls had weaker within-network

functional connectivity inside the hub regions than boys, and such sex

difference diminished in the inferior occipital network with age. Our

study also showed that subthreshold AUD alcohol consumption

accentuated sexual dimorphism in the sensorimotor network, where

alcohol effects were specific to girls, and sensation seeking may be a

major underlying behavioral mechanism for differential alcohol effects

between sexes.
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