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Abstract

Background—The developmental period of adolescence marks the initiation of new
socioemotional and physical behaviors, including sexual intercourse. However, little is known
about neurodevelopmental influences on adolescent sexual decision-making.

Purpose—We sought to determine how subcortical brain volume correlated with condom use,
and whether those associations differed by gender and pubertal development.

Methods—We used FreeSurfer to extract subcortical volume among N = 169 sexually
experienced youth (mean age 16.07 years; 31.95% female). We conducted multiple linear
regressions to examine the relationship between frequency of condom use and subcortical volume,
and whether these associations would be moderated by gender and pubertal development.

Results—We found that the relationship between brain volume and condom use was better
accounted for by pubertal development than by gender, and moderated the association between
limbic brain volume and condom use. No significant relationships were observed in reward areas
(e.9., nucleus accumbens) or prefrontal cortical control areas.

Conclusions—These data highlight the potential relevance of subcortical socioemotional

processing structures in adolescents’ sexual decision-making.
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Introduction

The transition to sexual intercourse is a normative, developmentally appropriate behavior
often initiated during adolescence (1). Though not inherently risky, 40% of sexually active
American youth engage in unprotected intercourse (2), which has very real consequences:
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50% of new sexually transmitted infections (STIs) occur in this age group (3), and the rate
of unintended pregnancies among 15-19 year olds is one of the highest in the nation (4).
Safer sexual behavior requires cognitive and behavioral foresight to successfully enact
protective steps to prevent unwanted pregnancies, as well as the acquisition of STls, such as
gonorrhea, chlamydia, and of most importance, the human immunodeficiency virus (HIV;

(3)).

At this time, some of the best-supported adolescent STI/HIV prevention programs work for
some, but not all youth, in instantiating long-term protective health behavior (e.g., consistent
and correct condom use; (5, 6)). This has caused many to question the efficacy of these
programs to improve condom use in this age group (e.g., (7)). We propose that one potential
reason for the disconnect between STI/HIV risk reduction programming and adolescent
health behavior change is that existing programs may not sufficiently access and engage the
neurocognitive processes requisite for adolescent healthy sexual decision-making (e.g., (8)).
Developmental neuroscience thus offers one avenue to pinpoint precisely which aspects of
the developing brain may be relevant in adolescent sexual decision-making; data that is
integral to guide future targeting of prevention programs to enhance response in relevant
neurocognitive networks in this critical age group.

Neurodevelopment and Sexual Decision-Making

Adolescence is considered the second most important neurodevelopmental “sensitive
period” after early childhood. During this period of growth, the brain reduces in overall
volume, but improves in efficiency as pathways of connection and communication are
established within the brain (a process termed “synaptic pruning”). Large-scale studies of
adolescent brain development indicate that the timing and nature of brain development is not
parallel between genders. Adolescent males, for example, have been found to have greater
overall brain volume as compared to adolescent females; yet, adolescent females arrive at
full brain maturation 1-2 years earlier than young males, who often do not complete frontal
structure maturation until age ~15 frontal reward structure maturation until ~age 25 (9, 10—
13). The result contributes to substantive shifts in subcortical emotional limbic (e.qg.,
amygdala, hippocampus) and reward regions (e.g., hucleus accumbens), which subsequently
catalyzes a reorientation of the adolescent brain toward peer-related social and emotional
processing (14) and heightens social-emotional and reward learning (15).

Within the very limited body of published literature in the area of adolescent neurocognitive
sexual decision-making, emerging studies are beginning to suggest that in contrast to other
types of risk behavior (e.g., adolescent binge drinking) which may be driven, in large part,
by the function and structure of brain frontal (control) regions (16), the arena of sexual risk
increasingly suggests that the neural substrates underlying sexual decision-making may
function in a very different way than other health risk behaviors in this age group (17-19).
Moreover, these data seem to be centralized to limbic, rather than frontal, regions (19, 20).

Specifically, of the extant literature, emotional (limbic) centers, including the amygdala, and
predominantly reward-based centers, including the nucleus accumbens, have been associated
with sexual risk behavior (e.g., increased number of partners) in emerging adults (ages 18-
22) (20). Critically, these data also suggested differences by gender, wherein the interaction
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between amygdala activation, ventral striatum activation (including the nucleus accumbens),
and sexual risk was different for young males and females, with more activation in the
amygdala associated with sexual risk for women, and /ess activation in the amygdala
associated with sexual risk for men. In addition, functional examinations of brain response
have highlighted the importance of the hippocampus within social feedback processing and
social-emotional learning during this developmental period (21, 22). However, despite the
growing body of functional neuroimaging studies implicating the relevance of subcortical
limbic and reward regions in sexual decision-making, and despite potential differences by
gender, we still know very little about how structural development of these regions relates to
sexual decision-making in adolescence. Therefore, we aimed to explore potential
relationships between risky sexual decision-making and brain vo/ume in these subcortical
regions implicated in social-emotional (amygdala, hippocampus) and reward processing
(nucleus accumbens) in this age group; and further, examine these differences by gender.

Gender Differences in Brain Structure and Sexual Decision-Making

Along with emergent brain data around sexual risk, gender differences in adolescent sexual
decision-making are also receiving increasing attention (23-25). This is relevant because in
concert with observed differences in how young boys and girls negotiate sexual behavior,
there are significant differences in the trajectory of neural maturation by gender (10), which
impact limbic structures, including the amygdala and hippocampus. The result is that young
males show relatively delayed maturation in important socioemotional areas, including the
amygdala and hippocampus, as compared with young girls (26-28). These
neurodevelopmental differences by gender are relevant, because they have been connected to
other types of risk decision-making (29-31). Ultimately, despite the emerging role of the
socioemotional areas during this period of development (32) and their potential implications
in risk decision-making, we could find no examinations of adolescent brain structure and
sexual risk behavior for human adolescents.

Pubertal Development of Brain Structure and Sexual Decision-Making

The emergence and course of pubertal development is another highly important biological
factor that characterizes adolescent development (33), and varies by gender (34, 35). With
regard to brain structure, pubertal development has a considerable impact on the
development of subcortical structures (36), with testosterone and estradiol predicting limbic
(amygdala) growth across adolescence (37). In terms of sexual risk behavior, earlier pubertal
timing has been associated with earlier sexual debut, more frequent, and more risky sexual
behavior (e.g., condomless intercourse, unwanted pregnancy, contracting STIs/HIV),
especially among younger adolescent girls (38). Nevertheless, no studies to date have
assessed the combined effects of pubertal development and neurodevelopment on risky
sexual behavior. Further, it is standard procedure across many adolescent neuroimaging
evaluations to collapse analyses across both gender and pubertal development. The result is
an analytic approach that may miss subtle, but clinically relevant, developmental differences
implicated in adolescent sexual risk decision-making.
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The Current Study

Method

Participants

The primary aim was to examine the relationship between brain structure and sexual
decision-making in adolescents, and to assess whether these relationships might be
moderated by gender and pubertal development. Commensurate with prior studies (17, 18),
we operationalized safer sexual behavior as frequency of condom use. Given data suggesting
the salient role of limbic, and potentially reward, regions in adolescent sexual decision-
making (19, 20), we focused on examining key socioemotional (e.g., amygdala,
hippocampus) and reward structures (e.g., nucleus accumbens) (e.g., (39, 40)), and
conducted a postdoc examination of prefrontal structures (relevant for reward processing).
We anticipated observing positive, linear associations between subcortical brain volumes for
each region with condom use frequency, but no anticipated relationship between sexual risk
behavior and prefrontal cortical control structures. Given the salience of gender differences
in pubertal development (36), we anticipated observing the strongest associations for
adolescents early in puberty and among boys more so than girls.

All procedures were approved by the participating university institutional review board and
with the additional protection of a federal Certificate of Confidentiality. Youth were
recruited from justice-related programs in the southwest United States and completed
magnetic resonance imaging (MRI) scanning as part of an ongoing study (41). The parent
study was a randomized controlled trial examining two prevention programs to reduce
adolescent STI/HIV risk (41); however, all data presented herein were collected prior to
randomization to condition or exposure to prevention programming.

To recruit participants, trained research staff introduced the project at various collaborating
programs, underscoring the voluntary nature of the study. Written assent was directly
obtained from participants. Similar to other prevention studies (6), parent/guardian informed
consent was obtained via telephone following youth assent. All consent conversations were
audio-recorded and logged for proof of consent. In terms of inclusion criteria, youth had to
be 14-18 years old, fluent in English, and actively participating in a justice-related program.
Exclusion criteria included prescription for and/or taking antipsychotics/anticonvulsants,
concussions or other head injuries leading to loss of consciousness for >5 min during the
past 6 months, and other standard MRI contraindications (e.g., pregnancy) (42). In terms of
enrollment, /= 280 youth assented/consented to participate in the study; of those, V= 253
successfully completed the neuroimaging procedures. Of those 253, /= 61 youth were
removed from further analysis due to reporting no sexual activity. An additional NV/= 23
youth were removed from analyses due to having neuroimaging data that did not pass
quality inspections. The sample thus contained /= 169 youth with a mean age of 16.07
years (standard deviation, SD = 1.17). All youth completed behavioral measures, followed
by an MRI scan session. For this component, participants could earn between $20 and $70
depending on task performance during the functional MRI portion of the study (41).
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Current Sexual Activity and Risky Sexual Behavior

Similar to other studies (5, 43), current sexual activity was assessed by querying whether
adolescents had ever engaged in vaginal and/or anal intercourse (lifetime), defined by “a
man putting his penis inside a woman’s vagina or inside someone’s anus (rear end)”. To
assess risky sexual behavior, youth who endorsed engaging in sexual intercourse were
queried about frequency of condom use (e.g., “In the past 3 months, how much of the time
did you use condoms when you had sexual intercourse?””) measured on a 5-point scale (1 =
Never, 2 = Almost never, 3 = Sometimes, 4 = Almost always, 5 = Always), and frequency of
sexual intercourse, measured on a 6-point scale (1 = A few times a year, 2 = Once a month,
3 = Once a week, 4 = 2-3 times a week, 5 = 4-5 times a week, 6 = Almost every day).

Demographics

We queried age, self-reported race/ethnicity, gender, and highest educational attainment. To
assess socioeconomic status, we evaluated: (i) parent education (1 = parent/guardian did not
graduate from high school, 2 = parent/guardian graduated high school/got GED, 3 = parent/
guardian some college but no degree, 4 = parent/guardian associates degree, 5 = parent/
guardian bachelor’s degree, 6 = parent/guardian masters, PhD or MD) and (ii) family
income, measured as youth eligibility for free lunch (1 = full price, 2 = reduced price, 3 =
free).

Pubertal Development

The Pubertal Development Scale (44) is a self-report measure that asks participants to rate
their stage of physical development across growth in height, body hair (underarm and
pubic), and skin changes (pimples). Boys answered additional questions about voice
deepening and facial hair, whereas girls answered additional questions about breast
development and menstruation. All responses are on a Likert scale (1 = Not yet started, 2 =
Barely started, 3 = Definitely underway, 4 = Seems completed) except for menstruation,
which is coded as 1 = Premenarcheal or 4 = Postmenarcheal.

Image Acquisition and Statistical Analysis

Gray Matter Volume

High-resolution T1-weighted anatomic images were acquired on a 3 Tesla Siemens TIM
Trio MRI scanner using a 12 channel head coil and the following 5-echo multiecho
MPRAGE sequence: echo time (TE) 1.64/3.5/5.36/7.22/9.08 ms; repetition time (TR) 2,530
ms; voxel size 1 x 1 x 1 mm; 192 slices; field of view = 256 mm; acquisition time 6.03.
Cortical reconstruction and volumetric segmentation were performed with the FreeSurfer
image analysis suite version 5.3 (http://surfer.nmr.mgh.harvard.edu/; see (45) for technical
details). This study utilized the segmentation of the subcortical deep gray matter volumetric
structures (hippocampus, amygdala, nucleus accumbens). All segmentation was visually
inspected by two independent raters. Subjects with errors in the segmentation (including
subjects with motion that would have affected segmentation) were excluded from analyses.
Estimated volumes for the aforementioned regions in addition to total brain volume (from
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Freesurfer’s BrainSegVolINotVent), were extracted from the FreeSurfer output for each
subject.

All analyses were conducted using R 3.2.2 (46). Demographic and brain variables were
examined for normality and subjected to Shapiro—Wilk tests. Homogeneity of variance was
assessed using boxplots and Levene’s tests.

Gender, Pubertal Development, and Demographic/Risky Sexual Behavior Variables

As expected, most demographic and sexual risk variables were nonnormally distributed
(Table 1). Mann-Whitney Rank Sum tests with Zvalues and Field’s r(sjmisc package in &,
(47)) were utilized to examine whether demographic and sex risk variables significantly
differed by gender and pubertal development. Chi-square and Cramér’s Veffect sizes were
used for categorical data (i.e., family income).

Gender, Pubertal Development, and Subcortical Brain Volume

To examine gender and pubertal development with subcortical brain volume, we utilized
independent samples #tests. We began by comparing mean total brain volume from
Freesurfer’s BrainSegVolNotVent, as well as raw subcortical volumes by gender, followed
by regressions accounting for total brain volume in each volume comparison to correct for
group differences in total brain volume. Regions of interest for subcortical volume
assessment were the bilateral amygdala, hippocampus, and nucleus accumbens, with each
hemisphere analyzed separately. We repeated these analyses replacing gender with mean-
centered pubertal development.

Subcortical Brain Volume and Risky Sexual Behavior

To examine the relationship between targeted brain regions and risky sexual behavior, we
utilized multiple regression. Bivariate correlations of the variables for possible inclusion in
the regressions (gender, pubertal development, age, and total brain volume) were examined
to aid in model selection (Table 2). Because of the high correlation between total brain
volume and gender (r=.67), total brain volume deviation scores were used in lieu of the
participants’ total brain volume values; these values were created by subtracting the
appropriate gender-specific mean total brain volume from each participant’s total brain
volume score, subsequently providing information about relative brain size unconfounded
with gender (9). Other continuous independent variables (age, pubertal development, region
of interest volumes) were mean-centered to aid in model interpretation. Gender was
represented with weighted effects coding to account for disparate sample sizes.

Gender Versus Pubertal Development

In adolescent samples, gender and pubertal development can be inherently confounded, as
girls progress through puberty earlier than boys (34, 35). Due to issues around
multicollinearity, we examined the relative value of including both gender and pubertal
development in the same regression model. Gender and pubertal development were first
examined separately across each of the six regions of interest (right amygdala, left
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amygdala, right hippocampus, left hippocampus, right nucleus accumbens, left nucleus
accumbens).

Full Models for Subcortical Brain Volume, Gender/Pubertal Development, and Risky Sexual

Behavior

The relationship between each subcortical volume and condom use was examined
controlling for age and total brain volume in two variations of a multiple regression model:
Model 1 included gender as a main effect, plus a gender * region of interest interaction term,
and Model 2 included pubertal development as a main effect, plus a pubertal development *
region of interest interaction term. Model 3 included both interaction terms in the same
model, in cases where both interactions were significant in Models 1 and 2.

Significant interaction terms in Model 3 were decomposed using simple slopes tests (pequod
package in R; (48), which evaluated whether separate slopes for girls and boys (when
decomposing gender moderation), or within a given high (+1 SD) or low (-1 SD) range of
pubertal development scores (pubertal development moderation), were significantly different
from zero when examining condom use frequency regressed on the subcortical region of
interest.

Posthoc Examinations of Models Accounting for Intercourse Frequency, and Examination
of the Relationship Between Prefrontal Cortex Volume and Risky Sexual Behavior

Results

As findings from Models 1-3 could be driven, in part, by intercourse frequency, we added a
mean-centered intercourse frequency variable to each of the three regression models, and
replicated the process outlined above.

Due to the potential role of prefrontal cortical control regions in adolescent risk behavior, we
conducted a posthoc examination of the potential relationship between prefrontal volumes
and risky sexual behavior. In line with the models for examining relationships between risky
sex and the subcortical volumes, we created a prefrontal cortex volume for each participant
by combining Freesurfer-generated cortical volumes of the rostral middle frontal, caudal
middle frontal, caudal anterior cingulate, and superior frontal regions across both
hemispheres, in line with the approach taken by Mills and colleagues (49). Using the
prefrontal cortex volume as the region of interest, we repeated the regression process
outlined above, including intercourse frequency in each model.

Gender, Pubertal Development, and Behavioral Variables

We found no significant gender differences in age, highest educational attainment,
socioeconomic status, or risky sexual behavior (see Table 1). As expected, we observed
gender differences on pubertal development, with girls showing significantly more advanced
pubertal development than boys (p < .001, Field’s r=.46). Pubertal development was also
significantly positively correlated with education (o < .05). No other relationships emerged
for pubertal development across demographic/risky sexual behavior variables.
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Gender and Subcortical Brain Volume

In this sample, overall total brain volume was significantly greater in boys than girls (p <.
001, Table 3). Mean comparisons of raw subcortical volumes by gender also reflected
significantly larger volumes in all but one examined region of interest for boys as compared
with girls [bilateral hippocampus (p < .001); bilateral amygdala (p < .001); right nucleus
accumbens (p < .01)]. No gender differences were observed for the left nucleus accumbens.
When correcting for gender differences in the total brain volume, significant gender
differences remained only for the bilateral nucleus accumbens [left nucleus accumbens (p <.
01); right nucleus accumbens (p < .05)], and right amygdala (p < .05).

Pubertal Development and Subcortical Brain Volume

As expected, total brain volume was significantly inversely associated with pubertal
development (p < .001, Table 4). Without correcting for total brain volume, we found a
significant inverse relationship between brain volume and pubertal development across the
right amygdala (p < .01), left amygdala (p < .05), right hippocampus (p < .01), and left
hippocampus (p < .05). However, once total brain volume was controlled for, we observed
no significant relationships between pubertal development and brain volume across our
selected regions of interest.

Subcortical Brain Volume, Gender/Pubertal Development, and Risky Sexual Behavior

For Model 1, we examined the potential moderating effect of gender on the relationship
between subcortical volume and condom use frequency. Here, we observed a significant
gender * region of interest interaction in the bilateral hippocampus (p < .05), right amygdala
(p < .05), and right nucleus accumbens (p < .05). For Model 2, we examined the potential
moderating effect of pubertal development on the relationship between subcortical volume
and condom use frequency. We observed a significant pubertal development * region of
interest interaction in the bilateral hippocampus (¢’s < .05), and bilateral amygdala (p’s < .
05).

Since both interaction terms (i.e., gender * region of interest and pubertal development *
region of interest) were significant for bilateral hippocampus, and the right amygdala, we
then estimated Model 3 for those regions of interest. Model 3 included both two-way
interaction terms and their accompanying main effect terms. For Model 3, we no longer
observed a significant moderating effect of gender between examined brain volumes (e.g.,
bilateral hippocampus; right amygdala) and risky sexual behavior.

However, in Model 3, we did find that the pubertal development * region of interest
interaction was significant in the bilateral hippocampus (e.g., right hippocampus (p < .05,
95% confidence interval [CI] [-0.002, —0.00001]); left hippocampus (p < .05, 95% ClI
[-0.002, —0.00002]), and right amygdala (p < .05, 95% CI [-0.004, —0.0001]). Follow up
simple slopes tests of the pubertal development * region of interest interactions across the
examined regions of interest (i.e., bilateral hippocampus, right amygdala) from Model 3
revealed significant slopes for the youth in more advanced pubertal status (pubertal
development total, >1 SD) in the left hippocampus (p < .05, Fig. 1). Adolescents who were
more pubertally advanced showed a significant negative relationship between condom use
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frequency and region of interest volume. In other words, for adolescents who were more
sexually mature, those with a smaller left hippocampus reported using condoms more
frequently. We did not observe any significant relationships between examined brain regions
(e.g., bilateral hippocampus, right amygdala) and condom use frequency for the less
pubertally developed youth (Table 5).

Posthoc Examination of Models Accounting for Intercourse Frequency

With the inclusion of intercourse frequency in Model 1, which examined the potential
moderating effect of gender on the relationship between subcortical volume and condom use
frequency, we observed a significant gender * region of interest interaction in the bilateral
hippocampus (p < .05), bilateral amygdala (p < .05), and right nucleus accumbens (p < .05).
For Model 2, which examined the potential moderating effect of pubertal development on
the relationship between subcortical volume and condom use frequency, we observed a
significant pubertal development * region of interest interaction in the bilateral hippocampus
(right: p<.01; left: p<.05), and bilateral amygdala (p < .05). In other words, controlling for
intercourse frequency did not alter observed results.

We estimated Model 3, accounting for intercourse frequency, for the bilateral hippocampus
and the bilateral amygdala, since both the gender * region of interest and pubertal
development * region of interest were significant in those four regions. We found no
significant gender * region of interest interactions. We did find significant pubertal
development * region of interest interactions in the bilateral hippocampus (p < .05 for each
side; 95% ClI for right hippocampus: [-0.002, —0.00005]; 95% CI for left hippocampus:
[-0.002, —0.000003]), and left amygdala (p < .05; 95% CI [-0.005, —0.0007]). Simple
slopes follow up examinations of these regions revealed significant slopes for the youth in
more advanced pubertal status (pubertal development total, >1 SD) in the left hippocampus
(0 < .05) and the left amygdala (p < .05). Thus, even after accounting for intercourse
frequency, more pubertally mature youth continued to show a negative relationship between
brain volume and condom use frequency in these two regions. Model 3 (without intercourse
frequency) showed significant interactions between PDS*ROI in bilateral hippocampus and
right amygdala, but only the left hippocampus had significantly simple slopes. Model 3
(with intercourse frequency) showed significant interactions between PDS*ROI in bilateral
hippocampus and left amygdala (instead of right amygdala), and the left hippocampus
simple slopes finding replicated, plus the left amygdala.

Posthoc Analysis of Prefrontal Cortex Volume and Risky Sexual Behavior

For Model 1, we examined whether gender moderated the relationship between prefrontal
cortex volume and condom use frequency after accounting for age, total brain volume, and
intercourse frequency. There was no significant relationship between prefrontal cortex
volume and condom use frequency, nor was there a significant interaction between
prefrontal cortex volume and gender in the model. In Model 2, which included pubertal
development in place of gender, there was again no significant relationship between
prefrontal cortex volume and condom use frequency, nor a significant interaction between
prefrontal cortex volume and pubertal status. Because the interaction terms in Models 1 and
2 were not significant, we did not proceed with Model 3.
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Discussion

To our knowledge, this is the first empirical investigation of the relationship between
subcortical brain structure and risky sexual behavior in a sample of sexually active
adolescents. We expected to observe significant associations of socioemotional limbic (i.e.,
amygdala, hippocampus) and reward volumes (nucleus accumbens) with risky sexual
behavior (condom use frequency) in adolescents. Further, we expected that these
relationships would be moderated by gender and by pubertal development. We also expected
these effects to be localized to socioemotional and reward, but not frontal control regions. In
other words, we did not expect to observe any relationships between prefrontal cortical
control volumes and risky sexual behavior. There was partial support for these hypotheses.
We observed that gender and pubertal development directly predicted socioemotional limbic
subcortical brain volume. This finding is highly in line with what we would expect, given
gender differences in brain size and the natural process of pruning that occurs during
adolescence (9).

Though it has been a source of debate, the current state of the neurodevelopmental literature
has been to present adolescent brain data both with and without correction for total brain
volume. We followed the recommendation of this field in presenting data both ways, which
can help elucidate neurodevelopmental changes that might be obscured when examining the
data either with, or without, this correction (9). Without total brain volume, we observed that
boys had greater volumes in bilateral amygdala, bilateral hippocampus, and right nucleus
accumbens. Further, in line with other studies of adolescent neurodevelopment (36), we
observed significant differences in subcortical brain volume by pubertal development, with
more developed youth showing smaller brain volumes across the bilateral amygdala
relationship between pubertal development and reward (nucleus accumbens) volume.
Further, in posthoc analyses, we found no relationship between pubertal development and/or
risky sexual behaviors with prefrontal cortical control volumes.

Consistent with the broader literature (50), boys’ brains were overall significantly larger than
the girls’ in this sample. When we corrected for natural differences in total brain volume, the
effects were a bit more circumscribed, with significant gender differences only observed
across the right amygdala and bilateral nucleus accumbens. With total brain volume
controlled for, we no longer saw significant relationships between pubertal status and
subcortical volumes. Ultimately, the alteration of the results once total brain volume is
incorporated highlights the importance of examining subcortical brain volumes both with
and without this form of correction, to reflect a comprehensive picture of the nature and
location of what may be transpiring on a neural volumetric level in these types of
neurodevelopment studies (9). Yet, these findings are strongly in line with the developmental
health neuroscience literature in terms of nature and effect size (49, 51), and highlight the
importance of continuing to examine these relationships in future work.

Although we originally observed a series of significant volume by gender interactions, we
did not find evidence of gender as a significant moderator of the association between brain
volume and risky sex above and beyond the contribution of pubertal development. Rather,
our anticipated gender findings disappeared once pubertal development was added to the
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model. However, as predicted, pubertal development moderated the association between
subcortical brain volumes and risky sexual behavior, and this was true even after accounting
for frequency of sexual behavior (intercourse frequency). Interestingly, these associations
were stronger for adolescents more advanced in pubertal development. One explanation for
this finding may reflect potentially delayed neuromaturation, wherein the brains of youth
with this significant moderated association between volume and risky sex may have yet to
“catch up” with the rest of their body’s development. Our finding of associations later versus
earlier in puberty also contrasts with other studies that indicate a stronger role for early
puberty in adolescent sexual behavior (38). A second possibility is that subcortical volumes
reflect maturational processes in sexual decision-making that are potentially occurring later
in puberty, an approach that has generally not been assessed in adolescent sexual behavior
studies.

Although the effect sizes may not seem overwhelming in the context of the adolescent health
behavior literature, these are highly clinically meaningful differences in the field of
neurocognitive perspectives on decision-making. Specifically, the specificity and
involvement of key limbic regions (hippocampus, amygdala), but not reward and/or control
structures, such as the nucleus accumbens and prefrontal cortex, suggests that
socioemotional functioning rather than reward and/or control processing is critical in
adolescent sexual decision-making (39, 40). Interestingly, the amygdala is at peak volume
during adolescence, and represents one of the only brain regions that has direct receptors for
sex hormones (52). Further, the amygdala is responsible for ascribing emotional significance
to stimuli, subsequently influencing affective response and emotional learning (53). Relevant
to the findings observed here, the amygdala interacts with the hippocampus; in concert, the
hippocampus forms initial representation of the emotional significance of events, impacting
the amygdala’s response to future related events (54). Thus, it is perhaps not surprising that
in this sample, condom use in more pubertally mature adolescents was significantly
associated with regions likely to be integral in pubertal development and timing, as well as
in the neural communication around sexual drive, emotional valence, and the broader
network of health decision-making.

Of further practical and clinical relevance, this pattern is distinct from what has been
observed in the broader adolescent risk decision-making literature (55-57). More concretely,
relationships of comparable effect size are generally observed in standard reward (e.g.,
nucleus accumbens) and prefrontal cortical control structures for other adolescent risk
behaviors (e.g., substance use). However, these same statistical relationships were not
observed between reward and/or control structures and adolescent sexual decision-making in
this study. One reason for this might be that, even though the animal and adult literatures
support the inherently rewarding nature of sexual activity (58, 59), reward might not be the
sole, or most important, driver of sexual decision-making in this age group. Similarly,
because of its relatively later emergence in adolescent cognitive development, many studies
have implicated prefrontal cortical control systems as a primary driver of adolescent risk
decision-making (60). However, a number of studies are beginning to take a more nuanced
approach to the examination of behavioral control (32). In line with this recent movement in
the field of adolescent risk decision-making, whereas an easy candidate for consideration in
sexual decision-making, this study highlights that brain structures that drive prefrontal
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cortical control did not gain empirical support for their role in adolescent sexual decision-
making here. Ultimately, risky sex is often collapsed into a broader group of adolescent risk
behaviors (61); however, sexual decision-making may, in fact, be quite different from other
types of adolescent health risk behavior. This is a finding of high clinical impact that calls
for the need to carefully consider breaking the sexual risk neurocognitive literature away
from the adolescent substance use neurocognitive literature. In fact, we submit that there
might be several additional features that make adolescent sexual decision-making quite
distinct from other types of adolescent risk behavior. For example, sexual behavior is neither
teratogenic nor neurotoxic. In fact, it is requisite to the propagation of one’s own
evolutionary line, as well as the overall species, and thus may be represented differently than
less consequential behaviors (substance use, driving too fast, or skipping school) in the
human brain.

Ultimately, these findings are particularly intriguing in light of behavioral studies showing
different patterns of sexual decision-making by gender (62). The sample presented with
gender differences in pubertal development. As such, the more physically developed group
in the interaction decompositions may have a much greater proportion of females, due to
natural differences in the timing of pubertal development by gender. To that end, these
findings could still be capturing underlying gender differences. Other behavioral studies
have reported that despite having more positive attitudes toward condoms, female
adolescents and emerging adults are less likely than males to use condoms in practice (63).
Further, behavioral studies show a strong role of socioemotional processing in adolescent
sexual decision-making, with young men tending to consider reward, sexual pleasure,
intimacy, and social development when making decisions about how and when to have sex
(62, 64—-67). In contrast, female youth are more likely to think about sex as a way to seek or
achieve intimacy (65) and to improve or enhance relationship development or quality (68,
69). Taken together, these results highlight that relationship factors (70), potentially
including individual goals for using condoms, and/or the pragmatic nature of negotiating
heterosexual condom use (wherein males can unilaterally use a condom yet women must
rely on or convince her partner to do so) may interfere with women’s condom use (62). Our
volumetric differences across hippocampal and amygdala regions suggest that these salient
socioemotional and affect-related prefrontal-amygdala and hippocampal circuits (71) may
reflect a neural target for social and affective processing in adolescent cognition,
communication, and negotiation, perhaps particularly for females, in sexual decision
contexts. Related, these data contribute to an emerging body of research that suggests that
although we might do well in terms of teaching young people about the practical benefits of
using a condom, and feeling confident in their condom use, our current theoretical and
empirically supported approaches may need to address neurodevelopmental findings to
improve understanding of the emotional facets of this complex and inherently social
behavior.

Strengths and Limitations

This study has a number of strengths, including a sample of sexually active youth and an
empirical question that has been understudied in adolescent neurodevelopment and risk
behavior (brain structure in the context of sexual health). At the same time, it is important to
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consider these findings in light of study limitations. First, some may view our sample as
derived from a relatively unique population that would not generalize well to all adolescents.
However, it is precisely this type of sample that is often missed in developmental
neuroscience research (ethnically diverse, juvenile-justice involved youth). It is also
important to highlight that more than 31 million youth are involved in the juvenile-justice
system (72) and thus they represent an important population for study in their own right.
Concretely, individuals within the clinical and scientific fields may believe that high risk,
predominantly lower SES, Hispanic adolescents are somehow qualitatively different than the
“general population” of adolescents. Though we can understand how it might be tempting to
come to this conclusion, we respectfully disagree with this notion. Justice-involved
adolescents like the ones in our sample are, in fact, much more mainstream than previously
believed (73, 74). In several states within the USA, Hispanic youth represent the majority
(75). More broadly, as of the 2010 US Census, minority youth are the majority in 10 states
(76) will be the majority among all youth in the United States by 2020 (77). Nearly 20% of
all adolescents live below the poverty line, and many more are from poor and low income
families (nearly 50%) (78). Aside from the issue of race/ethnicity and socioeconomic status,
researchers increasingly believe that far from being qualitatively different from their peers,
youth involved in the juvenile-justice system simply represent the riskier end of a normal
distribution of behavior (73). Thus, from our perspective, the adolescents in our study
represent a critical, and often overlooked group within a normative continuum that intersects
with and represents mainstream populations, but is often segregated in clinical and research
settings. No data, including our own, supports making this distinction in any clinical or
research population (79), and in fact, our lab is actively working to reduce this existing
disparity in clinical and research efforts (75, 80, 81).

Second, given the wealth of changes in subcortical structures (amygdala, hippocampus)
occurring in adolescence, it is necessary to further disentangle the independent contributions
of pubertal development and gender on these brain-behavior relationships. In the current
sample, girls were more advanced in pubertal development than boys, rendering it difficult
to differentiate gender effects from puberty effects. Thus, future studies in this area would
benefit from additional measures of pubertal development, such as Tanner ratings and
hormonal levels, and a larger representation of pubertal stages across gender to clarify these
relationships. A larger sample could facilitate the examination of the three-way interaction
between gender, puberty, and region of interest, which the current study was under-powered
to do. Third, we did not evaluate for co-occurring psychological disorders in this sample;
future work would benefit from explicit inclusion of these co-occurring issues, as volumetric
differences in these brain regions have been found in a number of psychological disorders
and could potentially contribute to findings (82, 83).

Implications for Preventive Intervention

In terms of prevention programming, importantly, youth within this sample did not receive
sexual health education through their juvenile-justice programming. Further, many of these
youth were not routinely attending school, making it improbable that they received sex
education in their academic setting; thus, these data are unlikely to be influenced by the
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receipt of external sex education programs that impacted their condom use prior to (or
following) our brain and behavior measures.

In addition, these data suggest that different programs are potentially needed for physically
more mature versus physically less mature adolescents (or potentially for young men versus
young women), in order to effectively target programming to maximize behavioral response.
This is congruent with prior work by our lab and others, which has shown that sexually less
mature or sexually naive youth have very different expectations around condom use than
youth who have already begun to engage in sexual behavior (62, 68). Further, recent work
has suggested that we might have to begin developing targeted prevention programs to youth
ages 10-12 if we want to reach them before they begin overt pubertal development (84).
High-risk youth, particularly those involved in the juvenile-justice system, are often broken
out by gender for the dissemination of sexual risk reduction programming, but they are not
always broken out by age, pubertal status, and/or even sexual risk experience. Our data here
suggest youth would potentially benefit from the articulation of targeted programming to the
different cognitive and socioemotional developmental stages that occur during adolescence.
We suggest that this presents a challenge to but also opportunity for the field of
implementation science (85), which continues to gain momentum at this time.

In terms of specific articulation, in matching intervention content to neural mechanisms, this
study highlights the role of socioemotional limbic systems, but not reward (nucleus
accumbens) or control systems, in more pubertally developed youths’ sexual decision-
making. Therefore, one avenue to consider in terms of treatment development for youth who
are further along in pubertal development is to enhance program content that addresses
socioemotional processing, especially in the context of dyadic decision-making, and when
there is affection or love in the equation. Finally, one important caveat in this work is that we
have focused on traditional delineations of gender and condomless penetrative sex as our
risky sex metric. However, we realize that there are some limitations to this approach,
particularly in terms of rapid advances in conceptualization of attraction, gender identity,
sexual behavior, romantic relationship decision-making (86) and other forms of protected
sex (e.g., PrEP/PEP) (87). These evolving conceptualizations will most certainly be explored
in our future work.
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CONDOM USE FREQUENCY (1-5)

Page 19

PUBERTAL DEVELOPMENT * LEFT HIPPOCAMPAL
VOLUME DECOMPOSITION

- & Low Pubertal Stage (-1 SD) —&— High Pubertal Stage (+1 SD)

BELOW AVERAGE VOLUME (-1 SD) ABOVE AVERAGE VOLUME (+1 SD)

LEFT HIPPOCAMPAL VOLUME (MEAN-CENTERED)

Fig. 1.
Pubertal development moderates the association between subcortical gray matter volume

and condom use frequency in the left hippocampus. Adolescents more advanced in puberty
(high pubertal development) showed a negative association between brain volume and
condom use frequency.
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Correlation matrix

Total brain volume  Sex Age PDS
TBVA 1.00 0.67 0.08 -0.25
b 1.00 009 -045
Sex
Age 1.00 0.07
pDSC 1.00

a .
Freesurfer’s BrainSegVolNotVent.

bBoys =1, Girls=0.

cPubertaI Development Scale (PDS; higher values = more pubertally developed).
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Table 5

Simples slopes for pubertal development *region of interest interaction terms

Low pubertal development (-1 SD)  High pubertal development (+1 SD)

R Amyg
R Hipp
L Hipp

B=0.0009 B=-0.0015
B=0.0005 B=-0.0007
B=0.0001 B=-0.0009"

Amyg amygdala; Hipp hippocampus; SD standard deviation.

< .05
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