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Sex differences in age- and puberty-related maturation of human
brain structure have been observed in typically developing age-
matched boys and girls. Because girls mature 1-2 years earlier than
boys, the present study aimed at assessing sex differences in brain
structure by studying 80 adolescent boys and girls matched on
sexual maturity, rather than age. We evaluated pubertal influences
on medial temporal lobe (MTL), thalamic, caudate, and cortical gray
matter volumes utilizing structural magnetic resonance imaging and
2 measures of pubertal status: physical sexual maturity and
circulating testosterone. As predicted, significant interactions
between sex and the effect of puberty were observed in regions
with high sex steroid hormone receptor densities; sex differences
in the right hippocampus, bilateral amygdala, and cortical gray
matter were greater in more sexually mature adolescents. Within
sex, we found larger volumes in MTL structures in more sexually
mature boys, whereas smaller volumes were observed in more
sexually mature girls. Our results demonstrate puberty-related
maturation of the hippocampus, amygdala, and cortical gray matter
that is not confounded by age, and is different for girls and boys,
which may contribute to differences in social and cognitive
development during adolescence, and lasting sexual dimorphisms
in the adult brain.

Introduction

The beginning of adolescence is a time of dramatic physical,
emotional, and social change (Yurgelun-Todd 2007) and is also
associated with the onset of psychopathology such as de-
pression, suicide, and substance abuse (Dahl and Gunnar 2009).
The study of typically developing children and adolescents adds
a critical component to evolving understandings of develop-
mental disorders, including how risks during adolescence can
tip the balance toward pathological outcomes in youth and
adulthood. Models of typical brain development would be
improved by evaluation of interactions between hormonal and
physical sexual maturity and the still-maturing neural systems
responsible for social interactions, affective states, and cogni-
tive control.

Previous structural magnetic resonance imaging (SMRI)
studies have shown that the volume of structures within the
medial temporal lobe (MTL) (specifically, the amygdala and
hippocampus) increases (Giedd et al. 1996; Sowell and Jernigan
1998; Yurgelun-Todd et al. 2003) and that gray matter in the
dorsal frontal and parietal lobes thins between childhood and
adulthood (Giedd et al. 1999; Sowell et al. 2003; Sowell,
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Thompson, Leonard, et al. 2004; Shaw et al. 2008). These
structures are known to play important roles in executive and
affective functioning. For example, the amygdala is intimately
involved in the interplay between emotion and cognition, and
is critical in the modulation of emotional events (for review,
see McGaugh 2004) and consolidation of memory (Da Cunha
et al. 1999). Interactions between the prefrontal cortex and the
amygdala allow attachment of emotional valences to facial
expressions (Hariri et al. 2002). Maturation of connections
between these areas may underlie the dramatic changes in
social and emotional domains in early adolescence (Dahl 2004;
Ernst et al. 2005; Steinberg 2005; Steinberg et al. 20006).

The cellular etiology of human brain maturational change is
not well understood given the paucity of postmortem material
in the childhood to adolescent age range. Recent MRI studies
with large samples of children and adolescents studied
longitudinally have shown that gray matter maturation has an
inverted u-shaped size-by-age trajectory that varies by region in
onset, duration, and shape (Lenroot et al. 2007). The rise in
gray matter volume that occurs in most regions during
childhood has been attributed to a second wave of synapto-
genesis and may even be related to late neurogenesis observed
in animal models (Giedd et al. 1999). Cortical thinning
observed with MRI has been attributed to synaptic pruning
and myelination, cellular changes known to continue through
adolescence in humans (reviewed in Sowell, Thompson, and
Toga 2004). It has been postulated that MTL volumetric
increases are related to the rise of gonadal hormones at
puberty (Giedd et al. 1996; Sowell and Jernigan 1998) because
animal studies have shown high densities of steroid hormone
receptors in these regions (for review, see Sarkey et al. 2008)
and steroid hormones exert trophic effects on the amygdala
and hippocampus (Galea et al. 2006; Zhang et al. 2008).

Much that is known about typical adolescent brain de-
velopment in humans comes from studies of both male and
female participants across wide age ranges, analyzed as
a heterogeneous group. Sexual dimorphisms have been found
in the mammalian amygdala and, to a lesser extent, the
hippocampus. The posterodorsal nucleus of the medial
amygdala in male rats has a higher synaptic density (Nishizuka
and Arai 1981a, 1981b, 1982) and larger average soma sizes
than in females (Mizukami et al. 1983). A large number of
androgen receptors are located in the amygdala, and these
hormone receptors are thought to play a critical role in the
development and maintenance of structural sex differences
into adulthood (for review, see Cooke 2006). Functional MRI



(fMRI) studies show that the amygdala activates differentially in
males and females. For example, one fMRI study found a sex
difference in the correlation between circulating testosterone
(TES) levels and activity within the amygdala, where activity in
response to angry faces was associated with TES levels of adult
men but not women (Stanton et al. 2009). Another study found
that facial expressions displaying disgust activated the amyg-
dala in adult women but not men (Aleman and Swart 2008).
The hippocampal mediation of fear conditioning in rats and
humans is sexually dimorphic as well (Gray 1971; Archer 1975;
Gupta et al. 2001), driven by the higher estrogen (EST) levels in
women, which attenuate these responses by suppressing long-
term potentiation in the hippocampus (Gupta et al. 2001).
A combination of sex differences in prenatal, early childhood,
and peripubertal maturation in adult gonadal steroid hormone
levels likely subtends sexual dimorphisms in brain structure
and function found in adult brains (for review, see Cooke and
Woolley 2005; Cooke 20006).

Sex differences in both the size and the relationship
between measures of puberty and MTL maturation have been
found in typically developing human adolescents (Neufang
et al. 2008; Peper et al. 2009), but interpretation of sex
differences in populations of age-matched male and female
subjects is complex. Girls, on average, mature sexually 1-2
years earlier than boys (Marshall 1986) and, consequently, the
male populations in previous studies (Neufang et al. 2008;
Peper et al. 2009) were likely in earlier stages of sexual
maturity than their female counterparts. Thus, it is not clear
whether age-based matching of boys and girls, who are likely in
different stages of puberty, mediated sex differences found in
previous studies of puberty-related brain maturation.

To clarify these issues, in the present report we used
volumetric measurements of brain structure and 2 measures of
puberty in typically developing adolescents who were matched
on pubertal status, quantified using Tanner’s stages (TS) from
a physical exam (Marshall and Tanner 1968), rather than age, to
test whether sex differences in the volumes of sexually
dimorphic regions like the MTL, thalamus, and basal ganglia
are driven by sex differences in puberty-related maturation. We
hypothesized that those differences related to pubertal
influences would be more pronounced in later than in earlier
stages of puberty. We specifically hypothesized that sex
differences in amygdala and hippocampal volume would be
more pronounced in later stages of puberty (and in adolescents
with higher than with lower circulating TES levels) and that
changes in volume of these structures during adolescence
would be related to pubertal influences.

To determine the extent to which increasing amygdala and
hippocampal volume during adolescence is related to the
progression of pubertal status, independent of other factors
concomitant with increasing age, we controlled for age effects
by first using a sample with little variability in age (boys range
11.7-14.0 years and girls range 10.8-13.5 years) and then by
statistically controlling for age using multiple regression
analysis. Given that we expected sex differences in the
trajectory of gray matter change during adolescence, we
examined effects of puberty and age in boys and girls separately
as well.

To differentiate global effects of puberty from local effects
within the MTL, we measured relationships between pubertal
status and global cortical gray matter in each hemisphere and
hypothesized that increased pubertal status would be associ-

ated with global cortical gray matter decreases and that both
hippocampal and amygdala gray matter volume increases
would be associated with increased pubertal status, indepen-
dent of age or whole-brain volume (WBV).

Materials and Methods

Data Collection and Analysis

RED, EEF, and colleagues at the University of Pittsburgh collected all
data, including measures of sexual maturity, blood samples, and MRI.
JEB., ERS., and colleagues conducted analysis of sMRI data at the
University of California, Los Angeles. CM.W. and colleagues assayed
hormone levels in blood samples at Emory University. A subset of the
same subjects described in this report have been evaluated to assess
relationships between pubertal maturation and brain activation (Forbes
et al. 2009; Holm et al. 2009).

Subjects

One hundred thirty healthy adolescents from Pittsburgh, PA, and the
surrounding community were recruited through advertisements, flyers,
and demographically targeted phone lists. Adolescents were free of
lifetime psychiatric disorders, did not have braces, and had no history of
head injury, serious medical illness, or psychotropic medication. All
participants provided informed consent according to the guidelines of
the University of Pittsburgh Institutional Review Board. Three
participants withdrew, and 5 participants were excluded because
information regarding pubertal status was not obtained and 6 due to
inadequate image quality. An additional 8 participants were excluded
because they did not have a physical exam, and 28 participants were
excluded because we were unable to assay circulating TES levels. We
focus on TES in our report of hormonal effects on brain maturation
because TES was collected in both boys and girls. Table 1 provides
demographic descriptions of the 80 participants with complete data
sets.

Sexual Maturity

Adolescents underwent a physical examination by a research-trained
nurse practitioner to determine stage of sexual maturation with the
criteria specified by Marshall and Tanner (1968). While the literature
states that the criteria for TS are reliable (Slora et al. 2009), we were
concerned about the resolution of TS to clearly differentiate 5 stages.
Thus, we divided our participants into groups based on their TS.
Consistent with our earlier studies (e.g., Forbes et al. 2004), adolescents
with a TS of 1 or 2 were classified as being in a pre/early stage of sexual

Table 1

Demographic characteristics of 80 normally developing adolescents, by gender

Demographics Mean SD

Sex Description

Girls Age (years) 11.97 0.66
Age range (years) 10.75-13.48 —
n 48 —
No. pre/early puberty 19 —
Mean TS 3.17 1.17
Mean [TES] 0.29 0.11
Handedness (no. right) 45 —

Boys Age (years) 12.88 0.67
Age range (years) 11.73-13.98 —
n 32 —
No. pre/early puberty 9
Mean TS 291 0.93
Mean [TES] 1.64 1.48
Handedness (no. right) 30 —

Note: Experiment 1—demographics from 80 participants included in tests of the effects of sexual
maturity, using TS and circulating TES on brain structure. Demographics are tabulated for girls and
boys as data from each gender were analyzed separately in some statistical tests. SD, standard
deviation.
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maturity and those with a TS of 3 or higher were classified as being in
a mid/late stage of sexual maturity. Group descriptions are detailed in
Table 1.

Circulating TES Levels

Blood samples were collected and analyzed for TES level in both boys
and girls. Samples were obtained at the same time for all subjects
(between 8:20 and 8:35 AM), using minimally invasive finger-stick
procedure developed by Worthman and Stallings (1997). This method
provides several advantages over salivary assays for gonadal steroids,
and the correspondence of bloodspot-derived level and plasma level is
high. Hormone assays were a modification of a commercially available
serum/plasma radioimmunoassay kit (TES: DSL/Beckman Coulter).
Sensitivity measured as the minimum detectable dose (MDD) and
inter-assay coefficients of variation (CV) for low, medium, and high
BioRad external controls for TES were MDD = .04 ng/mL; CV = 7.2%
(low), 11.4% (medium), and 4.3%.

Structural Image Acquisition

All subjects were scanned in a Siemens Allegra head-only 3-Tesla
magnet with a 3D 7j-weighted protocol (Siemens). Scan parameters
were as follows: repetition time, 1540 ms; echo time, 3.04 ms, flip angle,
82 field of view, 256 x 256; image voxel size, 1 x 1 x 1 mm; acquisition
time, 4.48 m.

Image Processing

Preprocessing and definition of cortical and subcortical gray matter
regions on structural images were conducted in the UCLA Laboratory
of Neuro Imaging Pipeline Processing Environment (Rex et al. 2003,
2004; Dinov et al. 2009) and using FreeSurfer’s automated segmentation
software (FreeSurfer 4.0.3, http://surfer.nmr.mgh.harvard.edu), as de-
scribed in the works of Fischl and Dale (Dale et al. 1999; Fischl et al.
1999, 2002). During preprocessing, magnetization prepared rapid
gradient echo acquisitions for each participant were motion corrected
and brain extracted, and gray/white matter boundaries were automat-
ically delineated. A surface of connected white matter voxels was
refined to create submillimeter voxel resolution in the gray/white
matter boundary (Dale et al. 1999; Fischl et al. 1999). The gray/white
matter boundary was then deformed outward to estimate the pial
surface with the following constraints; the surface needed to be
smooth and maintain the natural topology of the brain.

Procedures for the automatic quantification of gray matter volumes
for a variety of brain structures are detailed by Fischl et al. (2002) and
include the hypothesis-driven regions investigated here (amygdala,
hippocampus, and total cortical volume). We also studied the thalamus
and caudate because sex differences in these structures have been
observed during adolescence (Neufang et al. 2008; Peper et al. 2009).
Briefly, a neuroanatomical label was assigned to each voxel in an
individual’s sMRI based on probabilistic information estimated from
a manually labeled training set. This manually labeled training set is
a result of validated methods from the Center of Morphometric Analysis
(http://www.cma.mgh.harvard.edu). To disambiguate the overlap in
intensities between different anatomical structures, FreeSurfer utilized
spatial information. Two transformations were performed. First, an
optimal linear transformation was carried out by maximizing the
likelihood of the native image given a manually labeled atlas. Second,
a nonlinear transformation was executed on the output of the prior
registration step. Finally, a Bayesian parcellation was conducted by
using prior spatial information (Fischl et al. 2004; Desikan et al. 2000).
At the end of this processing stream, 3 probabilities were calculated for
each voxel: 1) the probability of the voxel belonging to each of the label
classes, based on its location; 2) the neighborhood function, used to
determine the likelihood that the voxel belongs to a class, based on the
classification of neighboring voxels; and 3) the result of the probability
distribution function for each voxel based on its intensity.

An example of a segmented brain from one of the subjects studied
here is shown in Figure 1. As with manual methods, the validity of
regional delineations by FreeSurfer varies by region, with some regions,
like the amygdala and hippocampus, being less valid than others (Fischl
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Figure 1. Example segmented brain. On the left is a sagittal view and on the right is
a coronal view demonstrating tissue segmentation of a single participant’s brain.
Segmentation includes cortical gray (red) and white matter (white) segmentation,
and subcortical structures, the majority of which are colored in gray. Subcortical
regions of interest are highlighted in bright colors (the hippocampus colored in purple
and the amygdala in green).

et al. 2002). However, being completely automated, FreeSurfer volume
estimates are highly reliable, and comparison of manual and automated
hippocampal and amygdala volume estimates revealed no discernible
statistical difference (Fischl et al. 2002). Nonetheless, in the current
study, each brain image was visually inspected for validity of all regions,
and hippocampal and amygdala delineations were edited, when
necessary, by a highly experienced neuroanatomy expert (J.E.B.). The
2 structures were differentiated using a band of cerebrospinal fluid,
which divides the 2 when visible, and when they directly abutted one
another, using the white matter tract on the superior aspect of the
hippocampus as landmark. Intra-rater variability and reliability were
assessed for edited delineations of the 4 subregions (left and right
hippocampus and amygdala) in 10 subjects edited twice. We used the
nonparametric sign test to assess the paired differences between the
delineations at 2 time points across subjects and regions of interests
using the Statistics Online Computational Resource (SOCR; www.socr.
ucla.edu) (Dinov 2006; Che et al. 2009). The sign test statistics (P = 0.
286) provide statistical evidence that the results of the 2 delineations
were statistically indistinguishable. We also employed the intraclass
correlation coefficient (ICC) (Koch 1982) using the IRR package
(McGraw and Wong 1996) of the R Statistical Computing environment
(Everitt 2005) to assess the concordance/consistency of the delin-
eations. The 95% confidence interval estimated for ICC was as follows
0.993 <ICC <0998, showing that volumes resultant from the 2
sessions are nearly perfectly correlated.

Statistical Analyses

We used a one-tailed 2-independent samples ~test to test whether boys
and girls in later stages of puberty were significantly older than those in
earlier stages and whether participating boys had larger WBVs than
participating girls.

Sex differences in regional volume (left and right amygdala,
hippocampus, caudate, thalamus, and cortical gray matter) were
evaluated using a 2-tailed 2-independent samples #test. The ability of
sex to predict the volumes of the above regions independent of age was
investigated using simultaneous multiple regression analysis using the
following equation: volume = constant + sex + age.

The ability of sex to predict the volumes of regions significant in the
2 prior analyses, independent of WBV, was investigated using
simultaneous multiple regression analysis with the following equation:
volume = constant + sex + age + WBV.

To test the hypothesis that sex differences in regional volume would
be greater in individuals in later stages of puberty (independent of age),
we conducted simultaneous multiple regression analyses to test for
interactions between sex and pubertal status (using either TS, which
was binarized based on definitions of pre/early and mid/late puberty
described above [Forbes et al. 2004], or circulating TES) in predicting
regional volumes using the following equations: volume = constant +
TS + sex + TS x sex and volume = constant + TES + sex + TES x sex.

We assessed the relationship between pubertal status and regional
volume using the following statistical methods, which were common to
analyses using both measures of pubertal status (TS and circulating TES
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levels). Males and females were analyzed separately because we did not
want to confound pubertal effects with sex by puberty interactions on
brain structure (Dewing et al. 2003; Arnold 2004; Lenroot et al. 2007).
To ensure that increases in volume measures associated with pubertal
status were not attributable to increased overall brain size, we used
multiple regression analysis, adjusting for WBV.

The effects of physical sexual maturation (difference between pre/
early and mid/late puberty groups) on regional volume were evaluated
using the Wilcoxon-Mann-Whitney 2-independent samples nonpara-
metric rank-sum test (Che et al. 2009), thresholded at a nonparametric
0.95 confidence interval. This nonparametric test allowed us to quantify
the differences between the underlying distributions of the pre/early
and mid/late groups, without making assumptions about the
distributions of the data (e.g., normality was not required). While boys
sampled had a significantly smaller proportion of pre/early : mid/late
puberty participants than girls sampled (P = 0.038, calculated using the
SOCR Fisher’s exact test applet [http://socr.ucla.edu/htmls/SOCR_
Analyses.html]; Che et al. 2009), this sampling difference did not affect
either estimates of population means or variances used in the
nonparametric statistical tests applied here (Hellmann and Fowler
1999).

Plasma concentration of TES was a continuous, not a binary, variable.
The effects of circulating hormones on the same regions assessed in the
above experiment within each sex were evaluated using Pearson’s
correlation analysis with a false-positive rate o = 0.05.

We also conducted simultaneous multiple regression analyses to
predict regional gray matter volumes using either sexual maturity
group and age or circulating TES concentration and age using the
following equations: volume = constant + TS + age and volume = con-
stant + TES + age. This allowed us to assess the relative contributions of
puberty and age-related factors to changes in brain structure.

In regions found to be significantly positively associated with TS or
TES, independent of age, WBV was used to normalize regional volume
(volume/WBV). A 2-independent samples #test was performed on each
normalized region found to be significant in both of the previous
analyses.

In these experiments, we conduct a relatively small number of
hypothesis-driven statistical tests to keep experiment-wise error low,
and thus, results presented were not corrected for multiple compar-
isons. Conditions of collinearity were met for all multiple regression
analyses described above using the following criteria: the correlations
between any 2 simultaneous predictors must be less than 0.800
[CORR(x,y) < 0.800) (O’brien 2007).

Results

Relationships between Sex, Age, Sexual Maturity, and
Circulating TES Levels

Even within the restricted age range studied, older boys and
girls tended to be in later pubertal stages, assessed with TS,
than younger boys (P=0.004) and girls (P=0.007) (see
Table 1). Similarly, TES level was positively correlated with
age in boys, suggesting that older boys (P = 0.004) had higher
TES levels than younger boys. TES was not significantly
associated with age in girls. Table 2 shows the correlations
between age and both TS and TES, as well as the correlation
between TS and TES. Figure 2 shows sexual maturity group
membership for participating boys and girls as a function of
age. Figure 3 shows TES levels for each individual as well as
the distribution of TES measures across the age range for both
boys and girls.

Sex Differences
Sex Differences in Regional Volume

On average, boys had larger brains than girls (P < 0.0001). As
predicted, there was a significant main effect of sex such that

Table 2
Correlations between TES, TS, age, and WBV
[TES] TS
Boys Girls Boys Girls
TS 0.437* 0.553* — —
Age 0.486* 0.143 0.439* 0.336*
WBV 0.058 —0.228 —0.060 —0.241

Note: TS was measured using Tanner breast/genital exam and was converted to a 2-level
variable: pre/early puberty (TS = 1-2) and mid/late puberty (TS = 3-5). Correlation measured
using Pearson’s r.

*Significance threshold was P < 0.05.
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Figure 2. Physical sexual maturity as a function of age in boys and girls. Scatter plot
showing the relationship betweens between sexual maturity (x-axis) and age (y-axis)
in boys and girls. \While the y-axis is in years, age is actually plotted in months, to
best demonstrate the age of individual adolescents as well as the narrowness of the
age range studied. Sexual maturity was assessed using TS based on physical exam.
Pre/early puberty (EP) represented TS 1 or 2, while mid/late puberty (LP) represented
TS 3-5. The mean for each sex/sexual maturity group is represented using
a horizontal bar through the corresponding scatter plot. While there was a correlation
between sexual maturity and age for both boys and girls, there was no significant
interaction between sex, age, and sexual maturity. Therefore, age was not
a confounding factor when testing sex by sexual maturity interactions on brain
volumes in this sample.

girls had smaller volumes than boys in all regions assessed
(P < 0.001), with the exception of the caudate, which was not
significantly different between the 2 sexes. However, no
significant effects of sex on regional volume could be
dissociated from both age and WBV differences between
groups.

Sex Differences in the Effects of Puberty (TS and Circulating
TES) on Gray Matter Volumes

To assess whether sex differences were driven by pubertal
status, we conducted simultaneous multiple regression analy-
ses to test for sex by pubertal status interactions in predicting
regional volumes. As predicted, we found a significant in-
teraction between sex and the ability of physical sexual
maturity to predict the volumes of the right hippocampus
(B =-0.540, P=0.013) and bilateral amygdala (right: B =
-0.572, P = 0.010; left: p = -0.470, P = 0.035) (see Table 3 and
Fig. 4). In each of these regions, the effect of sex was larger in
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Figure 3. Circulating TES levels as a function of age. Scatter plots showing the
relationships between circulating TES (y-axis) and age (x-axis) in boys and girls. As
with Figure 2, age is plotted in months. Circulating TES level was an order of
magnitude greater in boys than in girls (reflected in the range on the y-axis). The
correlation coefficient (r) is also displayed. TES was significantly correlated with age
in boys, but not in girls.

Table 3
Interactions between sex and the effect of pubertal status on developing regional volume
Region Sex Pubertal status Interaction
p P p P p P

Experiment 1: pubertal status determined by TS

R hippocampus ~ —0.033 0.855 0.338  0.049* —0.540  0.013*F

L hippocampus —0.236 0.199 0.177 0.308 —0.277 0.206

R amygdala 0.049 0.791 0.261 0.134 —0.572  0.010%T

L amygdala —0.030 0.869 0.347 0.049*t  _0.470 0.035*"

R thalamus —0.419  0.022*  —0.026 0.880 —0.084 0.694

L thalamus —0.407  0.027*  —0.045 0.791 —0.080 0.713

R caudate 0.179 0.372 0.267 0.162 —0.376 0.118

L caudate 0.241 0.230 0.212 0.264 —0.407 0.091

R cortex —0.260 0.134 0.003 0.984 —0.340 0.102

L cortex —0.263 0.127 —0.022 0.891 —0.336 0.105
Experiment 2: pubertal status determined by TES

R hippocampus —0.142 0.537 0.172 0.180 —0.187 0.378

L hippocampus —0.295 0.202 —0.016 0.899 —0.163 0.443

R amygdala 0.057 0.809 0.068 0.606 —0.404 0.066

L amygdala —0.164 0.483 0.206 0.117 —0.088 0.683

R thalamus —0.164 0.454 0.243  0.049* —0.186 0.358

L thalamus -0.220 0.326 0.193 0.125 —0.136 0.511

R caudate 0.220 0.379 0.200 0.153 —0.215 0.351

L caudate 0.286 0.255 0.179 0.202 —0.249 0.284

R cortex —0.061 0.781 —0.020 0.873 —0.479  0.020*F

L cortex —0.041 0.853 —0.022 0.859 —0.502  0.015%F

Note: Statistical results, including estimates of main and interaction effect sizes from multiple
regression analysis. Sex: ability of sex to predict volumes of regions of interest. Pubertal status:
ability of pubertal status to predict volumes of regions of interest. Results from 2 measures of
pubertal status are tabulated. Experiment 1: sexual maturity, measured with TS, using Tanner
breast/genital exam and converted to a 2-level variable—pre/early puberty (TS = 1-2) and mid/
late puberty (TS = 3-5). Experiment 2: circulating TES, with respect to regional volumes.
Interaction: Interaction statistic demonstrating the ability of sex to predict the effect of pubertal
status on regional volume. B, standardized regression coefficients; L, left; R, right.
*Significance threshold was P < 0.05.

TSignificance threshold was P < 0.05 after correcting for age effects. Important values bolded to
improve visability.

640 Sex Differences in Peripubertal Brain Maturation - Bramen et al.

mid/late puberty (TS = 3, 4, or 5) than in pre/early puberty
(TS = 1 or 2). In these regions, smaller volumes were observed
in girls at later than earlier pubertal stages, with trends for
boys to increase in volume with advancing pubertal status (see
Table 4). We were unable to detect any interactions between
sex and the effects of pubertal status on the thalamus or caudate
using either TS or TES as predictors. In the bilateral thalamus,
boys had larger volumes than girls in both pre/early and mid/late
puberty; this effect was not different in pre/early than mid/late
puberty.

We also found a significant interaction between sex and
how well circulating TES predicted the volume of cortical
gray matter bilaterally (right: B =-0479, P=0.020; left:
B =-0.502, P=0.015) (see Table 3), where the sex differ-
ences in volume are greater among those at higher TES levels
than those at lower TES levels. In these regions, volume
reductions were observed in girls at earlier than at later
pubertal stages, whereas no differences were observed in the
boys. Results of these statistical analyses are summarized in
Table 3.

Results for males and females (mean, standard deviation,
and statistical test of difference in means) from all a priori zre-
gional volumes in each physical sexual maturity group (pre/
early and mid/late based on TS) are shown in Table 4.
Correlation results showing the predictability of regional
volume by circulating TES are also included in Table 4.
Effect sizes (standardized coefficients) and statistical tests
of significance (P value) from multiple regression
analyses using each measure of pubertal status (TS and
circulating TES) and age as predictors of interest are shown
in Table 5.

There were sex differences in age (P < 0.0001) and WBV
(P <0.0001) that did not change with advancing puberty (i.e.,
the difference between boys and girls at early puberty was the
same as differences between boys and girls in late puberty).
However, to be certain that neither age nor brain volume
differences affected our interaction statistic, we reran our
analyses using both age and brain volume as predictors. We
found that all interactions significant in the prior analysis
remained significant when WBV was included in the regression
equation.

Boys

Regional Gray Matter Volumes and Physical Sexual Maturity
in Boys

As predicted, male participants in mid/late puberty, assessed
using TS, had larger volumes in MTL structures than those in
earlier stages (see Fig. 4 and Table 4). Specifically, boys in mid/
late puberty had significantly larger amygdala (z= 1.82,
P =0.034) and a trend toward larger right amygdala (z = 1.55,
P =0.060) and right hippocampal (z= 1.61, P=0.053) vol-
umes than boys in pre/early puberty. Sexual maturity was not
predictive of total hemispheric cortical gray matter in boys,
suggesting some regional specificity to the impact of sexual
maturity on MTL brain structures.

Because boys in earlier stages of puberty, as measured using
TS, are younger than boys in later stages of puberty (P < 0.01),
even over this narrow age range, and because previous studies
have found significant correlations between age and MTL
volume increases during adolescence (Giedd et al. 1996; Sowell
and Jernigan 1998; Yurgelun-Todd et al. 2003) multiple
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Figure 4. Interactions between sex and the effect of pubertal status on development of select regions of interest. Sex differences in the effects of puberty on regional volume
were assessed and scatter plots demonstrate sex by pubertal status (x axis) on gray matter volume (y axis) interactions in the left amygdala, left cortex, and right hippocampus.
Two measures of pubertal status are plotted—(left) sexual maturity, measured with TS using TS (Tanner breast/genital exam) and converted to a 2-level variable: pre/early
puberty (TS = 1-2) (EP) and mid/late puberty (TS = 3-5) (LP); and (right) circulating TES, with respect to regional volumes. The mean is represented using a horizontal black
bar through the corresponding scatter plot for binarized measures of TS for each group (4, C, and £). A line connecting mean regional volumes of adolescents in EP and LP is
drawn separately in boys and girls to demonstrate the interactions found. Circulating TES was plotted against regional volume in boys and girls (B, D, and F). Significant
interactions between sex and the effect of sexual maturity on regional volume were found (4, C, and £). Significant interactions between sex and the effect of circulating TES on
regional volume were found (D). No significant interactions between sex and the effect of sexual maturity on regional volume were found in B or F. *Significance threshold was

P < 0.05 for sex by pubertal status effect on volume interaction.
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Table 4

Regional volumes predicted by 2 measures of pubertal status

Region Experiment 1 Experiment 2
Pre/early puberty Mid/late puberty Size difference (grouped by Tanner's scale) Size prediction by TES
Mean volume (mm?) SD Mean volume (mm?) SD z P r P

Girls
R hippocampus 4535 398 4341 362 —1.57 0.058 —0.126 0.394
L hippocampus 4205 279 4126 388 —0.66 0.253 —0.116 0.431
R amygdala 1952 239 1785 196 —2.51 0.006 —0.289 0.046
L amygdala 1683 196 1622 217 —1.09 0.139 —0.043 0.770
R thalamus 7246 504 7083 497 —0.85 0.393 —0.191 0.198
L thalamus 7169 475 6985 533 —1.18 0.238 —0.136 0.360
R caudate 4152 522 4032 459 —1.15 0.251 —0.144 0.334
L caudate 4080 424 3871 478 —-1.7 0.088 -0.171 0.252
R cortex 33 1024 27 402 30 9516 22 834 —2.60 0.005 —0.355 0.014*
L cortex 33 4051 26 388 311022 22 092 —2.88 0.002 —0.380 0.008*

Boys
R hippocampus 4566 506 4896 467 1.61 0.053 0.212 0.245
L hippocampus 4389 391 4530 338 0.96 0.168 —0.023 0.901
R amygdala 1926 250 2069 283 1.55 0.060 0.082 0.654
L amygdala 1698 170 1874 270 1.82 0.034* 0.253 0.162
R thalamus 7854 901 7816 778 —0.02 0.983 0.273 0.138
L thalamus 7752 884 7685 763 —0.06 0.950 0.222 0.230
R caudate 3956 634 4256 608 —1.07 0.285 0.252 0.171
L caudate 3824 657 4055 586 —0.69 0.489 0.214 0.248
R cortex 34 7306 34 509 34 7521 26 762 0.13 0.448 —0.027 0.884
L cortex 35 0627 39 467 34 9184 25 847 —0.09 0.465 —0.030 0.875

Note: Experiment 1—volume differences between pre/early and mid/late pubertal boys and girls using a nonparametric 2-samples test for mean differences (column 1). Groups were divided by physical
sexual maturity: pre/early puberty = TS 1-2, mid/late puberty = TS 3-5. Statistics calculated using a one-tailed 2-independent samples Wilcoxon rank-sum test. Regional volumes for each group are
tabulated. Experiment 2: volume predicted by circulating TES, using Pearson's correlation [CORR(volume, TES)] in pubertal boys and girls. Data are tabulated separately for girls and boys. Note that effects
of both sexual maturity (TS) and circulating TES on the right hippocampus and amygdala in girls were in the unpredicted direction and therefore not statistically significant in this one-tailed analysis. L, left;
R, right; SD, standard deviation; r, Pearson’s correlation coefficient.

*Significance threshold was P < 0.05, using a 2-tailed test for the volumes of the thalamus and caudate and a one-tailed test for MTL and cortical volumes: MTL volume increases and cortical volume

decreases were predicted. Important values bolded to improve visability.

Table 5

Volumetric results of simultaneous multiple regression analysis using measures of pubertal status and age to predict cortical volumes

Region Experiment 1, volume = TS + age Experiment 2, volume = TES + age
Size prediction by TS Size prediction by age Size prediction by [TES] Size prediction by age
B P B P B P B P
Girls
R hippocampus —0.270 0.087 0.058 0.709 —0.123 0.416 —0.015 0.921
L hippocampus —0.170 0.281 0.168 0.287 —0.140 0.353 0.133 0.376
R amygdala —0.363 0.018" —0.002 0.990 —0.275 0.064 —0.080 0.581
L amygdala —0.090 0.568 —0.152 0.335 —0.011 —0.942 —0.182 0.229
R thalamus —0.228 0.147 0.193 0.219 —0.157 0.307 0.080 0.603
L thalamus —0.235 0.136 0.167 0.285 —0.11 0.474 0.064 0.676
R caudate -0.080 0.613 —0.121 0.444 —0.077 0.608 —0.224 0.139
L caudate —0.195 0.215 —0.079 0.612 —0.108 0.470 —0.205 0.174
R cortex —0.379 0.013% —0.062 0.676 —0.330 0.027* —0.107 0.460
L cortex —0.415 0.006" —0.061 0.674 —0.356 0.016" —0.105 0.464
Boys
R hippocampus 0.284 0.154 0.052 0.792 0.170 0.423 0.085 0.687
L hippocampus 0.213 0.295 —0.073 0.717 —0.040 —0.852 0.035 0.872
R amygdala 0.299 0.138 —0.157 0.430 0.131 0.541 —0.098 0.647
L amygdala 0.340 0.089 —0.061 0.754 0.284 0.180 —0.062 0.768
R thalamus —0.049 0.811 0.066 0.749 0.358 0.102 —0.139 0.517
L thalamus —0.100 0.623 0.149 0.467 0.268 0.226 —0.078 0.721
R caudate 0.221 0.275 —0.001 0.996 0.261 0.238 —0.065 0.767
L caudate 0.166 0.415 0.019 0.923 0.274 0.217 —0.134 0.541
R cortex 0.009 0.967 —0.012 0.955 —0.008 0.973 —0.036 0.874
L cortex —0.015 0.943 —0.016 0.939 0.012 0.958 —0.076 0.738

Note: Statistical results and estimates of effect sizes from multiple regression analysis. Experiment 1: ability of physical sexual maturity (pre/early and mid/late adolescence, assessed using Tanner

breast/genital score) to predict volumes of regions of interest with age regressed, and ability of age to predict these volumes with Tanner breast/genital score regressed. Experiment 2: as experiment 1

but analysis using [TES], rather than Tanner breast/genital score. Data are tabulated separately for girls and boys. L, left; R, right; SD, standard deviation; f, standardized regression coefficients.

*Significance threshold was P < 0.05 after correcting for age effects and using a 2-tailed test statistic. Important values bolded to improve visability.

regression analyses were conducted using both physical sexual

maturity and age as predictors. We were unable to dissociate
effects of sexual maturity on amygdala volume from concom-
itant age effects in boys.
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Regional Gray Matter Volumes and Circulating TES in Boys
We were unable to detect effects of circulating TES on regional
volumes when male participants were studied as a separate
population.



Girls

Regional Gray Matter Volumes and Physical Sexual Maturity
in Girls

As predicted, female participants in mid/late puberty, assessed
using TS, had significantly smaller right and left cortical gray
matter volumes than girls in earlier stages of puberty (z = -2.60,
P=0.005; z=-2.88, P=0.002, respectively). Advanced sexual
maturity also had an unpredicted association with volumes in
MTL structures. Specifically, girls in mid/late puberty had
a smaller right amygdala (z = 2.51, P = 0.006) than girls in pre/
early puberty (see Fig. 4 and Table 4), though not significantly
so, as these were results from a one-tailed test and in the
unpredicted direction.

Girls in earlier stages of puberty, as measured using TS, are
younger than girls in later stages of puberty (P = 0.003), even
over this narrow age range. Therefore, multiple regression
analyses were conducted using both physical sexual maturity
and age as predictors. Advanced physical sexual maturity
significantly predicted declining volume bilaterally in the
amygdala (right: B =-0.363, P=0018; left: P =-0.090,
P=0.568) and bilaterally in the cortex (right: B =-0.379,
P=0.013; left: B =-0415, P=0.006), independent from and
better than age. Age was not a significant predictor of regional
or cortical gray matter volume for any region in the multiple
regression analyses (see Table 5).

Regional Gray Matter Volumes and Circulating TES in Girls
Consistent with our findings using TS, we found an inverse
correlation between circulating TES and volume of the right
amygdala (7= -0.289, P = 0.046) (sece Table 4).

Consistent with both our hypotheses and our findings using
measures of physical sexual maturity, female participants with
higher circulating TES levels had smaller bilateral cortical gray
matter volumes (right: »=-0.355, P=0.014; left: »=-0.380,
P = 0.008) than female participants with lower circulating TES
levels.

When we performed multiple regression analysis, including
circulating TES and age as predictors, increased circulating TES
significantly predicted loss of cortical gray matter in both
hemispheres (right: B =-0.330, P=0.027; left: B =-0.356,
P=0.016) (see Table 5), but neither circulating TES nor age
contributed significant unique variance to MTL volume. As with
physical sexual maturity, circulating TES typically predicted
regional volume qualitatively better than age; puberty had
a larger estimated beta than age in most tests.

Discussion

As hypothesized, we found interactions between sex and the
effect of pubertal status on the development of the hippocam-
pus, amygdala, and cortical gray matter. In these structures, we
show that the effects of sex are not significant in pre/early
puberty but are significant in mid/late pubertal children.
Significant interactions of sex with physical sexual maturity
for the right hippocampus were driven by nonsignificant
volume increases with increased sexual maturity in boys, and
significant volume decreases with increased sexual maturity in
girls, independent of age. Significant sex by puberty interac-
tions in the cerebral cortex were driven by volume reductions
in girls at more advanced pubertal stages, but no effect of
sexual maturity on cortical volumes in boys was seen. All these

effects were significant even when age was used as an
additional predictor, suggesting that sexual dimorphisms in
MTL and cortical gray matter are driven more by pubertal
influences, and less so by other factors co-occurring with
increased age during adolescence.

In boys, sexual maturity, measured using TS, predicted
volume increases in the MTL, significantly so in the left
amygdala. However, we were unable to dissociate these from
concomitant age effects in our population.

In girls, larger TS measurements were associated with a more
mature pattern of cortical gray matter. Girls in earlier stages of
puberty had larger gray matter volumes in the right and left
cortex than girls of the same age in later stages of puberty.
However, effects of sexual maturity on MTL volume were in an
unpredicted direction. MTL volume was smaller in more than
in less sexually mature girls. When we used multiple regression
analysis, modeling effects of both advancing pubertal status and
age, we found that girls in earlier stages of puberty had
significantly larger gray matter volumes in the right amygdala
than girls in later stages, independent of age. Consistent with
our findings using TS, adolescent girls with higher levels of TES
had smaller bilateral cortical gray matter than adolescent girls
of the same age with lower levels. Furthermore, circulating TES
predicted right MTL volume, but as with TS results, it was in an
unpredicted direction. Girls with higher levels had smaller
right amygdala and hippocampal volumes than girls with lower
levels of circulating TES, though these effects did not remain
significant when age was used as an additional predictor.

Mean volume increases in MTL volume in boys but
statistically significant decreases in girls with the progression
of puberty may be related to sex differences in the number of
new cells added to the amygdala during puberty. In rats, it has
been found that more new cells are added to the amygdala in
males than in females during puberty and that reducing
endogenous levels of pubertal hormones via gonadectomy
reduces the number of new cells created (Ahmed et al. 2008).
Another potential cellular mechanism of the observed sex
differences is that boys and girls differ in the soma sizes of
neurons with gonadal steroid hormone receptors within the
amygdala. This sexual dimorphism has been observed in the
amygdala of rodents and has also been found to depend on TES
levels (Romeo and Sisk 2001).

We found sex differences in the right and left thalamus,
similar to previous reports (Neufang et al. 2008; Peper et al.
2009). However, we found no evidence that pubertal influen-
ces are significantly associated with sex differences in this
region. We did find that circulating TES significantly predicted
thalamic volume when boys and girls were pooled. However,
TES did not significantly predict thalamic volume in either boys
or girls alone or independent of concomitant age effects.
Previous human brain imaging studies have also been unable
to link sex differences in basal ganglia or thalamic volumes
(Neufang et al. 2008; Peper et al. 2009) to pubertal influ-
ences (Neufang et al. 2008; Peper et al. 2009), further
supporting the hypothesis that any true sexual dimorphisms
in these structures are likely unrelated to puberty-driven brain
maturation.

The functional relevance of these structural findings in
understanding puberty-related changes in adolescent boys and
girls could be numerous. Interactions between the amygdala,
critical for processing emotional information, and thinning
cortical regions, important for controlling impulses and
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evaluation of risk (i.e., the frontal lobes), should be considered
in interpretation of sex differences in puberty-related brain
development (for review, see McGaugh 2004). Thinner cortex
in frontal and parietal cortices has been linked to more mature
brain activation patterns in children and adolescents (Lu et al.
2007). If thinner cortex is associated with improved executive
control over the emotional processing centers of the amygdala,
then one might expect differences in emotional processing
between boys and girls, depending on pubertal status and the
state of brain regions involved. Indeed, the incidence of
depression and anxiety symptoms are much higher in girls
than in boys starting in late childhood (Bailey et al. 2007; Van
Oort et al. 2009), and perhaps earlier development of frontal
lobes and frontolimbic connections in the right than in left
hemisphere explains why clinically relevant anxiety and
depression occurs in girls during adolescence. Higher left-
sided and lower right-sided connectivity between the amygdala
and frontal lobes, more right-lateralized frontal lobe activity,
and lower rates of left-sided prefrontal cortical activity
measured using fMRI and electroencephalography have all
been associated with anxiety and depression in adults
(Davidson et al. 1999; Davidson and Irwin 1999). Previous
studies have shown that right frontal cortical thinning occurs
prior to left frontal cortical thinning in children 5-11 years of
age (Sowell et al. 2001). Perhaps there is a greater lag between
right and left hemisphere frontolimbic system maturation in
girls than in boys, a hypothesis that warrants further study.

While risk and reward processing and decision-making skills
develop in both boys and girls during adolescence, boys tend to
be less risk averse than girls during adolescence (Van
Leijenhorst et al. 2008). Our findings of trophic changes in
medial temporal limbic regions without the presumed in-
creased efficiency and cognitive control that accompany
cortical thinning in the frontal lobes may explain why boys
are more likely to take risks than girls, whose cortical
development occurs so much earlier. Conversely, the relatively
early cortical maturation in girls, while possibly related to
increased anxiety and depression symptoms, may also reduce
their propensity to take unnecessary risks.

Our findings both agree and differ from previous reports, and
may help shed light on discrepancies in the literature regarding
MTL maturation. We show that MTL volumes rise in boys, and
decline in girls, when evaluated as a function of sexual
maturity. Both may be due to pubertal hormones causing an
increase in MTL size when adolescents are young and
a decrease in size when adolescents are older. Perhaps when
girls are younger than age 10, gonadal steroid hormones initiate
cellular mechanisms, like cellular proliferation or synapto-
genesis, which could cause significant volume increases. But
after age 10 or 11, the same hormones could facilitate cellular
mechanisms like synaptic pruning, causing a decrease in size of
the MTL. The results presented here, and those of prior studies
(Neufang et al. 2008), further support the notion that the
impact of rising pubertal hormones on brain structure may vary
depending on the sex of the individual and the state of brain
maturation at the time the hormones are introduced. Also, as
we state above, the offsets between maturation of cortical and
limbic structures, or right and left hemispheres, may differ by
gender, even in puberty-matched populations. The age range of
male and female participants, which varies across studies,
undoubtedly affects conclusions that can be drawn by
comparing findings. Future longitudinal studies will be ideal
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in parsing hormonal or other age-related influences on changes
in the trajectories of gray matter volumes.

Finally, note that this study is framed in a larger context of
identifying puberty-specific, as opposed to other age-related,
effects on adolescent brain maturation. Puberty-related
changes in specific neural systems and structures are a critical
component for building more complete accounts of both
typical development and pathology. For example, rates of
depression in females increase sharply during adolescence,
with evidence that pubertal hormones are stronger predictors
than age (Angold et al. 1999). As noted by several researchers
(Dahl 2004, 2008; Nelson et al. 2005; Blakemore and
Choudhury 2006; Dahl and Gunnar 2009; see Steinberg and
Cauffman 2000), the clinical and social policy implications of
understanding adolescent brain development require a deeper
understanding of the interactions among the various neural
systems that must integrate cognitive, affective, and social
information processing, not just the individual systems for each
of these functions. Future research designed to specifically
disentangle pubertal effects on brain development, including
longitudinal studies, can advance these goals and better inform
clinical and social policy impacting the health of youth.
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