
www.manaraa.com

Longitudinally mapping the influence of sex and
androgen signaling on the dynamics of human
cortical maturation in adolescence
Armin Raznahana,b,1, Yohan Leea, Reva Stidda, Robert Longa, Dede Greensteina, Liv Clasena, Anjene Addingtona,
Nitin Gogtaya, Judith L. Rapoporta, and Jay N. Giedda

aChild Psychiatry Branch, National Institute of Mental Health, Bethesda, MD 20892; and bDepartment of Child and Adolescent Psychiatry, Institute of
Psychiatry, King’s College London, London SE5 8A8, United Kingdom

Edited by Leslie G. Ungerleider, National Institute of Mental Health, Bethesda, MD, and approved August 17, 2010 (received for review April 30, 2010)

Humans have systematic sex differences in brain-related behavior,
cognition, and pattern of mental illness risk. Many of these differ-
ences emerge during adolescence, a developmental period of
intense neurostructural and endocrine change. Here, by creating
“movies” of sexually dimorphic brain development using longitudi-
nal in vivo structural neuroimaging, we show regionally specific sex
differences in development of the cerebral cortex during adoles-
cence. Within cortical subsystems known to underpin domains of
cognitive behavioral sex difference, structural change is faster in
the sex that tends to perform less well within the domain in ques-
tion. By stratifying participants through molecular analysis of the
androgen receptor gene, we show that possession of an allele con-
ferring more efficient functioning of this sex steroid receptor is as-
sociated with “masculinization” of adolescent cortical maturation.
Ourfindings extendmodelsfirst established in rodents, and suggest
that in humans too, sex and sex steroids shapebrain development in
a spatiotemporally specificmanner,within neural systems known to
underpin sexually dimorphic behaviors.
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With the onset and progression of puberty in humans, there is
a rapid and disproportionately male increase in accidental

deaths, suicide, substance abuse, and violent offenses (1), along-
side a disproportionately female increase in mood, anxiety, and
eating disorders (2). Although not without controversy (3), robust
sex difference in cognition have also been documented during
childhood and adolescence—language tasks tend to favor females
(4) and visuospatial tasks tend to favor males (5)—which may
contribute to sex differences in related scholastic aptitude tests (6).
Understanding the mechanisms of cognitive and behavioral sex
differences is therefore not only of theoretical importance in the
neuroscientific study of psychopathology and cognitive variation,
but may also have practical implication for our public health,
criminal justice, and educational systems.
Social, psychological, and biological factors all play a role in

human cognitive and behavioral sex differences. The fundamental
contribution of biological mechanisms is pointed toward by the
stereotyped ontogeny of human cognitive behavioral sex differ-
ences, the pattern of their disruption in medical syndromes of
abnormal sex chromosome complement or sex steroid signaling
(7), and longstanding recognition of the primacy of biological
influences in shaping behavioral sex differences throughout the
rest of animal kingdom (8). Many behavioral sex differences in
vertebrates are known to be dependent on sexually dimorphic
structural development of underlying neural systems as a result of
the “masculinizing” effects of pubertal and adolescent surges in
androgen signaling on the developing brain (9).
Behavioral masculinization in the macaque has been experi-

mentally shown to rely on activation of the androgen receptor
during fetal development (10). The androgen receptor is expressed
in multiple regions of the primate brain including cerebral cortex,
amygdala, and hypothalamus (11), and has the capacity to alter

neuronal structure (12) and function (13). The best evidence that
androgen receptor activation may also be important for somatic
and behavioral masculinization in humans comes from the physical
and psychosexual phenotypes seen in genetically male individuals
born with rare mutations rendering the androgen receptor non-
functional [complete androgen insensitivity syndrome (CAIS)].
Physical feminization in CAIS is somarked that diagnosis is usually
not made until female pubertal menarche fails to take place (7).
Furthermore, persons with CAIS usually have a female gender
identity [although exceptions have been reported (14)] and het-
erosexual female sexual orientation (15). Studies examining how
individuals with CAIS perform on cognitive tasks known to show
sex differences are scarce, although there is some evidence for
impaired visuospatial cognition in CAIS (16). This finding suggests
that androgen receptor activation may contribute to the differ-
ences in visuospatial cognition that have been documented be-
tween males and females (5).
The relative inaccessibility of the human brain has long frustrated

proper description of biological processes that might underlie cog-
nitive and behavioral sex differences, and ethical considerations
limit experimentalmanipulationof candidate genetic andhormonal
mechanisms for these differences. As a result, several basic ques-
tions about sexually dimorphic neurobiology in humans remain
unanswered. First, although it is well established that many sexually
dimorphic behaviors in other species are underpinned by highly
localized patterns of sexually dimorphic structural brain de-
velopment (9), there has never been a spatially detailed longitudinal
description of how the brains of human males and females grow
differently. The cerebral cortex is of particular interest in this regard
as it undergoes its most dynamic structural change in adolescence
(17) when many cognitive behavioral sex differences in humans
emerge, shows sexually dimorphic structuralmaturation at the gross
lobar scale (18), and is known to subserve several sexually dimorphic
aspects of cognition and behavior (Table S1). Second, as far as we
are aware, no one has ever longitudinally tested the hypothesis that
nonhuman vertebrate models of androgen receptor–dependent
structural masculinization of sexually dimorphic brain regions sub-
serving sexually dimorphic behavior (12) also apply to humans. We
do not know, for example, if increased androgen receptor signaling
masculinizes cortical maturation in humans. This lack of knowledge
is partly a result of the absence of any spatially detailed longitudinal
characterization of what constitutes “masculinization” of cortical
maturation in humans, but also reflects the challenges of accurately
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(19) and repeatedly measuring serum androgens in large longitu-
dinal cohorts—especially during adolescence, when surging an-
drogen levels make the question of androgen receptor–mediated
influences on brain development highly relevant. The few studies
that have attempted to relate circulating androgens to brain anat-
omy in humans are cross-sectional in design, and have generated
mixed results (20–22), although the largest of these studies report
that possession of a genetic variant conferring more efficient an-
drogen receptor functioning strengthens the relationship between
peripheral measures of testosterone and brain anatomy (23, 24).
We therefore conducted a two-part study that first longitudinally

characterized sex differences in human cortical maturation, and
then—using these sex differences as a framework—tested the hy-
pothesis that genetic variation conferring increased androgen re-
ceptor efficiency would be associated with masculinization of
cortical maturation in regions known to subserve domains of hu-
man cognitive behavioral sex difference. Both components of our
studywere conductedwithin a longitudinally scanned cohort of 284
healthy individuals (153 males) providing a total of 641 structural
MRI (sMRI) brain scans spanning the age range of 9 to 22 y (Table
S2 shows participant characteristics). In vivo measures of cortical
thickness were derived at approximately 40,000 points on each
cortical hemisphere surface with submillimeter resolution using
a validated and automated technique (25, 26). (Advantageous
properties of cortical thickness as an anatomical metric of interest
are detailed in SI Text S1.)
In the first part of our study, we hypothesized that rates of cor-

tical thickness change over adolescence would differ between male
and female subjects, but that contrasting patterns of sexually di-
morphic maturation would be seen in regions subserving those
behavioral and cognitive domains in which females are “advan-
taged” relative tomales comparedwith regions subserving domains
that favor males. The former include anterior cingulate (AntCC),
ventromedial prefrontal cortex (vmPFC), orbitofrontal (OFC),
ventrolateral prefrontal (vlPFC), inferior frontal gyrus (IFG), and
dorsolateral prefrontal (DLPFC) regions that are engaged during
tasks in which female subjects typically show strengths relative to
male subjects, such as language and regulation of sensation-seek-
ing, risk taking, aggression, and impulsivity. The latter include the
intraparietal sulcus (IPS) and inferior parietal lobule (IPL), which
are crucial for visuospatial tasks in which male subjects typically
show strengths relative to female subjects. The relevance of these
regions to domains of cognitive behavioral sex difference is sup-
ported by numerous functional neuroimaging studies in healthy
individuals (Table S1). We tested our hypothesis using mixed
models to estimate group-average cortical thickness trajectories for
male and female subjects, at each cortical point between ages 9 and
22 y. Sex differences in cortical thickness were then fine-mapped at
successive age points to create time-lapse sequences (Movies S1
and S2) of how these sex differences change during adolescence.
We used these same statistical models to create a cortical map for
the difference between male and female subjects in the rate of
cortical thickness change during adolescence (Fig. S1).
In the second part of our study, we asked if enhanced androgen

receptor signaling efficiency confers amore “masculine” pattern of
cortical change within each sex by stratifying participants based on
the length of a functional polymorphic trinucleotide (CAG)n re-
peat within exon 1 the X-linked gene encoding the androgen re-
ceptor. Whereas extreme CAG lengths (>40 repeats) cause spinal
muscular atrophy (i.e., Kennedy disease), a higher number of
repeats within the normal range (>90% alleles have between 16
and 29 CAG repeats) have been associated with lower androgen
receptor transactivational capacity in numerous in vitro studies
(27–31), and with androgenic phenotypes in transgenic mice (32).
In humans, shorter CAG lengths have been associated with ac-
centuation of several sexually differentiated somatic phenotypes in
males (33) and with the presence of hyperandrogenic syndromes in
females (34) (although negative studies also exist e.g., ref. 35).

Some studies have also linked CAG length to risk for sexually
differentiated psychiatric conditions (36). We classified alleles as
high functioning (AR-H) “short” alleles (<23 CAG repeats), and
low functioning (AR-L) “long” alleles (≥23 CAG repeats) using
a median-split approach. Because the androgen receptor gene is
X-linked, males are hemizygous. In contrast, females carry two
alleles, of which only one is expressed in any cell because of the
phenomenon of “Lyonization” through which one X-chromosome
is randomly inactivated in nongermline cells (37). Therefore, cat-
egorizing individuals based on whether they expressed an AR-L or
AR-Hallele resulted in twomales groups (AR-H,AR-L) and three
females groups, with heterozygous females (designated AR-M for
“medium”) hypothesized as having an androgen receptor CAG
influence between that of obligate AR-L and AR-H expressing
homozygous females (assuming that at the group-level X in-
activation in females is random with respect to AR CAG length).
We related androgen-receptor genotype to cortical maturation
within each sex separately.Within female subjects, we were able to
test for evidence of a “dosage effect” linking the three hypothe-
sized levels of androgen receptor functioning to masculinization of
cortical maturation. In this context, “masculinization” is used to
refer to instances in which, for a given cortical region, the differ-
ence between AR-H and AR-L groups in rate of cortical thickness
change follows the same “direction” (e.g., faster loss in AR-H than
AR-L) as the difference in rate of cortical thickness change seen
between male and female subjects (e.g., faster loss in males as
a group than females as a group). The size of each genotype group
was as follows: male, AR-H (n=83, 192 scans), AR-L (n=70, 171
scans); female, AR-H (n = 31, 66 scans), AR-M (n = 69, 152
scans), AR-L (n = 31, 60 scans). A categorical rather than con-
tinuous approach was adopted to modeling variations in CAG
length because a categorical model (i) facilitates comparison be-
tween our study and all previous work relating CAG length of
measures of brain structure and function in humans (23, 24) and
(ii) allows a similar approach to be adopted for male and female
subjects when relating CAG length to cortical maturation.

Results
Our time-lapse sequences of cortical maturation in male and
female subjects revealed that sex differences in cortical thick-
ness change across adolescence in a highly complex and spatially
heterogenous manner (Movies S1 and S2 and still-frame images
in Fig. 1).
At age 9 y, mean cortical thickness in males was greater than

that in females throughout most of the cortical sheet. By age 22 y,
however, this difference became diminished or inverted in some
cortical subregions, but accentuated in others. Diminution and
inversion of sex differences in cortical thickness throughout ado-
lescence was strongly localized to the frontal lobes, but occurred at
a different tempo in different frontal subregions. Both male and
female subjects showed cortical thinning between ages 9 and 22 y
throughout almost all of the frontal lobes. As a result of faster
frontal cortical thinning in male than female subjects, the pres-
ence of greater frontal cortical thickness inmale relative to female
subjects evident at age 9 y was lost over the course of adolescence
in a bilaterally synchronous “wave” that swept across frontal
regions. Frontal subregions were traversed by this wave in a se-
quence that recapitulated the order in which we have previously
shown frontal subregions to structurally mature relative to each
other (17, 26). That is, both the previously described maturational
wave, and the one with which cortical thickness in males was seen
to “catch-up” with that in females within the present study, began
in superior frontal gyri (SFG) and ran toward the frontal poles
while spreading down the lateral and medial aspects of both
frontal lobes. Anterior cingulate, vmPFC, OFC, and DLPFC—
where frontal gray matter is known to mature latest in typical
development—were also those where, despite a greater rate of
loss between ages 9 and 22 y, frontal cortical thickness in males

Raznahan et al. PNAS | September 28, 2010 | vol. 107 | no. 39 | 16989

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
9,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006025107/-/DCSupplemental/pnas.201006025SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006025107/-/DCSupplemental/pnas.201006025SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006025107/-/DCSupplemental/pnas.201006025SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006025107/-/DCSupplemental/pnas.201006025SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006025107/-/DCSupplemental/sm01.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006025107/-/DCSupplemental/sm02.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006025107/-/DCSupplemental/pnas.201006025SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006025107/-/DCSupplemental/sm01.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006025107/-/DCSupplemental/sm02.mov


www.manaraa.com

was still greater than that in females at age 22 y. In addition to
these striking features of frontal cortical thickness change during
adolescence in male and female subjects, statistically significant
acceleration of cortical thinning in males relative to females was
seen in left frontopolar region extending from the medial frontal
to lateral inferior frontal gyrus (Fig. S1).
In almost all nonfrontal cortices, sex differences in cortical

thickness persisted or accentuated over adolescence, although this
was not driven by the same process in all cortical subregions. In
a confluent inferior parietal, posterior temporal, and occipital re-
gion bilaterally, the magnitude of sex differences in cortical thick-
ness became greater during adolescence because thickness loss
was more rapid in female than male subjects (Fig. 1 and posterior
cortical views in Fig. S1). However, a different pattern of sexually
dimorphic maturation was seen in anterior temporal cortices,
whereby the magnitude of sex differences in cortical thickness
became greater during adolescence because thickness increased
with age in both sexes, but at a greater rate in males than females.
Because some have argued that sex differences in cortical

thickness are largely driven by sex-differences in brain size (38),
and it is conceivable that absolute cortical thickness loss between
two time points is positively correlated with cortical thickness at
time one, we recalculated the rate of cortical thickness loss at each
vertex as a proportion of cortical thickness at age 9 y separately for

each sex. Maps of sex differences in proportional cortical thick-
ness loss were identical to those for sex differences in the absolute
rate of cortical thickness loss (Fig. S1).
Mapping the diverse patterns of cortical thickness change with

age that represented “masculinization” of adolescent cortical de-
velopment allowed us to then test the hypothesis that enhanced
androgen receptor signaling efficiency confers a more masculin-
ized pattern of cortical change within male and female subjects
(Fig. 2, Left and Right, respectively). AR-H males had a statisti-
cally significant attenuation of the rate of cortical thickness loss
relative to AR-L males in bilateral IPL and IPS, right STG, left
temporo-occipital junction, and left middle frontal gyrus (MFG),
but showed a relative acceleration of cortical thickness increase
in the right temporal pole (where cortical thinning in males as
a group was slower than that in females). In females, there was
a statistically significant stepwise increase in the rate of cortical
thickness loss moving from AR-L, to A-M, to AR-H groups in
left IFG (where cortical thinning in males as a group was faster
than that in females).

Discussion
Sex Differences in Cortical Structure Vary by Cortical Region and
Developmental Stage. The spatially heterogenous pattern of sexu-
ally dimorphic cortical maturation revealed by our study provides

Fig. 1. Still-frame images from Movies S1
and S2 show how group differences in esti-
mated mean cortical thickness between
male and female subjects change between 9
and 22 y. The cortical surface is shown from
right oblique, left oblique, posterior, and
inferior and medial views (columns) for the
four ages indicated (rows). Colored regions
indicate those where estimated group-av-
erage cortical thickness in males is greater
than that in females, as per the color bar
provided. For clarity, regions where cortical
thickness is greater in females than males
are not color-graded. Markers A–D refer to
regions indicated in cortical maps, and il-
lustrate cortical thickness change with age
for males and females. At age 9 y, cortical
thickness is greater in males than females
over most of the cortex with the exception
of small regions in bilateral supplementary
motor (SMG)/SFG and inferior temporal
(ITG) gyri, and right DLPFC. Then, as ado-
lescence advances, thickness differences are
lost in a wave that starts in SFG and spreads
downward across both frontal lobes. This
phenomenon is driven by the predominantly
frontal phenomenon of cortical thinning
with age in both male and female subjects,
but more rapidly so in males (Fig. S1). The
only frontal exception was right lateral OFC,
where a greater rate of adolescent cortical
thinning in females than in males resulted in
the magnitude of cortical thickness sex dif-
ferences becoming greater across adoles-
cence. Beyond the frontal lobes, a faster rate
of cortical thinning in males compared with
females was seen only in bilateral pre-
cuneus, superiodorsal parietal, and fusiform
cortices (Fig. S1).
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a neurodevelopmental framework for considering sex differences
in cognition and behavior. Rates of completed suicide, accidental
death, aggression, and antisocial behavior peak during adolescence
for both male and female subjects, but this developmental surge is
muchmore pronounced inmales (1). It has been proposed that the
increase in risky and impulsive behaviors during adolescence may
be a consequence of late maturation of frontal subregions involved
in impulse control, planning, and decision making—such as
AntCC, vmPFC, OFC, vlPFC, DLPFC, and medial SFG—relative
to maturation of limbic regions involved in reward-related and
aggressive behavior (39, 40). We now show that these same frontal
subregions are those where cortical thickness in males is last to
approximate that in females, despite an accelerated rate of ado-
lescent cortical thinning in males compared with females. There-
fore, a focally accentuated delay of frontal maturation in males
compared with females within basal and dorsolateral subregions
crucial for self-regulation may partially account for why males are
much more prone to impulsive and risk-taking behaviors during
adolescence than females. Regionally protracted cortical matura-
tion in males could also lead to a regionally specific broadening of
the temporal windows through which detrimental genetic and
environmental influences are accrued. In line with this, maleness is
an especially potent risk factor for antisocial disorder and psy-
chopathy in adulthood, which show strong associations with ab-
errant structure and function in AntCC, vmPFC, OFC, vlPFC,
DLPFC, and medial SFG regions (41).
In contrast to the female advantage in prefrontally dependant

domains of cognition and behavior, a robust male advantage is
seen for parietally dependant visuospatial tasks (5). This advantage
is best demonstrated for tests of mental rotation, which consis-
tently recruit the IPS and surrounding regions (42), and for which
a male advantage becomes more marked through puberty (5). Our
findings reveal that the opposing pattern of behavioral sex bias for
frontally versus parietally dependent tasks, is accompanied by an
opposing pattern of sexually dimorphic maturation within frontal
versus parietal cortices. Specifically, whereas frontal cortical
thickness loss is faster in male than female subjects during ado-
lescence, IPL and IPS cortical thickness loss is accelerated in fe-

male compared with male subjects. Our interpretation of an
accelerated rate of cortical thickness loss in frontal and parietal
regions as being indicative of delayed cortical maturation is sup-
ported by available descriptions of the more complex nonlinear
trajectories of cortical thickness change that apply beyond ado-
lescence in frontoparietal cortices (26). In a larger combined
sample of male and female subjects spanning the age range from
3 to 35 y, we have previously shown that, across the age range of our
current study, frontal-parietal cortical thickness is in the downward
phase of a cubic trajectory, approaching its second inflection
at decreasing velocity (26). Therefore, “earlier” segments of this
trajectory would yield a faster linear rate of cortical thinning than
“later” segments. Furthermore, our interpretation is in line with
findings of the largest available developmental functional neuro-
imaging study of sex differences, in which task-related activations
in females were found to coincide with maturation-related acti-
vations in frontal cortices (especially in IFG), whereas this overlap
occurred in parietal cortices for males (especially in IPL) (43). Sex
differences in the linear rate of adolescent cortical thickness
change in middle and anterior temporal regions are likely to have
distinct developmental implications because, in contrast to fron-
toparietal cortices, cortical thickness in middle and anterior tem-
poral cortices is still increasing toward peak values (at decreasing
velocity) during adolescence, and does not robustly enter the phase
of thickness loss with age until late in the third decade of life (26).
We speculate therefore that our finding of accelerated cortical
thickness gain with age in males compared with females within
temporal poles is consistent with delayed maturation in males.
Such an interpretation is supported by our earlier report that peak
temporal lobe cortical volume (which is partly determined by
cortical thickness) reaches peak values later in female than male
subjects (18).
An important methodological implication of our findings is that

developmental factors are likely to be a major source of hetero-
geneity among the findings of all existing studies of regional sex
differences in cortical anatomy that are exclusively cross-sectional
in nature (44). The findings of these cross-sectional studies also
vary depending on if and how sex differences in overall brain size

Fig. 2. Vertex map indicates where the rate of cortical thickness change with age in males (Upper) and females (Lower) showed statistically significant dif-
ferences between AR-CAG groups. Colors represent t statistic magnitude for the interacting fixed effects of age and AR-CAG genotype group in predicting
cortical thickness. As indicated, “warmer” colors represent a more statistically significant difference in the rate of cortical thickness change with age between
AR-CAG groups (vertex maps are corrected for multiple comparisons using a false discovery rate threshold of q = 0.1). (Insets) Examples of estimated average
cortical thickness changewith age for each AR-CAG genotype group. Inmales, other than a region in the left middle frontal gyrus, cortical differences in cortical
thickness change with age in AR-H and AR-L groups qualitatively recapitulated differences in cortical thickness change with age between male and female
subjects (Fig. S1). In females, within the IFG, a significant stepwise increase in the rate of age-related cortical thinning moving from lowest (AR-L), to in-
termediate (AR-M), to highest (AR-H) androgen receptor transductive capacity as inferred from AR-CAG genotype. As a result, AR-L females have borderline
significantly thinner cortex than AR-H at age 9 y (P = 0.06), but significantly thicker cortex than AR-H by age 22 y (P = 0.004). In this same IFG region, the group-
average rate of cortical thinning in males is greater than that in females (Fig. S1).
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are accounted for when assessing sex differences in cortical anat-
omy, whereas we now show this is not the case for sex differences in
the rate of cortical thickness loss during adolescence. Therefore,
using longitudinal approaches to dynamically map sex differences
in cortical change over time may capture a fundamental neurobi-
ological difference between male and female subjects that is more
robust to methodological variation than cross-sectional between-
sex comparisons of cortical anatomy at any one time point.
Our time-lapse movie sequences charting how sex differences in

cortical thickness change over adolescence are not restricted to
those frontopolar regions where sex differences in the rate of
cortical thickness change with age reach statistical significance.
Rather, our movies cover the entire cortical sheet to reveal how
subtle regional variations in the timing of male cortical change
relative to female cortical change give rise to a highly organized
and largely symmetrical “wave-front” (denoting equality of cortical
thickness between both sexes) that sweeps across the cortex as
adolescence progresses, and recapitulates the sequential order
with which cortical regions mature relative to each other. Despite
these striking features, differences in rate of cortical change be-
tweenmale and female subjects do not reach statistical significance
withinmany of the cortical regions traversed by this wave. Thismay
represent power limitations despite the present study being one of
the largest to describe sex differences in human brain anatomy.

Genetic Variation Conferring Enhanced Androgen Receptor Efficiency
Modulates Cortical Maturation Within Both Sexes in a Regionally
Specific Manner. Taken together, findings of the first part of our
study indicate that, in humans, theremay be a relationship between
the direction of sex bias in the cognitive behavioral domain sub-
served by a given cortical region, and the direction of sex difference
in maturational tempo within that cortical region. Studies in non-
human vertebrates show that morphometric variation in sexually
dimorphic brain regions that subserve sexually dimorphic behavior
is partly dependent on androgen receptor activation, which serves
to masculinize anatomy (12). To date, attempts to relate testos-
terone signaling to brain anatomy in humans have relied on in-
terindividual differences in serum testosterone levels (that are
hard to acquire with high reliability; ref. 19), and used cross-
sectional study designs that have factored out the effects of age (20,
22) and/or sex (21). Therefore, our focus on genetically determined
variation in androgen receptor functioning within a longitudinal
study of adolescent cortical thickness change provides some of the
strongest evidence to date that androgen signaling has the capacity
to influence neurodevelopmental processes in humans. Further-
more, greater androgen receptor efficiency in males was specifi-
cally associated with a more “masculine” pattern of cortical
maturation in bilateral IPL regions known to subserve visuospatial
tasks that favor males, whereas greater androgen receptor effi-
ciency in females was specifically associated with a moremasculine
pattern of cortical maturation in left IFG regions implicated in
language and impulse-control domains, which favor females (Ta-
ble S1). Thefinding of a “dosage effect” in females serves as further
validation for the role of androgen receptor signaling human cor-
tical development. The sex-specific nature of relationships be-
tween androgen receptor functioning and cortical maturation
raises the possibility that other hormonal, genetic, or experiential
differences between males and females act to modify androgen
receptor expression (45) or the relationship between androgen
receptor signaling and cortical development. However, regardless
of sex, possession of a genetic variant conferring increased an-
drogen receptor efficiency was associatedwith amasculinization of
the rate of cortical thickness change, implying that males and
females with greater levels of cerebral androgen receptor signaling
show a more masculine pattern of adolescent cortical maturation
than their same-sex peers. This strongly supports the notion that
the presence of several-fold greater levels of circulating androgens
in males compared with females during prenatal and adolescent

development (46, 47) is likely to contribute to between-sex dif-
ferences in human cortical anatomy.
Although our study represents the only spatially detailed lon-

gitudinal assessment of sexually dimorphic brain development in
humans—and, as far as we are aware, the only longitudinal ex-
amination of how variation in androgen receptor signaling effi-
ciency relates to variation in the tempo of brain maturation—it
does have certain limitations. Most importantly, (i) we cannot
comment on the cellular phenomena driving reported differences
in cortical thickness maturation; (ii) our dataset did not allow us to
directly relate sex differences in cortical thickness maturation to
sex differences in behavior or cognition, and (iii) the links we forge
between sex and androgen receptor genotype, and cortical matu-
ration are correlative and do not specify the causal mechanisms
through which such links might arise. Nevertheless, our study
unveils amap of how the brains of boys and girls growdifferently as
they negotiate the sensitive developmental transition into adult-
hood, and suggests that androgen receptor activation plays a role
in the drafting of this map.

Methods
Subjects. Participantswererecruitedthrough localadvertisement.Theabsence
of neurological or psychiatric illness was established through completion of
a screening questionnaire (Childhood Behavior Checklist) and a structured
diagnostic interviewadministeredbyachildpsychiatrist (48). Participantswere
of mixed handedness (handedness established using Physical and Neurologi-
cal Examination of Soft Signs). All participants had a full-scale intelligence
quotient (IQ) of greater than 80 estimated by using age-appropriateWechsler
Intelligence Scales (49). Socioeconomic status was quantified by using Hol-
lingshead scales (50). The institutional review board of the National Institutes
of Health approved the research protocol used in this study and written in-
formed consent and assent to participate in the study were obtained from
parents and children, respectively.

Neuroimaging. Of all 284 participants with at least one brain sMRI scan, 60%
had two or more scans and 40% had three or more. Scans were acquired at
intervals of approximately 2 y. All sMRI scans were T1-weighted images with
contiguous1.5-mmaxial slicesand2.0-mmcoronal slices, obtainedonthe same
1.5-T Signa scanner (General Electric) with a 3D spoiled gradient recalled echo
sequence.NativeMRI scansweresubmittedtotheCIVETpipeline (version1.1.8;
http://wiki.bic.mni.mcgill.ca/index.php/CIVET) to generate separate cortical
models for each hemisphere. This automated set of algorithms begins with
linear transformation, correction of nonuniformity artifacts, and segmenta-
tion of each image into white matter, gray matter, and CSF (51). Next, each
image is fitted with two deformable mesh models to extract the white/gray
and pial surfaces. These surface representations are then used to calculate
cortical thickness at approximately 40,000 vertices per hemisphere (52). A 30-
mm-bandwidth blurring kernel was applied, the size of which was selected to
maximize statistical power while minimizing false positives, as determined by
population simulation (25).

Genetics. For each participant, DNA was extracted from previously prepared
lymphoblastoid cell lines using standard methods (Qiagen). Lymphoblastoid
cell linesweregrown in culture for approximately2mobeforeDNAextraction.
GenotypingofAR-CAG lengthwas performedbyPreventionGenetics byusing
a slightly modified Marshfield set (13) (http://research.marshfieldclinic.org/
genetics/GeneticResearch/sets/Set%2013.xls). A more detailed description of
genetic methodology can be found in SI Text.

Statistics. To describe sexually dimorphic cortical maturation, wemodeled—at
each vertex—the fixed effects of sex, age, and the interaction between these
two terms (Eq. 1). Age effects on cortical thicknessweremodeled using a linear
(rather than nonlinear) age term because analyses in larger samples spanning
wider age ranges have shown that linear cortical thickness change with age is
the predominant age effect in all cortical areas during the adolescent age
range we wished to study (26). Furthermore, preliminary analyses within the
current dataset empirically confirmed that the highest-order age term that
described cortical thickness change with age in the smallest of our androgen
receptor genotype groups was a linear term. Therefore using an linear age
term in this study maximized biological validity while protecting against the
risk of finding genotype group differences in nonlinear cortical thickness
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change that are driven by differences in statistical power to describe nonlinear
cortical thickness change arising from differences in genotype group size.

Mixed-model regression was used to model cortical thickness change
because it can accommodate multiple measurements per person at different
ages, missing data, and irregular intervals between measurements, thereby
increasing statistical power (53). We included a nested random-effects term
that modeled within-family and within-person dependence of observations.
At each vertex, cortical thickness (CT) for ith family’s jth individual’s kth time
point was modeled as follows:

CTijk ¼ Interceptþ di þ dij þ β1ðsexÞ þ β2
�
age

�

þ β3
�
sex � age�þ eijk [1]

This model was run repeatedly, with the age term recentered at successive
ages. The β1 coefficients fromeach run (representing the estimated difference
in group average cortical thickness for male and female subjects at each
successive age) were projected onto a standard brain template to create time-
lapse sequences (Movies S1 and S2) of how the sex difference in CT changed
with age. Still images from these time-lapse sequences are shown in Fig. 1. The
magnitude of the β3 coefficient (interaction between sex and age) at each

vertex, and vertices where the t statistic associated with this term survived
correction for multiple comparisons, are illustrated in Fig. S1.

The neuromaturational correlates of androgen receptor genotype cortical
thickness (CT) for ith family’s jth individual’s kth time point was modeled
as follows:

CTijk ¼ Interceptþ di þ dij þ β1
�
sex

�þ β2
�
AR-CAG group

�

þ β3
�
sex �AR-CAG group

�þ eijk
[2]

Where AR-CAG group was a binary variable with levels AR-L and AR-H in
males and an ordinal categorical variable with three levels (AR-L, AR-M, and
AR-H) in females.
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