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Growing access to large-scale longitudinal structural neuroimaging
data has fundamentally altered our understanding of cortical
development en route to human adulthood, with consequences
for basic science, medicine, and public policy. In striking contrast,
basic anatomical development of subcortical structures such as the
striatum, pallidum, and thalamus has remained poorly described—
despite these evolutionarily ancient structures being both intimate
working partners of the cortical sheet and critical to diverse devel-
opmentally emergent skills and disorders. Here, to begin addressing
this disparity, we apply methods for the measurement of subcorti-
cal volume and shape to 1,171 longitudinally acquired structural
magnetic resonance imaging brain scans from 618 typically devel-
oping males and females aged 5–25 y. We show that the striatum,
pallidum, and thalamus each follow curvilinear trajectories of vol-
ume change, which, for the striatum and thalamus, peak after cor-
tical volume has already begun to decline and show a relative delay
in males. Four-dimensional mapping of subcortical shape reveals
that (i) striatal, pallidal, and thalamic domains linked to specific
fronto-parietal association cortices contract with age whereas other
subcortical territories expand, and (ii) each structure harbors hot-
spots of sexually dimorphic change over adolescence—with rele-
vance for sex-biased mental disorders emerging in youth. By
establishing the developmental dynamism, spatial heterochonicity,
and sexual dimorphism of human subcortical maturation, these
data bring our spatiotemporal understanding of subcortical devel-
opment closer to that of the cortex—allowing evolutionary, basic,
and clinical neuroscience to be conducted within a more compre-
hensive developmental framework.

Our understanding of human brain maturation has been
rapidly advanced over the past decade by increased avail-

ability of large longitudinal in vivo structural magnetic resonance
imaging (sMRI) datasets of pediatric brain development (1).
However, to date, large-scale longitudinal sMRI studies have
focused on the cortical sheet at the expense of subcortical
structures such as the striatum, pallidum, and thalamus. Through
the analysis of such data, we now know that cortical volume does
not undergo a spatially homogenous linear change with de-
velopment, but rather follows a highly dynamic and regionally
heterogenous “inverted-U” trajectory (2–5). These basic aspects
of anatomical maturation—the timing of overall growth and
regional differences in the tempo of structural maturation—have
yet to be longitudinally resolved in the human subcortex (6–9).
Access to spatiotemporally fine-grained maps of human cortical

development has had major scientific and societal consequences.
These maps have impacted the study of brain evolution (10),
cognitive–behavioral variation in health (11), and mechanisms of
neurodevelopmental disease (12, 13). However, evolution, func-
tion, and dysfunction of the cortical sheet occur in the context of
its rich structural and functional connectedness with the sub-
cortex, and vice versa (14, 15). Therefore, there is a pressing
need to equilibrate our understanding of cortical and subcortical
maturation—to obtain a more spatially comprehensive model of
human brain development.

Here, we apply methods for sMRI analysis of striatal, pallidal,
and thalamic anatomy (16, 17) to one of the largest existing
longitudinal datasets of pediatric brain development (18). Our
methods estimate the overall volume of each structure, as well
as local surface area at a total of ∼20,000 points (vertices),
making it possible to resolve focal alterations in subcortical
shape, which can occur in the absence of changes in overall
volume. Because our methods are built upon classical atlases
of serial subcortical histology (19–21), we can align spatially
fine-grained in vivo imaging findings with microscopic sub-
cortical distinctions.
We first seek to clarify whether gross volumetric development

of the striatum, pallidum, and thalamus follows curvilinear tra-
jectories akin to those reported for the cortical sheet (2). Re-
solving curvilinear anatomical change makes it possible to time
specific maturational milestones—such as age at attainment of
peak size—which can serve as markers for the definition of de-
velopmental sequences (13). These sequences may carry evolu-
tionary and functional significance: Within the cortex, structures
that are last to reach their peak size tend to be those that have
undergone preferential expansion in primates and that are in-
volved in complex, integrative and late-maturing cognitive func-
tions (22–24). With this framework in mind, we determine the
developmental ordering of different subcortical structures relative
to each other and the cortex. Clarifying this ordering could in-
form cognitive neuroscience models that consider developmental
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balances between maturing prefrontal “control” systems and
striatal “motivational” centers as being pivotal to adolescent
increases in risk-taking behavior (25, 26).
Next, we longitudinally map regional variation in rates of an-

atomical change within each subcortical structure by analyzing
trajectories of local surface area change. Existing descriptions of
subcortical connectivity in primates and humans provide an im-
portant context for the study of spatial differences in the tempo
of subcortical maturation (27). The striatum, pallidum, and
thalamus are linked with each other and the cortical sheet
through a series of topographically organized cortico-basal ganglia-
thalamo-cortical “loops” (28), which subserve partly distinct
affective, cognitive, and sensorimotor functions (29). Although
there are rich structural and functional interactions between
these loops (28, 30, 31), their topography can be defined in
terms of stereotypic projection fields between different com-
ponents of the cortex, striatum, pallidum, and thalamus (29).
Human neuroimaging data suggest that these stereotypic pro-
jection fields organize concordant spatial patterns of brain ac-
tivity across different level of the cortico-basal ganglia-thalamo-
cortical system (30, 32). We harness our spatially fine-grained
map of striatal, pallidal, and thalamic maturation to ask whether
known spatial differences in the tempo of cortical maturation (5,
22) are mirrored by spatial differences in subcortical maturation
that respect the topography of cortico-basal ganglia-thalamo-
cortical loops.
Finally, building on prominent longitudinal reports of sex

differences in the tempo of pediatric cortical maturation (33, 34),
we quantify sex differences in global and local subcortical mat-
uration between childhood and early adulthood. Clarifying the
nature of sexually dimorphic subcortical maturation during this
developmental window is especially important given that (i) males
and females diverge in risk affective disorders (female bias) and
antisocial behaviors (male bias) (35, 36) during adolescence, and
(ii) subcortical structures are known to play a key role in adap-
tive and disordered regulation of affect (37, 38) and motivated
behavior (39, 40).

Results
Participant Characteristics (Table S1). We included 1,172 longitu-
dinally acquired sMRI brain scans from 618 youth (306 female,
312 male) aged 5 through 25 y (see Fig. S1 for age distribution).
Of all 618 participants with at least 1 brain sMRI scan, 55%
had 2 or more and 24% had 3 or more scans. Scans were ac-
quired at ∼2-y intervals using the same 1.5-T General Electric
Signa scanner.

Trajectories of Subcortical Volume Development Are Curvilinear and
Differ by Structure and Sex. Fig. 1 shows raw person-level and
estimated group-level developmental trajectories for bilateral
striatal, pallidal, thalamic, and cortical volume. Fig. S2 shows the
derivatives of these volume-by-age curves for each structure—
separately for males and females. Table S2 contains test statistics
and associated P values from the mixed-effects models used to
define these trajectories (Methods). At the group level, all three
structures show significantly cubic developmental trajectories
(P < 0.0001 for striatum and thalamus, P < 0.0004 for pallidum)
and significantly greater absolute volumes in males than fe-
males throughout the age range examined (P < 0.0005). For
each structure volume trajectories are significantly different be-
tween males and females (P < 0.0001 for striatum and thalamus,
P = 0.05 for pallidum). Males attain peak striatal and thalamic
volume significantly later than females (Table 1). In both sexes,
the pallidum is first to peak in volume, followed by the striatum
and the thalamus [95% confidence intervals (CI) nonoverlapping
for females], and the striatum and thalamus reached peak vol-
ume later than the cortical sheet. In preliminary analyses of the
relationship between IQ and interindividual variation in sub-
cortical anatomy, we found statistically significant positive rela-
tionships between IQ and the volume of all three structures

examined although these relationships were no longer present
after covarying for total brain volume (Table S3).

Subcortical Development Is Highly Heterochronous. Our data in-
dicate that local rates of anatomical change vary greatly within
each subcortical structure examined. Fig. 2 shows an unthre-
sholded map for the annual rate of local (“vertex-level”) surface
area change in each subcortical structure (Fig. 2A). Thresholded
versions of these maps using false discovery rate (FDR) cor-
rection for multiple comparison (with q set at 0.05) (41) are
provided in Fig. 2.
Striatal area expansion with age is most evident in the caudate

tail and caudolateral putamen bilaterally. Facets of striatal con-
traction are predominantly localized to rostro-ventral regions of
the caudate and putamen. The pallidum also shows a prominent
rostral bias toward areal contraction: Although the rostral pal-
lidum contracts with advancing age, the caudal pallidum ex-
pands. The thalamus shows a widespread pattern of age-related
areal expansion (fastest at ventral and dorsal thalamic extremi-
ties), which is punctuated by three bilateral, symmetric, and well-
circumscribed regions of developmental thalamic contraction
that are located on dorsomedial, anteriolateral, and opposing
medial thalamic facets. Comparison with histologically defined

Fig. 1. Developmental trajectories for global volume. Plots showing in-
dividual level anatomical data and best-fit group-level trajectories for bi-
lateral striatal, pallidal, and thalamic volume. Shaded ribbons around each
curve denote 95% confidence intervals.

Table 1. Estimated age at which each structure examined
attains peak volume in males and females

Structure

Peak volume females Peak volume males

Age 95% CI Age 95% CI

Striatum 12.1 11.5–12.7 14.7 13.4–17.1
Pallidum 9.5 6.9–10.6 7.7 2–9.6
Thalamus 13.8 13.1–14.6 17.4 16.0–18.5
Cortex 8.0 7.35–8.59 9.1 8.37–9.68

The estimated peak age and 95% confidence intervals were derived by
bootstrapping methods involving repeat modeling of curvilinear growth in
1,000 samples—constructed by sampling with replacement.
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surface labels for thalamic subnuclei (Fig. S3) indicates that
regions of thalamic contraction overlie ventral anterior (VA),
rostral ventrolateral (VL), and mediodorsal (MD) nuclei. Movie
S1 assembles the left thalamus, pallidum, and striatum in ana-
tomical space to highlight the close alignment between facets of
areal contraction in different structures. Movie S2 tracks the
evolution of local subcortical contraction and expansion with
advancing age.

Localizing Hotspots of Sexually Dimorphic Subcortical Maturation.
Fig. 3 provides a spatially fine-grained map of sexually dimor-
phic subcortical maturation between childhood and early adult-
hood. At all regions where rates of anatomical change differ
between males and females, males begin with larger local surface
area than females and become more dissimilar from females
during the adolescent transition into early adulthood. However,
this phenomenon is driven by a different effect in each of the
three subcortical structures examined (see inset plots in Fig. 3):
In striatal foci, there is a lack of significant age-related ana-
tomical change in females alongside significant age-related areal
expansion in males; in pallidal foci, there is an absence of sig-
nificant age-related anatomical change in males alongside sig-
nificant age-related areal contraction in females and, in the
thalamus, significant age-related expansion is seen in both sexes
although the rate of change is faster in males than females.
Across all three structures examined, sex differences in sub-
cortical maturation tend to be ventrally rather than rostrally lo-
calized and are bilaterally symmetric (with the exception of left
rostro-caudal and right ventro-caudal putamen). Comparison
with histologically defined surface labels within the thalamus
localizes foci of sexually dimorphic maturation to bilateral cen-
tromedial (CMed), ventromedial putamen, caudal lateral pos-
terior (LP) and anterior group (Ant) nuclei, as well as caudal
portions of the right MD nucleus.

Discussion
Gross Volumetric Development. Volumetric development of all
three subcortical structures examined is considerably more cur-
vilinear and sexually dimorphic than had been suggested by
previous studies using smaller cross-sectional sMRI datsets
(8, 9). Males and females show significant differences in both

absolute subcortical volume and the timing of developmental
changes in subcortical volume. The significant subcortical volu-
metric sex differences that we identify during prepubertal life are
necessarily independent of pubertally emergent sex differences
in circulating gonadal sex steroid levels. However, our data hint
that pubertal timing in males and females may influence trajec-
tories of subcortical volume change, because (i) the relative
delay in male attainment of peak striatal and thalamic volume
echoes the relative male delay in the onset of puberty-associated
somatic growth spurt (42) and (ii) rates of annual striatal, pallidal,
and thalamic volume loss in both sexes approach zero [i.e., volume
curves “plateau” (Fig. S2)] when maturation of secondary sexual
characteristics is typically completed (43, 44).
For both males and females, striatal and thalamic maturation—

as indexed by age at attainment of peak volume—is protracted
relative to total cortical volume maturation. Protracted volumetric
maturation within the brain has been apportioned evolutionary
and functional significance based on findings within the cortical
sheet: Later-maturing cortical regions tend to be those that have
also undergone more pronounced evolutionary expansion [as
inferred from comparisons between adult humans and nonhuman
primates (5, 10, 22)] and show stronger links with higher order
cognition vs. sensorimotor processing (5, 22). Our findings in-
dicate that these evolutionary and functional corollaries of pro-
tracted volumetric maturation do not necessarily generalize
outside the cortical sheet: The striatum and thalamus show pro-
tracted maturation relative to the cortical sheet, but less evolu-
tionary expansion in absolute size based on cross-species
comparisons (45), and less specific associations with higher cog-
nition (46). Protracted maturation of the striatum relative to the
cortical sheet is also surprising when considered in light of the
prominent “Dual Systems” model for adolescent increases in risk-
taking behavior, which posits a protraction in cortical maturation
relative to the striatum (25, 26). These discords draw attention to
two challenges in the definition of developmental sequences
within the brain using tempos of volumetric maturation. First,
the order with which different gray matter structures attain peak
volume may be influenced by interstructure differences in tissue
composition. For example, knowing that myelin-rich white matter
components of the brain continue to increase in volume long after
myelin-poor gray matter components have already started to de-
cline in volume (8, 23) suggests that notably late attainment of

A B C

Fig. 2. Maps of age-related expansion and con-
traction. (A) Unthresholded maps where color en-
codes regional differences in the direction (blue,
contraction; red, expansion) and rate (greater satu-
ration, faster change) of linear surface-area change
with increasing age. (B) Colored regions denote
significant areal expansion with age after FDR cor-
rection for multiple comparisons. Warmer colors
denote more pronounced linear expansion with
age. (C) Colored regions denote significant areal
contraction with age after FDR correction for mul-
tiple comparisons. Warmer colors denote more
pronounced linear contraction with age.
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peak thalamic volume could be driven by the significant fraction of
total thalamic volume that contains myelinated fibers (21). Sec-
ond, developmental ordering may vary according to the de-
velopmental milestone selected. Although attention has focused
on attainment of peak volume, other metrics—such as age at
maximal volume change—are equally valid but largely unexplored
“stopwatches” for the maturing brain.

Regionally Heterochronous Development. Different regions within
each subcortical structure can show profound differences in their
anatomical change with age: Some subcortical regions contract
with advancing age whereas others expand. Thus, as for the cor-
tical sheet (5, 22), subcortical structural development is regionally
heterogeneous. This finding underlines the importance of using
methods that allow detailed consideration of subregional anatomy
in future studies of subcortical variability during typical and atypical
development. Moreover, there is a striking conformity between
our maturational division of subcortical territories and the to-
pography of cortico-basal ganglia-thalamo-cortical circuitry charted
by tract-tracing studies in nonhuman primates (47–50) and neuro-
imaging studies of functional (30, 51) and white-matter connectivity
(32, 52, 53) in humans.
The predominantly ventro-rostral region of striatal contraction

is known to preferentially receive inputs from ventromedial vs.
caudolateral prefrontal cortices (27, 30, 47) and rostral vs. caudal
insula (54). These ventro-rostral regions of striatal contraction
are in turn known to project onto rostral territories of the pal-
lidum (49, 55, 56), which constitute the main foci of pallidal
contraction in our study. Thus, pallidal maturation appears to be
organized by rostro-caudal and medio-lateral gradients of striato-
pallidal connectivity, which cut-across external and internal

pallidal segments (56). Our thalamic findings further reinforce
the coherence between subcortical maturation and connectivity.
Specifically, primate tract-tracing studies have established pref-
erential connectivity between the rostro-ventral striatum/pallidum
and those thalamic subnuclei that constitute domains of con-
traction within our study [rostro-ventral striatum–ventral anterior
(VA), medio-dorsal (MD), and midline thalamic nuclei (48, 57),
rostral pallidum-VA thalamus (58, 59)]. These thalamic subnuclei
are in turn richly interconnected with cortical regions that send
efferents to the rostro-ventral striatum [prefrontal (50, 60, 61),
insular (60), and superior parietal cortex (62, 63)]. Thus, our
data suggest that striato-pallido-thalamic components that are
preferentially linked to rostral prefrontal and superior parietal
association cortices contract over development whereas those
more strongly associated with caudolateral prefrontal, primary
sensorimotor (64), posteriomedial (65, 66), inferior parietal,
occipital, and inferior temporal cortices (67, 68) tend to expand.
The aligment of subcortical maturation with known patterns

of subcortical connectivity strongly suggests that developmental
changes in local surface area reflect changes in underlying sub-
cortical parenchyma. Speculatively, these changes may reflect de-
velopmental modification of dendritic, neuropil, axonal, or myelin
compartments within the subcortex, but histological data in pri-
mates are scarce (69). Local changes in subcortical shape could also
reflect processes in overlying white-matter tracts (70) such as ros-
tral external capsule, inferior fronto-occipital fasciculus (over lat-
ero-rostral facets of putamen and caudate), anterior limb of the
internal capsule and anterior commissure (over rostromedial facets
of putamen and caudate), and genu of internal capsule (over VA
thalamus). However, this alternative hypothesis is weakened by
evidence that white matter surrounding deep structures undergoes
robust developmental expansion (71).

Sexually Dimorphic Development. By fine mapping sex differences
in subcortical maturation, we find that significant sex differences
in the timing of overall volume change within the developing
striatum (male delay), pallidum (trend toward female delay), and
thalamus (male delay) are accompanied by regionally specific
rather than global sex differences in maturation. Our localization
of sexually dimorphic subcortical maturation informs the future
study of sex-biased mental disorders.
Our study encompasses the adolescent transition into early

adulthood, during which females develop a greater risk for af-
fective disorders than males and males show a greater surge in
risk-taking and antisocial behavior relative to females (35, 36).
We find that during this same developmental window, males and
females also show growing anatomical dissimilarities within sev-
eral subcortical regions implicated in the neurobiology of such
conditions. For example, male and female adolescents show di-
vergent structural maturation within (i) ventro-rostral putamen,
medial rostral caudate, rostral pallidum, and lateral-dorsal (LD)/
MD thalamic foci of functional abnormalities in depression (38)
and (ii) ventral striatal systems involved in key facets of risk-
taking behavior such as inhibitory control, sensation seeking, and
reward processing (25, 39). These hotspots of sexually dimorphic
striatal, pallidal, and thalamic maturation represent candidate
substrates for adolescent-emergent sex differences in liability to
disorders of mood and behavioral control—especially when con-
sidered alongside recent longitudinal structural neuroimaging evi-
dence for co-occurring sex differences in the structural maturation
of prefrontal systems that interact with the subcortex during af-
fect and impulse regulation (34). Further unraveling the rela-
tionship between subcortical development and sex differences in
adolescent psychopathology will require large-scale longitudinal
studies capable of simultaneously capturing individual-level
changes in behavior alongside changes in brain structure and
function across adolescence. Endocrine data will be critical to
such future work given (i) close links between pubertal develop-
ment and subcortically mediated behaviors (72), (ii) the puberty-
dependent emergence of sex differences in circulating gonadal
steroids, and (iii) evidence that gonadal steroids can exert

Fig. 3. Hotspots of sexually dimorphic subcortical maturation. Colored
regions show foci of significant (after FDR correction with q set at 0.05)
male–female differences in the rate of local areal change between child-
hood and early adulthood. Warmer colors denote more pronounced dif-
ferences. Inset plots for each structure show individual level anatomical data
and best-fit group level trajectories for mean surface area within regions of
sexually dimorphic maturation in each sex.
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regionally specific effects on subcortical systems during human
adolescence (73).

Methods
Participants. We included 1,172 structural magnetic imaging brain scans that
had been acquired longitudinally on 618 healthy youth aged between 5 and
25 y or age (Table S1). Participants were recruited through local advertise-
ment. The absence of neurological or psychiatric illness was established
through completion of a screening questionnaire (Child Behavior Checklist)
and a structured diagnostic interview administered by a child psychiatrist (18).
Handedness was established using the Physical and Neurological Examination
of Soft Signs. All participants had a full-scale intelligence quotient (FSIQ) of
greater than 80 as determined using age-appropriate Wechsler Intelligence
Scales including WISC-R, WAIS-R, and WASI (11). Socioeconomic status (SES)
was quantified using Hollingshead scales. The institutional review board of the
National Institutes of Health approved the research protocol used in this study,
and written informed consent and assent to participate in the study were
obtained from parents and children, respectively.

Neuroimaging. Scans were acquired at 2-yearly intervals. All sMRI scans
were T-1 weighted images with contiguous 1.5-mm axial slices and 2.0-mm
coronal slices, obtained on the same 1.5-T General Electric Signa scanner
using a 3D spoiled-gradient recalled-echo sequence with the following
parameters: echo time, 5 ms; repetition time, 24 ms; flip angle 45°; ac-
quisition matrix, 256 × 192; number of excitations, 1; and field of view,
24 cm. All scans used in this study were free of motion artifact as determined
by visual inspection.

Subcortical structures were automatically identified using a recently de-
veloped segmentation method known as theMAGeT Brain algorithm (17). To
summarize the technique, 3D reconstruction of serial histological data for
the striatum, pallidum, and thalamus were warped to an MRI-based tem-
plate (19). The atlases were then customized to a subset of the dataset
(30 randomly selected subjects) using a nonlinear transformation estimated
in a region-of-interest defined around the subcortical structures (17, 19, 74,
75). This set of subjects then acts as a set of templates to which all other
scans are warped. This procedure provides thirty candidate subcortical
segmentations for each scan. The final segmentation is decided upon using
a voxel-wise majority vote; that is, the label occurring most frequently at
a specific location is retained (76). These methods are reliable in compar-
isons against “gold standard” manual definitions (Dice Kappa = 0.86) (17).
A quality control image file is provided for each scan, allowing detailed
visual inspection to rule out the presence of segmentation errors (see Fig.
S4 for examples of “fail” and “pass” segmentations).

To determine shape, surface-based representations of subcortical struc-
tures defined on the input atlas were first estimated using the marching
cubes algorithm (16) and then morphologically smoothed using the AMIRA
software package (Visage Imaging). Next, the nonlinear portions of the 30
transformations mapping each subject to the 30 input templates were
concatenated and averaged across the template library to limit the effects
of noise and error and to increase precision and accuracy. These surface-
based representations were warped to fit each template, and, as in the case
of the segmentation, each of these surfaces was warped to match each
subject. This procedure yields thirty possible surface representations per
subject that are then merged by creating a new surface representation of
the striatum or pallidum by estimating the median coordinate represen-
tation at each location. At this point, a third of the surface of each triangle
is assigned to each vertex within the triangle. The surface area value stored
at each vertex is the sum of all such assignments from all connected tri-
angles. Finally, surface-area values were blurred with a surface-base dif-
fusion-smoothing kernel (5 mm and 3 mm for the striatum/thalamus and
pallidum, respectively). The measures of interest generated by this pro-
cessing stream for each scan were total volume estimates for left and right
striatum, pallidum, and thalamus (summed to provide a single estimate of
total bilateral volume for each structure) and surface area at a total of

21,156 vertices across all structures (striatum, 6,450 left/6,178 right; pal-
lidum, 1,266 left/1,138 right; thalamus, 3,016 left/3,108 right). To derive
measures of cortical volume as a comparison for measures of subcortical
volume, we submitted all scans to the previously described CIVET pipeline
for automated morphometric analysis (2, 77).

Analysis. Gross volumetric development.We used mixed models (78) to estimate
the fixed effects of age and sex and interactions between these terms on
the total bilateral volume of each structure. Two random intercepts
modeled variance dependence for person and for person within family.
First, to assess the curvilinearity of subcortical volume development in
males and females, while allowing trajectories for males and females to
vary in shape, we applied F-tests (df = 2) to determine whether the
combined contribution of sex and polynomial age terms was significant,
using a step-down approach through cubic, quadratic, and linear models.
Then, sex differences in the selected trajectory shape we assessed using
a Likelihood Ratio test to determine whether a model including inter-
actions between age terms and sex (Eq. 1) predicted significantly more
variance in the measure of interest compared with a simpler model including
only age terms and a main effect of sex (Eq. 2) (i.e., to test whether growth
curve “shape” for the structure of interest was significantly different be-
tween males and females). Thus, using cubic modeling of striatal volume
growth with age as an example, we compared the following two models
where striatal volume (SV) at ith family’s jth individual’s kth time point was
modeled as:

SVijk = Intercept+di +dij + β1ðsexÞ+ β2ðageÞ+ β3
�
age2

�
+

β4
�
age3

�
+ β5ðsex p ageÞ+ β6

�
sex p age2

�
+ β7

�
sex p age3

�
+ eijk:

[1]

SVijk = Intercept+di +dij + β1ðsexÞ+ β2ðageÞ+ β3
�
age2

�
+ β4

�
age3

�
+ eijk: [2]

All models were run using “mean-centered” age terms so that the sex-term
coefficient refers to the sex effects at mean age (13.11 y) rather than age zero.
For those structures that followed nonlinear developmental trajectories, the
“age-at-peak” was determined by solving the first-order derivative of the
growth trajectory equation defined for that structure. Confidence intervals for
trajectories of volume and volume change and the timing of volumetric peaks
were derived by bootstrapping methods involving reestimation of model
parameters for each of 1,000 resamplings from our participant pool.
Regionally heterochronous subcortical development. At each vertex of each sub-
cortical structure, surface area was first modeled in a manner analogous to
that adopted for total volume of each subcortical structure (Eq. 1). These
analyses indicated that, after false discovery rate (FDR) correction for multiple
comparisons (41), ∼35% of subcortical vertices showed significant quadratic
effects of age whereas linear age effects applied to over 75% of subcortical
vertices. We therefore focused on linear age effects when analyzing inter-
vertex and male–female differences in regional subcortical surface-area de-
velopment, and we present findings for regionally quadratic effects of age in
Fig. S5. Given the lack of existing information about regional variation in the
rate of subcortical maturation, we first derived unthresholded maps for the
main effect of linear age at each vertex (i.e., β1 coefficient in Eq. 2 below,
after FDR correction):

Vertex_SAijk = Intercept+di +dij + β1ðageÞ+ eijk: [3]

Next, we identified foci of significant male–female differences in subcortical
maturation by deriving thresholded t-statistic maps for the interaction be-
tween age and sex on vertex surface area (i.e., β3 coefficient in Eq. 3 below,
after FDR correction):

Vertex_SAijk = Intercept+di +dij + β1ðsexÞ+ β2ðageÞ+ β3ðsex p ageÞ+eijk : [4]

All statistical analyses and data visualizations were conducted using the R
language for statistical computing (79–81).
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