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Puberty is the defining biological process of adolescent develop-
ment, yet its effects on fundamental properties of brain physiology
such as cerebral blood flow (CBF) have never been investigated.
Capitalizing on a sample of 922 youths ages 8-22 y imaged using
arterial spin labeled MRI as part of the Philadelphia Neurodevelop-
mental Cohort, we studied normative developmental differences
in cerebral perfusion in males and females, as well as specific asso-
ciations between puberty and CBF. Males and females had con-
spicuously divergent nonlinear trajectories in CBF evolution with
development as modeled by penalized splines. Seventeen brain
regions, including hubs of the executive and default mode net-
works, showed a robust nonlinear age-by-sex interaction that sur-
passed Bonferroni correction. Notably, within these regions the
decline in CBF was similar between males and females in early
puberty and only diverged in midpuberty, with CBF actually in-
creasing in females. Taken together, these results delineate sex-
specific growth curves for CBF during youth and for the first time
to our knowledge link such differential patterns of development
to the effects of puberty.

lood perfusion is one of the fundamental physiologic prop-

erties of any organ and is of particular relevance for the
human brain, which receives 15% of cardiac output despite only
representing 2% of body mass (1). Prior work has shown that
cerebral blood flow (CBF) declines markedly throughout child-
hood and adolescence (2-4). Along with gray matter loss and
white matter expansion (5), CBF thus represents one of the most
important properties of brain physiology that changes during
youth and may be critical for establishing normative growth charts
of brain development. CBF is coupled to regional metabolism (6,
7), changes under cognitive demands (8), responds specifically to
psychoactive drugs (9), and is abnormal in a variety of psychiatric
conditions including schizophrenia (10) and addiction (11). Thus,
characterization of normative trajectories of CBF during ado-
lescent development is highly relevant for understanding both
normal brain function and its aberrations in psychopathology.

Growth curves of height, weight, and head circumference used
in typical pediatric practice are separated by sex, because the
timing and tempo of growth are different among males and
females. One reason for this is the influence of puberty, which is
the defining biological process of adolescence. Puberty results in
divergent, sex-specific maturation that is driven by the influence
of steroid and other metabolic hormones including estrogen and
testosterone. Prior work has demonstrated sex differences in
patterns of structural brain development (5, 12), and a growing
body of literature has begun to establish the influence of puberty
on this process (13, 14).

In contrast to research on structural brain development,
work on cerebral perfusion during development has thus far
been relatively sparse. Early research by Kennedy and Sokoloff
(15), using a modified Kety—Schmidt nitrous oxide method (16),
established that whole-brain CBF was 106 mL-100 g~-min~" in

Www.pnas.org/cgi/doi/10.1073/pnas. 1400178111

children, compared with 60 mL-100 g~"-min™" in adults. Later,
CBF was measured on a reglonal basis using techmques such
as **Xe clearance or >O PET. However, sample sizes of
these studies were limited by the need for ionizing radiation
exposure, which is particularly problematic in pediatric pop-
ulations. Nonetheless, these studies reliably demonstrated that
CBEF is elevated during childhood then declines throughout ad-
olescence (3, 17, 18). In adulthood, females have higher CBF than
males (8, 19). However, prior nuclear imaging studies in youth
were too small (typically n = 20-40) to characterize sex differ-
ences during development.

Atrterial spin labeling (ASL) using MRI permits noninvasive
quantification of cerebral perfusion without the use of ionizing
radiation (20, 21) but gives comparable gray matter CBF mea-
surements when validated versus PET (22, 23). This feature
provides a critical advantage for applications in pediatric pop-
ulations (4), allowing for a substantial increase in sample size.
Using ASL, Taki et al. (24, 25) replicated prior findings of de-
clining perfusion in adolescence and also reported that females
had higher perfusion in the posterior cingulate cortex (pCC), owing
to a steeper rate of CBF decline in males. However, it is not known
whether such effects are limited only to the pCC or whether de-
velopmental trajectories of perfusion differ between males and
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females in other regions, potentially in a complex nonlinear
fashion. Divergent trajectories in multiple regions are to be ex-
pected, because adult females have higher CBF than males across
brain regions beyond the pCC (8, 19, 26, 27). However, it is not yet
known when such differences emerge in development.
Importantly, no study has investigated whether emerging sex
differences in cerebral perfusion seen in adolescence are due to
the differential impact of puberty. Studies from both animals and
humans provide good reason to suspect that puberty may play a
key role in CBF sex differences: Estrogens increase CBF in both
animals and humans and also may promote neurogenesis and
axonal sprouting (28-31). However, because the progression of
age and puberty are correlated, large samples are required to
systematically parse the relative influence of each. Here, we in-
vestigated developmental patterns of cerebral perfusion in males
and females using ASL data from the Philadelphia Neurodevelop-
mental Cohort (PNC) (32), which constitutes the largest sample of
cerebral perfusion yet reported. We hypothesized that differences
in cerebral perfusion between males and females would relate to
the impact of puberty. As described below, we found pronounced
evidence for differential patterns of developmental perfusion in
males and females, driven in part by the effects of puberty.

Results

We studied 922 youths aged 8-22 y who were imaged as part of
the PNC (Table 1) applying a protocol as detailed elsewhere
(32). CBF was measured using pseudocontinuous arterial spin
labeling with a spin-echo echo-planar imaging acquisition (33,
34), which provided both greater sensitivity and approximately
four times higher spatial resolution than prior developmental
studies of CBF. Additionally, CBF quantification incorporated
subject-specific modeling of the T1 relaxation time (35), which is
known to vary by age and sex and therefore represents a pre-
viously unaccounted-for confound in studies of brain perfusion in
development. Nonlinear trajectories of CBF differences were
flexibly modeled using penalized splines within a general additive
model (GAM) (36, 37).

We began by examining age-related differences in CBF. The
large sample size allowed us to use the conservative Bonferroni
correction for type I error control in all voxelwise analyses. Our
results replicate prior reports that CBF declines with age during
development. The most significant age-related declines in CBF
were seen in areas of heteromodal association cortex (Fig. 14
that are known hubs of the default mode network (DMN) (38, 39),
including the pCC, ventromedial prefrontal cortex, inferior parietal
lobule, and lateral temporal cortex. Substantial age-related declines
in CBF were also seen within certain hubs of the executive system
(i.e., frontal pole and dorsolateral prefrontal cortex). Previously
unreported nonlinearities were present throughout: When col-
lapsed across males and females, average gray matter CBF de-
clined most rapidly in late childhood and early adolescence, with
a flatter trajectory in midadolescence (ages 15-17 y), followed by
a slight increase in CBF during early adulthood (Fig. 1B).

However, this average pattern masked a marked sex difference
in developmental trajectories of CBF. A nonlinear age-by-sex
interaction was significant in multiple brain regions (Fig. 2, Table 2,
and Fig. S1). Divergent patterns of development were again
most prominent in hubs of the DMN and executive system but
additionally included other brain regions known to be critical
for affective processing such as the anterior insula and orbito-
frontal cortex (OFC). Across these regions, before age 13 females

Table 1. Sample characteristics (n = 922)

Motion, mm

Mean age, No. mean relative
Group N y (SD) Caucasian displacement (SD)
Females 518 14.8 (3.50) 211 0.084
Males 404 14.3 (3.58) 207 0.086
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had lower CBF but males had a more rapid rate of age-related
CBF decline, resulting in male CBF becoming lower than female
CBF in midadolescence. In late adolescence, female CBF actually
began to increase with age, whereas CBF continued to decline in
males, accentuating the divergence between the sexes. To exclude
the possibility that these results were driven by the effect of the
gray matter density model covariate, we reran this analysis with
this covariate excluded from the model. Results were highly sim-
ilar and still exceeded the same statistical threshold, with a spatial
correlation between the images of r = (0.78. Because sex differ-
ences were so highly dependent on age, a main effect of sex was
only present in bilateral auditory cortex, where males had higher
CBF than females [right: k = 342, peak Montreal Neurologic
Institute (MNI) coordinates: x = 48,y = 4, z = 0; left: k = 336,
x=-44,y=-10, z = —4].

These results reveal fundamentally divergent patterns of age-
related changes in CBF for males and females during late adoles-
cence. We next investigated whether sex differences in age-related
effects were in part due to the impact of puberty. As part of the
PNC, subjects over 10 y old completed a computerized self-report
regarding their pubertal development. As expected, in females
pubertal status advanced at earlier ages than in males (f{764] =
4.23; P = 2.6 x 107>; Table 3). We focused on regions that dem-
onstrated a significant age-by-sex interaction effect (Table 2) and
investigated whether sex-specific patterns of CBF change with
age could be attributed to puberty. Notably, developmental effects
varied by sex during puberty (Fig. 3), with males and females
having similar declines in CBF in early puberty (¢[764] = 0.1,
corrected P = 0.89) but differing during the midpubertal (f{764] =
3.2, corrected P = 0.001) and postpubertal (¢{764] = 2.4, corrected
P = 0.01) periods. Notably, these results were similar regardless of
whether Tanner stages were grouped into bins or left ungrouped
(see SI Methods and Table S1 for further details). Additionally,
general effects of growth did not drive these findings: Results were
unchanged when height or body mass index was added as a cova-
riate. Overall, these results suggest that the occurrence of puberty
in females is associated with a marked alteration in the develop-
mental trajectory of cerebral perfusion and that perfusion diverges
between females and males during the midpubertal period.

Discussion

This study demonstrates that normative developmental patterns of
cerebral perfusion differ markedly between males and females, in
part owing to the divergent impact of puberty. CBF values are
similar and decline at the same rate in both males and females
during early puberty but diverge markedly by the midpubertal pe-
riod. These results expand our knowledge regarding the normative
development of cerebral perfusion and may have substantial rele-
vance for understanding both normative cognitive development
and abnormalities related to neuropsychiatric disorders.

Prior studies in adults have reported higher levels of brain
perfusion in females (8, 19, 26, 27). However, it was not known at
what point in the lifespan this difference appeared. The current
results demonstrate that this disparity begins in adolescence and
is specifically associated with puberty. Taki et al. (24, 25) recently
reported a sex difference in the posterior cingulate. Using a re-
gion of interest analysis, they found that the slope of CBF age-
related decline in the posterior cingulate was steeper for males
than for females (24, 25). We found that such age-by-sex inter-
actions are present not just in the posterior cingulate but are
widespread across heteromodal association cortex, including
critical hubs of the default mode network, executive system, and
limbic system.

Subsequent analyses focused on these regions and demon-
strated puberty modulated the age-related changes in CBF in
a sex-specific manner. CBF declined at a similar rate in males
and females in early puberty but was markedly different there-
after; it continued to decline in males but in fact increased with
age in females. This finding suggests that much of the observed
nonlinear age-by-sex interaction may be specifically due to
the effects of puberty, which seems to alter the trajectory of
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Main effect of age on cerebral perfusion. (A) Cerebral perfusion declines throughout the cortex, but most prominently in heteromodal association cortex,

including hubs of the default mode network and executive system. Image thresholded at z > 4.9 (Bonferroni P < 0.05), k > 100. (B) Mean gray matter CBF declines
in a nonlinear fashion. Data points represent mean gray matter CBF of each subject (n = 922), fit with a penalized spline within a general additive model.

developmental changes in females, prompting a dramatic reversal
from falling CBF values to an actual increase in CBF postpuberty.
This effect was present regardless of whether weight and body
mass index were included in the model as covariates. We spec-
ulate that this may be due to the influence of rising levels of
estrogens during female puberty.

Data from studies in humans and animal models accord with this
possibility. Specifically, estrogens increase CBF in both animals
and humans undergoing controlled ovarian stimulation (40-42).
The loss of estrogen associated with menopause has been linked
to reduced reactivity of cerebrovasculature (43). However, we do
not believe our findings are primarily attributable to estrogen-
related changes in vascular reactivity, because such effects would
be unlikely to have the regional specificity observed here (e.g.,

z=48

z=25
N

R

R

L Inf Parietal R DLPFC

110
100

CBF (ml/100g/min)

40

R Insula

OFC). Furthermore, in animal models estrogens have a potent
impact on neurons at the cellular level, preserving dendritic spines
and axonal sprouting in hippocampus subfield CA1 (28, 29) and
affecting neurogenesis in the medial temporal lobe (30, 31). Further
research is necessary to link such findings to the large-scale regional
changes in perfusion observed in the present study. Although
preclinical data regarding androgens is less extensive, testosterone
has conversely been linked to diminished vascular dilation (44).
However, such effects are unlikely to explain the present data,
because age-related CBF declines were most prominent in the
prepubertal period, before maximal androgen exposure.

The robust results of this study were enabled by the large
sample size, advances in image acquisition and CBF quantification,
and the analytic techniques used. The present sample is nearly

NEUROSCIENCE
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t z=4.9
vMPFC R Lat Temporal
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Fig. 2 A voerW|se GAM revealed that the developmental pattern of CBF change differed significantly between males (blue) and females (pink) in

X (see Table 2 for a complete list). Whereas CBF values declined in males until late adolescence, CBF in
after. Images thresholded at z > 4.9 (Bonferroni corrected P < 0.05), k > 100; age plots in bottom
ratified by sex and adjusted for model covariates. See Fig. S1 for display of complete results.
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Table 2. Regions where males and females had a significantly different developmental
trajectory of CBF (i.e., a nonlinear age-by-sex interaction)

Region k Maximum z Peak MNI coordinates

Left insula 1,749 7.59 -50 32 0
Right insula 1,225 7.08 52 28 4
Left lateral occipital cortex 647 7.3 -44 -82 12
Left lateral temporal cortex 618 6.28 -54 -48 =2
Right lateral occipital cortex 551 6.93 34 -90 6
Left dorsolateral prefrontal cortex 514 6.54 -44 34 22
Right lateral temporal cortex 451 6.74 64 -26 -16
Left inferior parietal cortex 262 5.92 -36 -74 46
Right dorsolateral prefrontal cortex 202 6.29 48 32 20
Left thalamus 159 6.84 -8 -18 16
Ventromedial prefrontal cortex 145 5.79 -2 42 -8
Left hippocampus 132 6.97 -30 -28 -14
Precuneus 128 5.98 18 -52 6
Posterior cingulate cortex 107 5.65 4 -42 28
Right thalamus 106 5.9 10 =22 16

Clusters considered significant if z > 4.9, k > 100 in a sample of 922 subjects.

five times larger than the studies by Taki et al. (24, 25), which
previously were the largest studies of the development of brain
perfusion, and 10-20 times larger than in other studies of per-
fusion in development. The sample size of the PNC resulted in
a substantial increase in sensitivity; whereas prior studies often
used regional analyses, the power of this sample allowed voxel-
wise analyses with greater sensitivity to detect real effects (e.g.,
low type II error) while simultaneously minimizing type I error
with a conservative Bonferroni correction.

It should be noted, however, that larger samples are similarly
sensitive to the influence of confounding variables. Accordingly,
we accounted for confounds including subject motion in our
model, and for the first time to our knowledge accounted for
variations in gray matter density on a voxelwise basis. Further-
more, this is the first large study, to our knowledge, to account for
known age- and sex-related differences in the T1 relaxation time.
Better localization of effects was allowed by improved spatial
resolution, which was four times that of prior developmental CBF
studies. Additionally, the application of general additive models
provided a powerful and statistically rigorous test for nonlinear
differences in the trajectories of male and female subjects.

The present results add to a rapidly expanding body of liter-
ature demonstrating the impact of puberty on the developing
brain (14, 45-47). Sex differences in brain structure are well
documented (48, 49) and are increasingly tied to developmental
effects related to puberty (13, 46, 50-53). In particular, several
studies have found that puberty in females and rising estro-
gen is related to increased gray matter in structures such as the
hippocampus (51, 52, 54) that are known to have high density of
gonadotropin receptors (55). Because CBF is higher in gray matter
than in white matter, these findings underscore the necessity
of accounting for changes in brain structure when modeling
developmental changes in CBF.

Similarly, functional connectivity is known to evolve rapidly
with development (56-58) and exhibits prominent sex differences
(59, 60). Furthermore, functional connectivity may be affected by
sex steroids (45). Because brain perfusion and functional con-
nectivity have been shown to be related in critical network hubs

Table 3. Sample by pubertal stage (n = 769)

Pubertal Mean age, Mean age,
stage No. female No. male females (SD) males (SD)
Early 84 107 12.6 (2.1) 12.2 (1.3)
Mid 109 109 15:1:(2:5) 15.6 (2.1)
Post 255 115 17.0 (2.5) 18.0 (2.1)

8646 | www.pnas.org/cgi/doi/10.1073/pnas. 1400178111

(61), future work should explore the relevance of the observed
changes in cerebral perfusion for the evolution of brain network
topology in adolescence.

Notably, many of the regions with a significantly different pat-
tern of development between the sexes were among those with the
highest CBF (Fig. S2) and also exhibited the greatest age-related
decline in CBF (as in Fig. 1). CBF decline in childhood and
adolescence has previously been found to be tightly linked to the
decline of glucose metabolism (62). Furthermore, regions in-
cluding the DMN and the executive system have also been iden-
tified as important sites of aerobic glycolysis (63), which provides
10-12% of the glucose used in the human brain; regions with a
high glycolytic index are also characterized by persistent expression
of genes typical of infancy (“transcriptional neoteny”) (62). How-
ever, although the correspondence between age-related declines in
CBF and neotenous regions is striking, several brain regions that
show the strongest sex differences in development such as the
anterior insula are distinct from this network. Nonetheless, most
prior studies of brain metabolism have not specifically investi-
gated sex differences in development, providing fertile ground for
future research.

Several limitations should be noted. First, all data presented
here are cross-sectional; further description of developmental
trajectories requires longitudinal data (64). Second, mechanistic
interpretation is limited by the lack of information regarding
circulating hormone levels in participants. Therefore, although
preclinical and some clinical studies suggest roles for gonadal
hormones in evolution of cerebral perfusion during adolescence,
the presence of any such link in the present data must remain
speculative. Other neuroendocrine factors such as leptin (65)
could potentially drive the observed effects and should be eval-
uated in future studies. Third, whereas this study used a validated
self-report assessment of pubertal development, such measures
are less accurate than an examination by a trained physician.

These limitations notwithstanding, the results establish that
males and females have markedly different normative trajecto-
ries of cerebral perfusion and that such differences may in part
be due to the impact of puberty. Further study is needed to un-
derstand how the observed effects may relate to known sex dif-
ferences in cognition, most notably social cognition (66). Many of
the regions that show a prominent sex difference in developmental
trajectory are higher-order association cortex areas that are also
involved in social cognition tasks such as emotion identification
and emotional face memory (67-70). We speculate that puberty-
related, sex-specific changes in perfusion may in part be related to
female superiority on these tasks.

As the present results indicate, measurement of neurobio-
logical markers such as brain perfusion has the potential to

Satterthwaite et al.
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Fig. 3. Impact of puberty on sex-specific patterns of CBF change. Age-
related differences in CBF diverge in males (blue) and females (pink) with
advancing pubertal development. Error bars represent SEs.

uncover specific mechanisms that may underlie developmental
traits that are different between males and females. Furthermore,
because neuropsychiatric disorders are increasingly conceptual-
ized as neurodevelopmental in origin, accurate growth charts of
critical aspects of brain development such as brain perfusion are
necessary to identify those individuals that “fall off the curve”
and may be at risk. Our results underscore the fact that patterns
of growth are different for males and females; analyses that do
not consider sex differences may suffer from both reduced sen-
sitivity and specificity. The present results have potential rele-
vance to a wide range of psychiatric disorders that often manifest
following puberty and have marked sex disparities, including
depression, anxiety disorders, and schizophrenia (71-74). Future
research could test the hypothesis that increased perfusion in
postpubertal females may be linked to the greater risk in females
for mood and anxiety disorders and a lower risk of schizophrenia.

Methods

Participants and Assessment. As described in detail elsewhere (32), the PNC
is a collaboration between the Center for Applied Genomics at Children’s
Hospital of Philadelphia (CHOP) and the Brain Behavior Laboratory at the
University of Pennsylvania (Penn). All subjects or their parent or guardian
provided informed consent and minors provided assent; study procedures
were approved by the institutional review boards of both Penn and CHOP.
Clinical and imaging inclusion and exclusion criteria yielded a final sample
of 922 subjects. Pubertal status was evaluated using an abbreviated version
of a self-report measure of pubertal status that was computerized and self-
administered (75). Puberty data were available for 779 subjects; subjects
below age 10 did not complete this assessment, limiting the number of
younger children who were assessed as prepubertal. Puberty was coded as
a categorical variable with three levels: Tanner stages 1-3 were collapsed to
produce similar bin sizes and considered early puberty (50, 52), whereas
Tanner stage 4 was considered midpubertal and Tanner stage 5 was con-
sidered postpubertal. For further details, see S/ Methods and Table S1.

Image Acquisition, Preprocessing, and CBF Quantification. Neuroimaging ac-
quisition and preprocessing were as previously described (32); see S/ Methods
for further details. CBF was quantified from control-label pairs using ASLtbx
(76), according to the following equation:

. Bouma GJ, Muizelaar JP (1990) Relationship between cardiac output and cerebral
blood flow in patients with intact and with impaired autoregulation. J Neurosurg
73(3):368-374.

2. Kennedy C, Grave GD, Juhle JW, Sokoloff L (1972) Changes in blood flow in the
component structures of the dog brain during postnatal maturation. J Neurochem
19(10):2423-2433.

3. Ogawa A, et al. (1987) [Regional cerebral blood flow in children—normal value and
regional distribution of cerebral blood flow in childhood]. No To Shinkei 39(2):
113-118. Japanese.

4. Wang J, et al. (2003) Pediatric perfusion imaging using pulsed arterial spin labeling.

J Magn Reson Imaging 18(4):404-413.

. Lenroot RK, et al. (2007) Sexual dimorphism of brain developmental trajectories

during childhood and adolescence. Neuroimage 36(4):1065-1073.
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where f is CBF, AM is the difference signal between the control and label
acquisitions, R, is the longitudinal relaxation rate of blood, 7 is the labeling
time, o is the postlabeling delay time, a is the labeling efficiency, 4 is the
blood/tissue water partition coefficient, and M, is approximated by the con-
trol image intensity (76). We set « = 0.85,1=0.9g/mL, r=1.6s,and w = 1.2s.
Because prior work has shown that the T1 relaxation time changes sub-
stantially in development and varies by sex, this parameter was set according
to the methods outlined in Wu et al. (35). Prior validation studies have shown
that this procedure enhances accuracy and reliability in pediatric populations
(77); for further details see S/ Methods.

Group-Level Analysis of Age and Sex Effects. Following normalization to
template space (S/ Methods), trajectories of age-related CBF differences
were flexibly modeled using penalized splines within a GAM (36, 37). Such
an approach allows for nonlinearities in the relationship between age and
CBF without specifying a predefined set of functions (such as polynomials).
Importantly, the GAM assesses a penalty with increasing nonlinearity to
avoid overfitting the data. Furthermore, this approach allowed us to as-
certain whether the shape of the nonlinear age trajectory was significantly
different between males and females. Within this model we controlled for
covariates of no interest as well as known confounds, including race, in-
scanner motion, and gray-matter density (calculated on a voxelwise basis);
for further details see S/ Methods. Type | error control was achieved using
Bonferroni correction; thus, corrected P < 0.05 corresponds to uncorrected
P <4.56 x 1077, or z > 4.9. For display, results were projected to the cortical
surface of the Population-Average, Landmark- and Surface-based atlas with
Caret (78); axial slices were displayed using Mango.

Analysis of the Effect of Puberty. The above analysis revealed that the pattern
of age-related change in male and female CBF was markedly different at
multiple loci, primarily within heteromodal association cortex (Table 2 and
Results). We next evaluated whether these divergent patterns of develop-
ment were due to the impact of puberty. This analysis included 779 subjects
ages 10 and over for whom puberty self-report measures were available.
Because the pattern of results in all 17 regions were quite similar, we av-
eraged the CBF across all clusters and used a linear model to examine
whether the effect of age on CBF differed by sex and pubertal bin. We
hypothesized that age effects would be similar during early puberty but
differ with advancing pubertal stage. Covariates considered were as in the
voxelwise analyses described above. Height, weight, and body mass index
were available for a subset of 557 subjects; results were unchanged when
these variables were added as model covariates. We tested for a significant
difference between age coefficients at each puberty and sex bin while
adjusting for covariates using the least squares means procedure in R; a
Tukey’s correction for multiple comparisons was applied.
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