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The Role of Testosterone and Estradiol in Brain
Volume Changes Across Adolescence:
A Longitudinal Structural MRI Study

Megan M. Herting,' Prapti Gautam,' Jeffrey M. Spielberg,” Eric Kan,'
Ronald E. Dahl,” and Elizabeth R. Sowell'*

"Department of Pediatrics, Keck School of Medicine at USC/Children’s Hospital
of Los Angeles, Los Angeles, California
“Department of Psychology, Institute for Human Development, University of California,
Berkeley, California

* *

Abstract: It has been postulated that pubertal hormones may drive some neuroanatomical changes dur-
ing adolescence, and may do so differently in girls and boys. Here, we use growth curve modeling to
directly assess how sex hormones [testosterone (T) and estradiol (E,)] relate to changes in subcortical
brain volumes utilizing a longitudinal design. 126 adolescents (63 girls), ages 10 to 14, were imaged and
restudied ~2 years later. We show, for the first time, that best-fit growth models are distinctly different
when using hormones as compared to a physical proxy of pubertal maturation (Tanner Stage) or age, to
predict brain development. Like Tanner Stage, T and E, predicted white matter and right amygdala
growth across adolescence in both sexes, independent of age. Tanner Stage also explained decreases in
both gray matter and caudate volumes, whereas E, explained only gray matter decreases and
T explained only caudate volume decreases. No pubertal measures were related to hippocampus devel-
opment. Although specificity was seen, sex hormones had strikingly similar relationships with white
matter, gray matter, right amygdala, and bilateral caudate volumes, with larger changes in brain volume
seen at early pubertal maturation (as indexed by lower hormone levels), followed by less robust, or even
reversals in growth, by late puberty. These novel longitudinal findings on the relationship between hor-
mones and brain volume change represent crucial first steps toward understanding which aspects of
puberty influence neurodevelopment. Hum Brain Mapp 35:5633-5645, 2014.  © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Neuroimaging studies have shown that developmental
trajectories across adolescence vary greatly by brain
region, age, and sex [Dennison et al., 2013; Giedd et al.,
1999; Gogtay et al., 2006; Koolschijn and Crone, 2013; Len-
root et al., 2007, Sowell et al., 1999; Sowell et al., 2002;
Tamnes et al., 2010; Toga et al., 2006]. Pubertal maturation
marks the onset of adolescence, with physical changes
starting earlier on average in girls (~age 10) compared to
boys (age ~11.5)[Herman-Giddens et al., 2012; Marshall
and Tanner, 1969; Marshall and Tanner, 1970; Sun et al.,
2002]. In addition, dramatic increases are seen in the pri-
mary acting sex hormones: estradiol (E,) in girls and tes-
tosterone (T) in boys [McAnarney et al., 1992; Nottelmann
et al., 1987]. Adolescence also marks the peak age of onset
for many types of psychopathology, and does so in a sex-
specific fashion, with disproportionate increases in the
prevalence of anxiety and depression in girls [Angold
et al., 1998; Angold et al., 1999] and substance abuse and
externalizing disorders in boys [American’s Children: Key
National Indicators of Well-Being, 2009]. Because adoles-
cence begins with puberty, it has been postulated that
pubertal development may contribute to sexual dimor-
phisms in neurodevelopmental trajectories and vulnerabil-
ities to pathological outcomes during adolescence
[Blakemore et al.,, 2010; Giedd et al., 2006; Peper et al.,
2011]. To date, support for this hypothesis largely comes
from cross-sectional analyses in humans [Angold et al.,
1998; Angold et al., 1999; Bramen et al., 2011, Bramen
et al., 2012; Graber et al.,, 1997, Paus et al.,, 2010; Peper
et al., 2008; Peper et al., 2009; Peper et al., 2011] and cas-
tration paradigms in animals [Juraska and Markham, 2004;
Sisk and Zehr, 2005], while other animal research suggest
that effects may be region specific or that the two proc-
esses may occur in parallel [Anderson et al., 1995; Ander-
sen et al., 2002b]. However, because these studies tend to
be cross-sectional, dichotomize groups into pubertal
stages, or implement castration at a set point in the experi-
mental design, they have failed to capture individual dif-
ferences in pubertal and brain maturation. That is, key
aspects of pubertal maturation are markedly different not
only between males and females, but also between indi-
viduals of the same sex. In humans, these different puber-
tal trajectories include sex differences in age of onset,
specific patterns and levels of hormone increases, and the
rate of maturational changes leading to reproductive matu-
rity [Herman-Giddens et al.,, 2012; Marshall and Tanner,
1969; Marshall and Tanner, 1970; Sun et al., 2002; van den
Berg et al., 2006].

Longitudinal designs and multiple measures of pubertal
maturation are required to capture and accurately charac-
terize how individual differences in pubertal onset and pro-
gression relate to subcortical and brain volume maturation.
Yet, to date, only four longitudinal studies have included
pubertal markers or sex hormones in examining brain
development, and only one has focused on subcortical brain

volumes [Goddings et al., 2013; Nguyen et al., 2013a, 2013b;
Raznahan et al., 2010]. Raznahan et al. [2010] examined the
degree to which brain maturation between the ages of 9
and 22 was affected by variation in signaling efficacy of the
androgen receptor (AR), as determined by AR-CAG length
genotyping. Results showed that greater AR signaling atte-
nuated age-related decreases in superior parietal and por-
tions of temporal lobe in boys, and accelerated age-related
decreases in the left inferior frontal gyrus in girls. Similarly,
Nguyen et al. [2013a, 2013b] recently examined sex differen-
ces in the association between androgen levels and cortical
thickness in prepubertal and postpubertal boys and girls,
ages 4 to 22 years. Using T and dehydroepiandrosterone
(DHEA), both age and sex-specific relationships were seen.
Higher DHEA in both sexes and T in girls predicted
increases in cortical thickness at younger, prepubertal ages,
whereas higher testosterone predicted decreases in cortical
thickness in postpubertal males and females. However, by
splitting the groups into pre and postpubertal, they did not
ascertain the trajectory of pubertal change in relationship to
neurodevelopment between boys and girls. In this regard,
pubertal development, as assessed by self-reported Tanner
Stage, was recently shown to predict changes in subcortical
volume, including the hippocampus, amygdala, and cau-
date, between the ages of 7 and 22 years [Goddings et al.,
2013]. While providing great initial insight into pubertal
changes in subcortical developmental trajectories in boys
and girls, Tanner Staging by itself does not allow us to
make inferences as to which aspect of puberty (hormones,
etc.) contribute to these findings. In addition, self-report
Tanner Staging is not as valid as practitioner ratings [Cole-
man and Coleman, 2002], and, although hormones advance
primary and secondary sexual characteristics, physical
measurements are not a perfect match, but rather only a
proxy for hormonal levels [Shirtcliff et al., 2009]. Further-
more, although Goddings et al. [2013] included both boys
and girls, differences in subcortical developmental trajecto-
ries between the sexes and their possible interactions with
age and puberty were not directly examined. That is, direct
statistical comparisons, rather than qualitative description
of differences, are necessary to determine where the sexes
significantly differ from one another to confirm true sexu-
ally dimorphic patterns of pubertal-specific neuromatura-
tion. Despite recent advances in understanding the role of
puberty in brain development, the associations between
pubertal hormones and subcortical growth trajectories
remain to be elucidated, and to our knowledge, no previ-
ous study has examined the relationships between
within-subject changes in E, and subcortical development
in girls.

In this study, we used growth curve modeling and uti-
lized both physical exam (practitioner ratings of Tanner
Stage) and hormonal markers (T and E;) of puberty, to
more fully elucidate the relationships between age, sex,
and puberty on cortical and subcortical brain volume
development in a longitudinal sample of adolescents.
The samples were recruited to be within a relatively
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narrow age range near the onset of puberty at time one
assessment: 10-12 years in girls (mean =11.83 = 0.73) and
12-14 years in boys (mean = 12.89 * 0.66). The asymmetry
in ages was chosen because girls typically begin displaying
physical pubertal characteristics earlier than boys [Her-
man-Giddens et al., 2012; Marshall and Tanner, 1969; Mar-
shall and Tanner, 1970; Sun et al.,, 2002]. Neuroimaging
data and pubertal maturation indices were collected again
approximately 2 years later. This longitudinal study
design, with a relatively restricted age range, allows for
sexes to be matched on pubertal status at the first time
point. This provides the ability to statistically disentangle
how age and puberty relate to neurodevelopment over
time, because there is between-subject variance in the
amount of pubertal maturation occurring, but no between-
subject variance in change in age (all participants were
sampled 2 years apart).

In preliminary cross-sectional analyses using the first
time point of this dataset, sex-by-puberty interactions were
found for hippocampus and amygdala volumes when
comparing late pubertal boys and girls (Tanner Stages 3-5)
with their early pubertal peers (Tanner Stages 1-2)
[Bramen et al., 2011]. Sex-by-puberty interactions were not
seen for the caudate or thalamus. These findings led us to
hypothesize that puberty-driven brain maturation may con-
tribute to region specific sex differences in trajectories of
volume change only in the amygdala and hippocampus.
Specifically, we expand on these findings by examining
both between- and within-subject change over time in
pubertal markers and subcortical brain volumes. By
utilizing the full longitudinal dataset, we present for the
first time an assessment of how individual variability in
puberty (Tanner Staging and T in both sexes, E, in girls)
relates to subcortical developmental trajectories across
adolescence.

We further hypothesized that pubertal measures
would predict the trajectory of brain volume change
over time. Specifically, we predicted that greater puber-
tal maturation would be linked to a more developed
brain phenotype, as indexed by lower gray matter and
higher white matter volumes. Moreover, we hypothe-
sized that greater changes in pubertal maturation would
be associated with the slope of both cortical and subcort-
ical brain volumes, above and beyond age. Based on our
previous cross-sectional findings [Bramen et al., 2011],
we also hypothesized that boys and girls would have
similar volumes in the amygdala and hippocampus at
the beginning of adolescence, but sex differences would
emerge as a function of pubertal development. We
expected these associations to be localized, with subcort-
ical regions dense in hormone receptors (amygdala and
hippocampus) [Giedd et al., 1996; Sisk and Zehr, 2005]
showing larger relationships than other subcortical
regions (thalamus). Lastly, we predicted that the hor-
mone levels (T and E,;) would be better predictors of
these hypothesized changes than outward physical
change (Tanner Staging).

MATERIAL AND METHODS
Subjects

One hundred and twenty six (63 girls) typically devel-
oping adolescents, ages 10 to 14, were recruited through
advertisements, flyers, and demographically targeted
phone lists. Exclusionary criteria for all participants
included a lifetime diagnosis of psychiatric disorders, bra-
ces, history of head injury, serious medical illness, or psy-
chotropic medication. All participants and their legal
guardians provided informed assent/consent according to
the guidelines of the University of Pittsburgh Institutional
Review Board, and research was conducted in compliance
with the Code of Ethics of the World Medical Association
(Declaration of Helsinki). Portions of this longitudinal
dataset, including fMRI data, have been previously
reported [Spielberg et al., 2014a; Spielberg et al., 2014b].

For this study, a breakdown of the data for each time
point by sex can be found in Table I. For boys at Time 1,
three participants were excluded due to unusable magnetic
resonance imaging (MRI) data, eight were missing Tanner
data, and three T values were not obtained. For boys at
Time 2, 49 returned for follow-up, but seven were excluded
due to unusable MRI data, one was missing Tanner data,
and nine T values were not obtained. For girls at Time 1,
three were excluded due to unusable MRI data, 14 were
missing Tanner data, two T values were not obtained, and
four E, values were excluded (two missing, two invalid).
For girls at Time 2, 57 returned for follow-up, but eight
were excluded due to unusable MRI data, 10 were missing
Tanner data, eight T values were not obtained, and four E,
values were not obtained.

Pubertal Maturation

Stage of physical maturation on a scale of 1 to 5 was
determined by a trained research nurse practitioner using
Tanner Staging criterion [Marshall and Tanner, 1968]. A
composite Tanner Stage score was calculated as the mean of
individual scores for pubic hair and breast development in
girls and pubic hair and penile/testicular development in
boys. At Time 1, a large portion of both girls and boys had
Tanner Stage values between 1 and 4, whereas at Time 2
the majority of each sex was at mid-to-late puberty (Tanner
Stages 3-5) as by study design (Supporting Information Fig.
1). Morning blood samples were collected between 8:20 and
8:35 AM using a finger-stick procedure developed by
Worthman and Stallings [1997]. This technique allows for
free index values of sex-steroids (T in boys; T and E, in
girls) to be assessed via modification of commercially avail-
able serum/plasma radioimmunoassay kits (T: DSL/
Beckman Coulter; E;: Siemens, Los Angeles, CA) [For full
details see Worthman and Stallings, 1997]. The minimum
sensitivity of T was 14.2 ng/dL for males and 14.0 ng/dL
for females and interassay coefficients of variation (CV) for
low, medium, and high BioRad external controls for T were
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TABLE I. Longitudinal study sample demographics

Boys

Girls

Time 1

Time 2 Time 1 Time 2

Age

Tanner Stage
Testosterone (T) (ng/mL)
Estradiol (E2) (pg/mL)

12.89 *0.66 (1 = 60)
2.90 = 0.96 (1 = 52)
199.81 = 151.32 (1 = 57)

14.91 + 0.69 (n = 42)
436+ 0.93 (n = 40)
390.14 + 152.56 (n = 33)

11.83 = 0.73 (1 = 60)
2.65+0.87 (n=47)
45.89 + 11.89 (n = 59)
3529 +17.31 (n =57)

14.04 + 0.85 (n = 38)
463+ 0.68 (n = 40)
59.14 + 15.00 (1 = 40)
87.46 +59.26 (n = 44)

Number of subjects with usable imaging data are reported for each time point for each sex. Average and standard deviation are
reported for age, as well as pubertal maturation indices (tanner stage, testosterone, and estradiol).

7.2% (low), 11.4% (medium), and 4.3% (high). None of the
subjects were below the minimum sensitivity thresholds,
indicating the assays were sensitive to T in prepubertal
females and males. E, sensitivity and interassay CV were
also acceptable, with the Siemens BS-serum regression curve
of y = 2.7056 (pg/mL). As expected, values increased between
Time 1 and Time 2 for Tanner Staging (Boys: f=1.6,
SE=0.12, P<0.0001; Girls: =19, SE=0.14, P<0.0001),
T (Boys: f=2129, SE=162, P<0.0001; Girls: =134,
SE=18, P<0.0001, and E, (Girls: p=512, SE=86,
P < 0.0001) (see Table I and Supporting Information Fig. 1).

Structural Imaging Acquisition

Whole-brain T1-weighted magnetization-prepared rapid
gradient-echo (MPRAGE) images were acquired for each
participant at Time 1 and Time 2 using a 3-Tesla Siemens

A Within-subject Change

Allegra scanner. Scan parameters for the MPRAGE were
as follows: repetition time (TR)=1,540 ms; echo time
(TE) =3.04 ms; flip angle =8; field of view =256 X 256;
voxel size =1 mm?®.

Image Processing

Preprocessing and automatic segmentation of cortical
and subcortical volumes were conducted using FreeSur-
fer’s (v 5.1) longitudinal stream [Reuter et al., 2012], and
manually checked by M.M.H. who was blind to partici-
pant demographics (sex, age, pubertal status) and scan
session. This technique was chosen to determine reliable
volume estimates that are unbiased with respect to any
time point. The longitudinal preprocessing stream
includes: (1) processing of all time points separately using
the cross-sectional pipeline (e.g.,, removal of nonbrain

time*estradiol

Over Time interaction: p=.024
~ Boys
__700000
E Estradiol (pg/mL)
£ T —
H £ sso0 - ---123.9
: g
£600000 3
— 540000 —
: z
= £ o
> [} M
E E 520000
Q @
500000 &5
500000 4
480000 4~ r T T
10 . 14 16 10 12 14 16
Time Time
(age in years) (age in years)
Figure I.

Significant interactions in total gray matter volume development (A) Plot shows raw total gray mat-
ter volumes for girls and boys. (B) Plot shows linear multilevel mixed effect fit lines for the effects of

time *E2 on gray matter volume.
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tissue, image registration to Talairach space, segmentation
of intracranial volumes (ICV) into gray, white, and CSF tis-
sue, subcortical parcellation, and intensity normalization)
[Fischl et al., 2002; Fischl et al., 2004] (2) the creation of a
probabilistic template for each participant that is unbiased
to either time point, (3) using the cross-sectional stream to
process each participant’s unbiased template, and (4) then
reprocessing of each time point using the unbiased template.
This last step allows for the unbiased template to be utilized
in several processing steps including skull stripping, Talair-
ach transformations, atlas registration, and ultimately, sig-
nificant increases in reliability and statistical power when
estimating volume segmentations [Reuter et al., 2012].

Statistical Analyses

Hierarchical linear modeling (HLM) (see below) statisti-
cal analyses were carried out in R [Pinheiro et al., 2013].
One of the many advantages of these statistical models is
the ability to handle missing data using maximum likeli-
hood (ML)-based estimation [Singer and Willet, 2003].
Thus, individuals with missing data were not removed
from the analysis; rather, all available (i.e., usable) data
were incorporated in the estimation of model parameters
for each HLM analysis.

Mixed-level model analyses showed that age signifi-
cantly predicted Tanner Stage (Age: f=0.65, SE=0.14,
£(65) = 4.81, P <0.0001), but this did not vary as a function
of sex (Age-by-Sex Intx: f=0.07, SE=0.08, P =0.413). Age
was also found to significantly predict T in boys (Age:
p=99.6, SE=7.6, P<0.0001), as well as T (Age: f=5.5,
SE=0.7, P<0.0001) and E, (Age: f=19.8, SE=3.0,
P <0.0001) in girls (Table I). As expected, T levels varied
depending on sex, with boys having higher values and
larger increases in level with age (Age-by-Sex Intx:
p=-94.16, SE=6.7, P<0.0001). Thus, to remove sex-
related differences in the mean and variance of testoster-
one scores, T values were converted to z-scores (across
time) separately within each sex.

Volumes for cortical gray matter, white matter, hippo-
campus, amygdala, caudate, and thalamus were obtained.
One subject’s (boy) right hippocampus and amygdala vol-
umes were outliers (>3 standard deviations from the
mean) and were excluded from further analyses. Consist-
ent with the literature, boys showed significantly larger
ICVs compared to girls (= —144,143.4, SE =24,337.75,
P <0.0001) and ICV was included as a covariate in further
analyses to control for individual and sex variability in
brain size. This method was deemed appropriate as, for
each region of interest (ROI), ICV showed a linear trend
with volume (P values <0.09), and this relationship was
not significantly different between the sexes (P val-
ues >0.29). When homogeneous slopes between-group
(sexes) and linearity assumptions are met (as seen in this
sample), this commonly used method has a number of sta-
tistical advantages and is a robust generalized modeling

strategy over other adjustment techniques available for
brain size in volumetric MR imaging (O’Brien et al., 2011).
For each ROI, linear growth trajectories were examined.
Given the small number of a priori ROIs, o < 0.05 was
deemed significant. Trends toward significance (P < 0.06)
are also reported.

HLM was used to determine the ML estimates for the
contribution of pubertal maturation and sex in characteriz-
ing brain volume during adolescents, as well as how they
relate to the rate of change (slope) in brain growth over a
2 year period. HLM, also known as “growth curve,”
“random effects,” “mixed-effects,” and “multilevel” mod-
eling, expands multiple regression for repeated measures
and allows statistical models to capture intra and interin-
dividual differences in change over time [Singer and Wil-
let, 2003]. This allows for characterization of general
patterns of developmental change (such as those that
occur with time/age), and determination of factors that
may explain individual differences in these patterns of
change by testing for significant population predictors, like
sex and pubertal status, on the intercept and slope of each
individual’s growth trajectory [Singer and Willet, 2003].

HLM requires a series of model estimations and com-
parisons between the estimated models to determine the
best fitting predictors for the dependent variable of inter-
est. For each a priori ROI, the following model-building
procedure was used to predict brain volume. This proce-
dure was implemented as outlined in Singer and Willet
[2003]: first, the unconditional growth model was assessed
to determine initial brain volume (intercept), and if brain
volume changed over time (slope). For all models, the
time variable was indexed by age in years, and the age
term was centered at age 10. By centering at 10, the
youngest age in the current adolescent sample, the initial
status can be interpreted as the estimated dependent vari-
able at the age of 10. In this model, the fixed effects were
time (indexed by age in years) and ICV, with subject as
the random variable. Second, model-building procedures
were used to determine whether adding the time-invariant
variable of sex, the time-varying pubertal markers (Tanner
Stage, T, E), or both predicted individual differences in
initial brain volume at age 10 (intercept), and how individ-
uals changed over time (slope) across adolescence. Specifi-
cally, the HLM model for sex included ICV, time, sex, and
time-by-sex interaction as the fixed effects and subject as
the random variable. The model for E, in girls included
the fixed effects of ICV, time, E,, and a time-by-E, interac-
tion, with subject as the random variable. To determine if
the effects of Tanner Stage and T on brain volume were
different between boys and girls, these HLM models
included fixed effects of ICV, time, pubertal marker (Tan-
ner Stage or T), sex, and all interaction terms, as well as
subject as the random variable. For models including the
time-invariant predictor sex, the main effect of sex reflects
an effect of the variable on the intercept (brain volume at
age 10), whereas the interaction terms with time-varying
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predictors (time*sex, sex*Tanner Stage, sex*T, time*sex*-
Tanner Stage or time*sex*T) reflect the effect of sex on
individuals’ trajectories of change, or conditional rate of
change, respectively (i.e., slopes). For the time-varying
pubertal markers, the intercept refers to the value of brain
volume when all time-varying predictors are zero and, the
main effect of the puberty variable (T, Tanner Stage, E,)
reflects the conditional rate of change in brain volume per
unit change in the puberty variable, while controlling for
the effect of other time-varying predictors (i.e., time, as
indexed by age), whereas the interaction term of the
added variable with time (time*Tanner Stage, time*T,
time*E,) reflects the effect of the pubertal variable on indi-
viduals’ trajectories of change over time (i.e., slope for
time, as indexed by age). Finally, model reduction and
full information maximum criteria were used to produce
a “best-fit” model for each brain region. To do this, a
best-fit model was determined when the full information
ML fit indices [log-likelihood and Akaike Information
Criteria (AIC)] reflected a significantly better model fit
than the unconditional model and the individual predic-
tor of interest (e.g., sex, Tanner Stage, T, E,) was P < 0.10.
Specifically, both log-likelihood and AIC estimates are
standard model fit metrics that allow comparisons
between nested and nonnested models, respectively. A
lower absolute value of AIC values reflects a better
model fit to the data. Thus, for each brain region, the
log-likelihood and AIC values are reported for the
unconditional growth model, as well as the final models
for each HLM.

RESULTS

Details for the best-fit HLM models for each ROI can be
found in Supporting Information Table I through 6. High-
lighted below are the significant and trend-level predictors
(P <0.06) from these models.

Total Gray Matter Volumes

Total gray matter volume was significantly predicted by
sex and E, (Table II). The model for sex included a signifi-
cant effect of time and sex (Table II), with gray matter vol-
ume increasing over time and boys having larger gray
matter volumes compared to girls. The best-fit model for
E; in girls included a significant main effect of E, and a
significant time*E, interaction (Fig. 1b). That is, girls with
lower E, levels showed more robust decreases or pruning
in gray matter volume across adolescence when compared
to their peers with higher E, levels.

Total White Matter Volumes

Total white matter volume was predicted by sex, Tanner
Stage, E;, and (at a trend-level) T (Table II). Although
adding sex as a predictor did not significantly improve

TABLE Il. Regions of interest predicted by the fixed-
effects of sex, tanner stage, T and E,, controlling for

ICV
Predictor: p t P
Time and Sex
Sex
Gray Matter sex —26176 —3.14 0.0021
Left Amygdala  sex —105 —2.58 0.01
Left Thalamus ~ sex —-296 —-1.97 0.05
Time*Sex
White Matter time*sex —2757 —4.6 <0.001
Left Caudate time*sex —51 —2.99 0.004
Right Caudate  time*sex —27 —2.08 0.04
Tanner Stage
Time*Tanner Stage
White Matter time*tanner stage -805 —2.62 0.01
Sex*Tanner Stage
Left Caudate sex* tanner stage —-30 —3.53 0.0008
Right Amygdala sex*tanner stage =75 —2.01 0.048
Testosterone
Time*Sex*T
Right Amygdala time*sex*T 41 231 0.024
Time*T
Left Caudate time*T —-19 —-219 0.032
Right Caudate  time*T -14 —-1.88 0.06
White Matter time*T —645 —1.89 0.06
Estradiol
Time*E,
Gray Matter time*E, 784 234 0.024
White Matter time*E, -25 223 0.03
Right Amygdala time*E, 052 195 0.058

For each model the regression coefficients for the fixed-effect
terms (and their associated t and P-values) are presented. Bold
reflects P < 0.05.

the best-fit model for sex, the main effect of sex and the
time*sex interaction reached significance (Fig. 2b), with
boys showing a larger increase in volume over time com-
pared to girls. A time*Tanner Stage interaction was also
seen for total white matter volume; individuals with Tan-
ner Stage 1 showed higher rates of total white matter
growth over time compared to their more pubertally
mature peers (Tanner Stage 5) (Fig. 2c). Similarly, the best-
fit model for T included a time*T interaction (Fig. 2d),
although the significance was trend-level. Lastly, the best-
fit model for E, in girls included a significant time*E,
interaction (Fig. 2e) where individuals with lower E, levels
displayed more robust increases in white matter growth
across adolescence compared to those with higher E,
levels.

Hippocampus Volumes

For the left hippocampus, the unconditional growth
model showed an increase in volume over time; however,
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Significant interactions in total white matter volume development (A) Plots show raw total white
matter volumes for girls and boys. The remaining plots show the linear multilevel mixed effects
fit lines for the effects of time*sex (B), time*Tanner Stage (C), time*T (D) and time*E, (E) on

white matter volume.

this did not remain significant after adding Tanner Stage,
T, or E,. No change in volume was detected for the right
hippocampus.

Amygdala Volumes

A significant main effect of sex was seen for left (but not
right) amygdala, with boys having larger volumes com-
pared to girls throughout adolescence (Table II). Tanner
Stage and T both significantly predicted right amygdala
volume (Table II). A sex*Tanner Stage interaction was
found for the right amygdala, with boys showing increases
in volumes, but girls showing decreases in volume with

higher Tanner Stage (Fig. 3b). For T, a 3-way time*sex*T
interaction was found with the effect of T levels on right
amygdala volume varying based on time (indexed by age)
and sex (Fig. 3c). Specifically, boys with lower T levels
showed increases in right amygdala volumes across ado-
lescence, whereas those with high levels of T displayed
decreases. Conversely, girls with low T levels showed
robust decreases across adolescence, whereas no change
was seen for those with high T levels (Fig. 3c). Trend-level
significance was also seen for E,, along with a significant
main effect and time* E, interaction (Table II). Specifically,
girls with lower E, levels showed decreases, whereas girls
with high levels of E, displayed increases in right amyg-
dala volumes across adolescence (Fig. 3d).
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Significant interactions in amygdala volume development (A) Plots show raw left and right amygdala
volumes for girls and boys. The remaining plots show the linear multilevel mixed effects fit lines for
the effects of sex*Tanner Stage (B), time*sex*T (C) and time*E, (D) on right amygdala volumes.

Caudate

time*sex interactions showed that girls had larger volumes

Sex and T predicted bilateral caudate volumes, and Tan-

compared to boys at age 10, but showed decreases in cau-
ner Stage predicted the left caudate (Table II). Bilateral

date volumes with age, while boys showed increases (left)
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or no change (right) across adolescence (Fig. 4b). A time*-
Tanner Stage interaction was also found for the left cau-
date, with increases seen for Tanner Stage 1 in girls and
boys, but less change, and even decreases in volume seen
for higher Tanner Staged individuals across adolescence
(Fig. 4c). A time*T interaction (trend) for both the left
and right caudate showed that both sexes showed
increases in caudate volumes at low T levels, but
decreases in caudate volume at higher T levels across
adolescence (Fig. 4d).

Thalamus

A main effect of sex was found for the left thalamus
(Table II), suggesting boys had larger left thalamus vol-
umes compared to girls. No change in volume was
detected for the right thalamus.

DISCUSSION

Hormonal changes of puberty have been hypothesized
to drive neuroanatomical sex differences across adoles-
cence [Blakemore et al., 2010; Giedd et al., 2006; Peper
et al., 2011]. For the first time, we empirically show that
pubertal hormones, independent from age, interact with
sex to drive individual differences in gray matter, white
matter, amygdale, and caudate volumes across adoles-
cence. We also show that using primary sex hormones T
and E, produce differing HLM results when compared to
using Tanner Stage as a proxy of pubertal maturation. All
three measures of puberty (Tanner Stage, T, and E;) were
found to relate to white matter and right amygdala growth
across adolescence. Tanner stage and T were also found to
predict caudate volumes, whereas E, also significantly pre-
dicted gray matter volumes in girls. Interestingly, pubertal
measures were not found to be associated with within-
subject changes in hippocampal volumes. Despite the dif-
ferences in model-fits between the physical and hormonal
measures, Tanner Stage, T, and E, showed a strikingly
similar pattern of how puberty relates to brain volume in
these discrete brain regions across adolescence. Larger
changes in cortical and subcortical volume were seen dur-
ing early puberty, followed by less change during late
puberty, regardless of brain region and the pubertal
marker included in the model.

Given that Tanner Stage is a rough proxy for pubertal
development, previously observed relationships between
Tanner Stage and neuroanatomy have been posited to
reflect hormonal effects on synaptic, dendritic, and axonal
developmental processes [Blakemore et al., 2010; Giedd
et al., 2006; Goddings et al., 2013]. Although MRI does not
allow for direct assessment of cellular changes, by study-
ing within-subject changes in hormone levels and brain
volume, here we provide further insight into the mecha-
nism(s) by which puberty may contribute to neurodevel-
opment during adolescence. Changes in T were shown to

relate to the development of total white matter, right
amygdala, and bilateral caudate volumes, whereas E, was
associated with the development of total white matter,
right amygdala, and total gray matter volume in girls.
Interestingly, the relationship between testosterone and
right amygdala development was different between the
sexes, with decreases in right amygdala volume for boys,
but increases for girls. These findings parallel those in ani-
mal models, which have shown an increase in new cell
growth in the amygdala in male rats compared to females
during puberty [Ahmed et al., 2008]. Moreover, individu-
als with higher E, levels displayed increases in amygdala
volumes across adolescence, which parallel previous ani-
mal research, as estrogen has been found to increase den-
dritic spine density in the medial amygdala in female rats
[de Castilhos et al., 2008]. Together, these results suggest
that estradiol and testosterone may contribute to sexually
dimorphic changes in amygdala volumes across adoles-
cence and into adulthood in both human and animal mod-
els. Beyond the amygdala, animal research has also shown
estradiol to decrease the rate of myelination in female rats
during puberty [Juraska and Markham, 2004], which is
consistent with our findings where higher E, levels pre-
dicted decreases in white matter volumes across adoles-
cence in girls. Lastly, it seems that T may be driving the
inverted-U shaped patterns previously reported in caudate
volumes seen to occur with age [Lenroot et al., 2007], as
increases were seen at low T levels followed by steep
decreases in volume at the highest T levels. However, less
is known about T and its receptors in the caudate, making
it is less clear what potential mechanism(s) may underlie
how T influences bilateral caudate development. Further
research is necessary to assess in more detail the actions of
sex hormones on microstructural development during
adolescence.

Given that high estradiol and AR densities are found in
the hippocampus and amygdala [Sisk and Zehr, 2005], we
expected hormonal associations with volume to be local-
ized to these regions and to be larger in comparison to
other subcortical regions, such as the thalamus. However,
little change was seen in hippocampus volumes across this
age range and neither T nor E; levels predicted hippocam-
pus volumes. Although in contrast to crosssectional stud-
ies [Bramen et al., 2011; Neufang et al., 2009], these results
are consistent with the only other longitudinal study of
hippocampus development, which also reported no
changes in hippocampus volumes with age in either sex
[Gogtay et al., 2006]. Hence, although somewhat unex-
pected, the hippocampus results highlight that some brain
changes are likely to occur in parallel with hormonal lev-
els without being directly influenced by the hormones
themselves. This is consistent with research in animals
where pyramidal neuronal development in layer III of the
monkey medial prefrontal cortex and striatal dopamine
receptor overexpression have been shown to occur inde-
pendent of gonadal hormones across adolescence [Ander-
son et al., 1995; Andersen et al., 2002a].
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Significant interactions in caudate volume development (A) Plots show raw left and right caudate
volumes for girls and boys. The remaining plots show the linear multilevel mixed effects fit lines
for the effects of time*sex (bilaterally) (B), time*Tanner Stage (left only) (C) and time*T (bilater-
ally) (D) on caudate volumes.

As primary and secondary morphological maturation from T and E, were not identical when using Tanner Stage
occur as a result of a milieu of hormonal processes as a proxy of pubertal maturation. Although the coefficient
[Shirtcliff et al., 2009], it is not surprising that HLM results  estimates for Tanner Stage and age were not reported for
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HLM models by Goddings et al. [2013], our results are in
agreement with their findings showing that a combination
of both Tanner Stage and age is the best predictor of
amygdala and caudate development. However, Goddings
and colleagues found pubertal related amygdala growth
for both sexes and decreases in the caudate volume in
only girls, whereas the current Tanner Stage results were
limited to the right amygdala in boys, but left caudate vol-
umes in both sexes. Furthermore, Goddings et al. found
Tanner Stage to predict increases in hippocampus volumes
in a sex-specific manner, whereas neither Tanner Stage
(nor any other marker of puberty) was shown to relate to
hippocampus development in the current study. Methodo-
logical differences between the two studies may poten-
tially contribute to these discrepancies. Differences in the
Tanner Stage procedures (self-report versus practitioner
ratings) may particularly help to explain the discrepancies
seen in sex differences between the two studies, as accu-
racy of Tanner Stage self-reporting varies between sexes,
and does so as a function of pubertal stage and gonads/
breast and pubic hair measurements [Dorn et al., 1990].
Because these two studies are the first of their kind, more
research is needed to help disentangle the cause of these
dissimilarities.

These interim and dynamic changes in brain volumes
due to sex hormones may have important implications
for understanding existing sex differences in behavior
and mental health. For example, it is possible that struc-
tural changes seen across puberty in cortical, white mat-
ter, and amygdala volumes may contribute to affective
processing differently in girls and boys. The amygdala
interacts with cortical regions to regulate emotion and
has been implicated in the pathophysiology of depression
[Hulvershorn et al., 2011; Phelps and LeDoux, 2005]. It
has been suggested that disparities in timing of cortical
compared to limbic development, may lead to vulnerabil-
ities to environmental stimuli in the adolescent brain and
contribute to increased risk-taking and poor emotional
regulation [Somerville and Casey, 2010]. As only boys
show increases in amygdala with puberty, our results
support this view that amygdala connectivity and emo-
tional regulation may develop differently between the
sexes. Along these lines, affective reactivity in adolescents
(i.e., threat) has recently been linked to testosterone
changes in amygdala activation [Spielberg et al., 2014a]
and amygdala and orbitofrontal connectivity during emo-
tional processing [Spielberg et al., 2014b], while girls but
not boys show more frontal relative to amygdala func-
tional activity in response to fearful facial stimuli with
age [Killgore et al., 2001]. These sex differences in
pubertal-related neurodevelopment may also help to
explain previous findings that have shown puberty to be
a better predictor than age for onset of depression during
adolescence in girls but not boys [Angold et al., 1999]. In
this regard, future research should explore relationships
between sex, puberty, and internalizing and emotional
behaviors.

By recruiting boys and girls matched for physical sex-
ual maturity across a narrow age range, we were able to
better disentangle hormonal associations from those of
age and determine how they relate to within-individual
changes in brain volume over time. However, when using
ML HLM with flexible and time-unstructured data
[Singer and Willet, 2003], caution must be used for esti-
mates that extend beyond the range of the measured
data. Since boys were recruited at a slightly older age in
order to capture similar aspects of pubertal onset and
progression between the sexes (Supporting Information
Fig. 1), results for boys at ages 10 and 11 and girls at
ages 16 are based on estimations alone. Future research
encompassing a larger age range in boys is necessary to
fully disentangle the potential confounding variables of
age and sex at tail ends of the current sample. In addi-
tion, hormone levels in the current study were derived
from plasma and E; was not measured in this sample for
boys. It is unclear if E, also relates to brain volume in
boys, or if E, results shown here are sex-specific. Further-
more, given that brain aromatization occurs to convert
testosterone to estradiol [for review, see Roselli et al.,
2009], the plasma levels measured may not directly reflect
actual hormone concentration at the level of the brain.
Thus, future research is warranted to determine how E,
may contribute to the patterns of brain development in
boys, and to determine the degree of similarity between
plasma and brain sex hormone levels in adolescent sam-
ples. Moreover, prior to and during the study, a great
deal of effort was made to capture and control for hor-
mone variations in girls across the cycle. However, it
turned out that menarche did not occur in most girls
until approximately 6 months prior to Time 2 (range 0 to
11 months), and their cycles were often quite irregular,
making it uncertain precisely where in their cycle they
were. This is in line with menstrual diary studies show-
ing that population variability in menstrual cycle length
are greatest 1-2 years following menarche [Treloar et al.,
1967]. In addition, because 80% of the cycles are often
anovulatory in the first year after menarche [Apter, 1980]
and cycle phases and hormonal patterns of testosterone,
progesterone, and estradiol vary as girls develop and
maintain menstrual cycle function [Apter et al., 1978],
menstrual cycle-related influences are an inherent limita-
tion to the current type of research. Moving forward,
menstrual diaries as well as measuring hormone levels at
multiple timepoints within the month of imaging postme-
narcheal girls may help to reduce the possibility of this
potential confound. Lastly, the current study aimed to
understand the relationship between sex hormones and
total gray and white matter as well as subcortical vol-
umes, however, previous studies have shown sex steroids
relate to other brain MRI metrics (e.g., thickness), high-
lighting that future studies are warranted to more fully
elucidate how sex hormones relate to different aspects of
within-subject cortical maturation (e.g., thickness, surface
area, gyrification).
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CONCLUSIONS

This study quantifies the relationships between hormo-
nal aspects of puberty and cortical and subcortical brain
volume changes in girls and boys. The findings of the
present longitudinal study support the idea that, inde-
pendent of age, sex hormones uniquely relate to cortical
and subcortical brain volumes in boys and girls across
adolescence, but do so in a region-specific manner.
Regardless of the sex hormone studied (T, E,), the relation-
ship between brain volume and puberty was consistent
across cortical volumes and a number of subcortical
regions. Large changes in brain volumes were seen during
early puberty (as indexed by lower hormone levels), fol-
lowed by less robust, or even a shift in growth, by late
puberty. Future research expanding on how these relation-
ships relate to behavior are likely to help us in understand-
ing sex differences, and ultimately may provide us with
better insight in clinical prevention and treatment for psy-
chiatric disorders that emerge during the adolescent years.
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