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Abstract
Early adolescence is a time of rapid change in neuroanatomy and sexual development. Precision in
tracking changes in brain morphology with structural MRI requires image segmentation with
minimal error. Here, we compared two approaches to achieve segmentation by image registration
with an atlas to quantify regional brain structural development over a 7-month interval in normal,
early adolescent boys and girls. Adolescents were scanned twice (average interval=7.3 months),
yielding adequate data for analysis in 16 boys (baseline age 10.9 to 13.9 years; Tanner Stage=1 to
4) and 12 girls (baseline age=11.2 to 13.7 years; Tanner Stage=3 to 4). Brain volumes were
derived from T1-weighted (SPGR) images and dual-echo Fast Spin-Echo (FSE) images collected
on a GE 3T scanner with an 8-channel phased-array head coil and analyzed by registration-based
parcellation using the SRI24 atlas. The “independent” method required two inter-subject
registrations: both baseline (MRI 1) to atlas and follow-up (MRI 2) to the atlas. The “sequential”
method required one inter-subject registration, which was MRI 1 to the atlas, and one intra-subject
registration, which was MRI 2 to MRI 1. Gray matter/white matter/CSF were segmented in both
MRI-1 and MRI-2 using FSL FAST with tissue priors also based on the SRI24 atlas. Gray matter
volumes were derived for 10 cortical regions, gray+white matter volumes for 5 subcortical
structures, and CSF volumes for 4 ventricular regions and the cortical sulci. Across the 15 tissue
regions, the coefficient of variation (CV) of change scores across individuals was significantly
lower for the sequential method (CV=3.02), requiring only one inter-subject registration, than for
the independent method (CV=9.43), requiring two inter-subject registrations. Volume change
based on the sequential method revealed that total supratentorial and CSF volumes increased,
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while cortical gray matter volumes declined significantly (p<.01) in anterior (lateral and medial
frontal, anterior cingulate, precuneus, and parietal) but not posterior (occipital, calcarine) cortical
regions. These volume changes occurred in all boys and girls who advanced a step in Tanner
staging. Subcortical structures did not show consistent changes. Thus, longitudinal MRI
assessment using robust registration methods is sufficiently sensitive to identify significant
regional brain changes over a 7-month interval in boys and girls in early adolescence. Increasing
the temporal resolution of the retest interval in longitudinal developmental studies could increase
accuracy in timing of peak growth of regional brain tissue and refine our understanding of the
neural mechanisms underlying the dynamic changes in brain structure throughout adolescence.
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puberty

Introduction
Adolescence is associated with continued growth of head size and substantial changes in
regional brain structure. Over the last two decades, quantitative cross-sectional studies using
structural magnetic resonance imaging (MRI) revealed a curvilinelar developmental
trajectory of cortical gray matter with an increase from birth to about 10 years of age
followed by a continuous decline through adulthood to old age (Bartzokis et al., 2001;
Blanton et al., 2001; Blatter et al., 1995; Caviness et al., 1996; Courchesne et al., 2000; De
Bellis et al., 2001; Giedd et al., 1996a; for reviews Giedd et al.; Giedd et al., 1996b; Gogtay
et al., 2004; Jernigan et al., 2001; Jernigan and Tallal, 1990; Kennedy et al., 1998; Lange et
al., 1997; Paus et al., 1999; Pfefferbaum et al., 1994; Raz, 2004; Raz and Rodrigue, 2006;
Reiss et al., 1996; Sowell et al., 1999; Sowell et al., 2002; Stiles and Jernigan; Tisserand et
al., 2002). A further theme of these studies was the presence of age-related differences in
regional brain volumes, suggesting a posterior-to-anterior developmental order. Verification
of these cross-sectional data and speculations required longitudinal study to calculate true
developmental trajectories and individual differences by brain region and tissue type (Giedd
et al., 1996a).

In general, prospective longitudinal studies (reviewed in Paus, 2010) have verified cross-
sectional observations and have provided the essential data to model developmental
trajectories of regional brain growth. In particular, developmental patterns derived from
longitudinally-acquired T1-weighted MRI data indicate heterochronicity and trajectory
differences by brain region and sex (Giedd et al., 1999; Lenroot et al., 2007; Sowell et al.,
1999; Sowell et al., 2004b). The brain size of boys is typically upwards of 10% larger than
that of girls (Dekaban and Sadowsky, 1978; Goldstein et al., 2001). Brain growth in girls
starts and ends earlier than that in boys, peaking at 10.5 years in girls and 14.5 years in boys
and declining thereafter (Lenroot et al., 2007). Regionally, the neocortex follows a
curvilinear trajectory (Gogtay et al., 2004; Lenroot et al., 2007; Shaw et al., 2008), whereas
allocortex and medial temporal structures follow a linear path (Gogtay et al., 2004). Growth
in cortical regions is earlier for both sexes in posterior cortical than anterior regions, being
about 7 to 10 years in occipital and parietal cortices and 10 to 13 years in frontal regions
(Shaw et al., 2008).

While trajectories of growth curves provide a basis for estimating peaks in growth, the
accuracy of the estimates is limited by temporal resolution of the measurements. The test-
retest interval used in the large-scale longitudinal NIMH study of brain development,
focused on ages 3.5 to 33 years old, is 2 years (Giedd et al., 1999; Giedd et al., 1996a). The
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cohort of Sowell and colleagues (e.g., Sowell et al., 2004a; Sowell et al., 2002) was also
scanned at 2-year intervals and focused on development of regional cortical thickness and
presented novel findings on continued gray matter thinning of cortical language areas
associated with vocabulary scores, an index of language development (Sowell et al., 2004a).
Likewise, the NIH MRI study of normal brain development uses 2 year intervals for ages 7
days to 18.3 years old but introduced intervals as close as 3 months for children ages 7 days
to 4.5 years to improve modeling of development during these years of rapid change (Evans,
2006).

These childhood-to-adolescent years also mark advancement through puberty and its
plethora of sex-specific hormonal changes that influence physical growth and maturity not
only in physiognomy but also in brain morphology. Despite the likely linking of pubertal
and brain structural development, few MRI studies provide information about pubertal
staging at times of study (cf., Blakemore et al.). Those that have used schedules of pubertal
development, such as Tanner staging (Tanner, 1962), or direct measurement of sex
hormones report mixed results, with some [MRI: (Neufang et al., 2009; Peper et al., 2009a)]
but not others [sleep electrophysology: (Feinberg et al., 2006)] finding staging or hormonal
levels to be predictive of changes in brain structure or presumed associated function.
Whether brain structural changes are great enough for detection with conventional MRI over
about half-year intervals in young adolescents has not been tested and therefore never linked
to active pubertal advancement.

Accordingly, this study focused on change in regional brain volumes over an average of 7
months in adolescent boys and girls and identification of image quantification approaches
that would be sensitive yet robust enough to detect changes reliably over this short interval.
To calculate volume change using atlas-based image segmentation with the SRI24 atlas
(Rohlfing et al., 2010), two principal image registration approaches were tested. The
“independent” method required two inter-subject registrations to the atlas: both baseline
(MRI 1) to the atlas and follow-up (MRI 2) to the atlas. The “sequential” method required
one inter-subject registration, which was MRI 1 to the atlas, and one intra-subject
registration, which was MRI 2 to MRI 1. We tested the hypothesis that the sequential
approach for quantifying regional volume change would yield lower coefficients of variation
(CV) of change scores across individuals than the independent method, rendering
differences more reflective of true developmental effects rather than misregistration.
Considering known growth patterns (Lenroot et al., 2007; Sowell et al., 2004a), we
predicted that 1) cortical tissue volumes would decline, 2) ventricular and cortical sulcal
volumes would expand, and 3) the sequential method of registration would detect these
changes more readily than the independent method. As a test of convergent validity of the
method, changes in regional brain volumes using each registration approach were correlated
with changes observed in Tanner stages.

Methods
Subjects

Adolescents (11 to 14 years old) were recruited from the local community through flyers,
word of mouth, and through advertisements placed in local school newsletters. Following
school newsletters and with the approval of the administrations of each school, sleep
laboratory staff gave a brief presentation to the adolescents during school time. The study
was approved by the IRB at SRI International. Parents gave informed written approval for
their children to participate and the children gave assent to participate in this longitudinal
study. The procedures described next were conducted at the baseline visit and at follow-up,
which occurred on average 7.3 months later (range=4 to 10.7 months).
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At their initial and follow-up visits, parents and their children were interviewed by a
laboratory research psychologist or other trained researcher using a structured interview
(Kiddie Schedule for Affective Disorders, K-SADS) to assess current and lifetime history of
psychiatric disorders (Kaufman et al., 1997). Using the probe questions of K-SADS-PL, the
interviewer questioned each participant about age at first regular use of alcohol or drug and
recency and frequency of use for each substance. No participant endorsed regular use of
alcohol or any substance at baseline or follow-up. One parent of each child was also
interviewed at each session and confirmed, without knowledge of the child's report, a
negative history of regular alcohol and drug use. No further information on alcohol or drug
misuse was obtained because there were no endorsements of gate (i.e., probe) questions.
Other exclusionary criteria were history of loss of consciousness > 30 minutes or central
nervous system diseases. Parents provided information to determine socioeconomic status
(Hollingshead, 1975). Intelligence quotient (IQ) of each adolescent was measured with the
Peabody Picture Vocabulary Test (Dunn and Dunn, 1997).

The adolescents were given the self-administered rating scale for pubertal development
(Carskadon et al., 1993). Pubertal category scores for boys were based on body hair growth,
voice change, and facial hair growth. Scores for girls were based on body hair growth, breast
development, and menarche. Boys and girls were classified as pre-pubertal (Tanner 1), early
pubertal (Tanner 2), mid-pubertal (Tanner 3), late pubertal (Tanner 4), or post-pubertal
(Tanner 5) (Carskadon and Acebo, 1993), with stages in our sample ranging from 1 to 4.
Demographic data appear in Table 1.

MRI acquisition
MR data were collected on a GE 3T Signa scanner with an 8-channel phased-array head
coil. Brain volumes were derived from T1-weighted Inversion-Recovery Prepared SPoiled
Gradient Recalled (SPGR) images (TR=7 ms, TE=2.2 ms, TI=300 ms, thick=1.25 mm,
skip=0 mm, 124 slices, scan time=9:43 min) and dual-echo Fast Spin-Echo (FSE) images
(TR=8583 ms, TE=13.5/108.3, thick= 2.5 mm, skip=0 mm, 62 slices).

Image preprocessing
All acquired structural images were first corrected for intensity bias by applying a second-
order polynomial multiplicative bias field computed via entropy minimization (Likar et al.,
2001). The late-echo FSE image was corrected using the bias field computed from the
corresponding early-echo image to maintain the ratio of early- and late-echo values at each
pixel, which keeps quantities derived from this ratio (e.g., T2) invariant. For each subject
and each session, the bias-corrected early-echo FSE image was then registered to the bias-
corrected SPGR image using intensity-based nonrigid image registration (Rohlfing and
Maurer, 2003) (http://nitrc.org/projects/cmtk). The SPGR, early-echo FSE, and late-echo
FSE images were each skull stripped using FSL's Brain Extraction Tool, BET (Smith, 2002).
The early- and late-echo brain masks were reformatted into SPGR image space and
combined with the SPGR-derived brain mask via label voting (Rohlfing and Maurer, 2005)
to form the final SPGR brain mask.

Registration and atlas-based parcellation
For each subject, the skull-stripped baseline and follow-up SPGR images were each
registered to the SPGR channel of the SRI24 atlas (Rohlfing et al., 2010)
(http://nitrc.org/projects/sri24) via nonrigid image registration (Rohlfing and Maurer, 2003).
We chose the SRI24 atlas over other available brain templates (e.g., MNI152) because of its
ability to discern detailed anatomical structures, which can thus be unambiguously outlined
directly in the atlas images without the need to access the images that were used to create the
atlas itself. Independent cortical and subcortical parcellation maps for baseline and follow-
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up images were obtained by reformatting labels maps defined in SRI24 directly into baseline
and follow-up SPGR image spaces using the subject-to-atlas coordinate transformations.

The unstripped but bias-corrected follow-up SPGR image for each subject was then
registered to the unstripped and bias-corrected baseline SPGR image. Sequential parcellation
maps for the follow-up SPGR images were obtained by reformatting the SRI24 labels maps
using the concatenation of follow-up-to-baseline and baseline-to-atlas transformations.

The rationale for using direct transformations to parcellate the baseline images, but
concatenated transformations to obtain follow-up parcellation maps is the inevitable
presence of registration errors. Because subject-to-atlas (i.e., inter-subject) registration is a
relatively more difficult computational problem than within-subject longitudinal registration,
we expected registration errors to be more severe in the former than the latter.

Thus, although the use of a concatenated transformation to parcellate the follow-up data
does not eliminate subject-to-atlas registration errors, we ensure that the same errors apply
to baseline and follow-up data consistently, which would not be the case if the follow-up
data were registered to the atlas independently. Because we are primarily interested in
measuring longitudinal effects, longitudinal consistency of registration errors should be
beneficial. Finally, as a test of the robustness of the sequential approach we reversed the
inter- and intra-subject chain and reformatted the SRI24 labels maps for the baseline images
using the concatenation of baseline-to-followup and followup-to-atlas transformations.

Tissue segmentation
All bias-corrected and skull-stripped SPGR images were segmented into three tissue
compartments (gray matter, white matter, CSF) using FSL's FAST tool (Zhang et al., 2001).
As tissue priors to both initialize and guide the classification, we used the tissue probability
maps provided with the SRI24 atlas, reformatted into subject SPGR space via the same
transformations described above for the independent atlas-based parcellation.

Regions of interest (ROIs)
This analysis focused on major lobar tissue regions of the cortex, allocortex, and subcortical
structures. Accordingly, the 116 ROIs available from the SRI24 atlas, derived from the
Automated Anatomical Labelling (AAL) template (Tzourio-Mazoyer et al., 2002) were
collapsed into 15 bilateral ROIs (Figure 2). The decision to collapse the 116 ROIs into 15
was motivated by considering the proportion of ROIs (N=15) to subjects (N=28) and
confirmed by the use of these 15 ROIs in our studies of cerebrovascular perfusion
(Pfefferbaum et al., 2011; Pfefferbaum et al., 2010). A further consideration was the desire
to have anatomically-driven tissue subregions, and not simply gross lobar volumes, that
were of similar size for statistical comparability. For each subject and time, gray matter
volume was computed for each cortical region, and tissue volume for each subcortical
region. Also measured were CSF-filled volumes of the lateral ventricles, third ventricle,
temporal horns, cortical sulci, and sylvian fissures, based on ROIs drawn also on the SRI24
SPGR template (Figure 3) and reformatted into subject image space. The ventricles were
identified by registration, and for the cortical sulci and sylvian fissure, the CSF
segmentations from FAST were multiplied against the ROIs in Figure 3.

ROI to estimate signal-to-noise ratio (SNR)
We estimated SNR, which could be diminished by subject movement, in a sample of highly
coherent white matter in the centrum semiovale of the inner 55% of the supratentorium
masked on the SRI24 atlas and applied to each individual's MRI at each session. This white
matter region, which was approximately 110 cc volume across subjects, began inferiorly at
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midpons, extended superiorly to the superior reaches of the centrum semiovale, just inferior
to the cortical gyri and sulci, and medially to the sylvian fissures and excluded the corpus
callosum. To further ensure homogeneity of tissue, the region was also masked by each
individual scan's white matter segmentation. SNR was calculated as the mean divided by the
standard deviation of the signal intensity of all voxels in this white matter sample.

Statistical analysis for MRI data
Comparison of the two registration methods was based on differences between volumes at
MRI 1 (baseline) and MRI 2 (followup) derived from each method. Because tissue volumes
were predicted to decline and CSF volumes were predicted to increase, differences were
tested with one-tailed paired t-tests and with family-wise Bonferroni correction; thus for 15
tissue ROIs, the critical p-value = .007, and for the 5 CSF volume ROIs, the critical p-value
= .02.

Coefficients of variation (CV) of change scores across individuals were calculated for each
ROI determined from each method, where the CV=SD/mean of the 15 tissue ROIs. CVs
provide a measure of the dispersion of the values with respect to the mean expressed as a
percentage and serve as an index of measurement precision. As such, the CV is an error
estimate, which can reflect parcellation, registration, movement, and other sources of error.
Mean CVs across the 15 tissue ROIs were derived for each registration method and
compared with Wilcoxon tests. The same analysis procedure was conducted for CSF
volumes of the ventricles and cortical sulci. The method with the lower CVs was then
chosen to describe regional brain changes with development using paired t-tests or Mann-
Whitney U-tests and Pearson correlations or Spearman rank order tests between change in
regional brain volumes and change in Tanner stage.

Results
Comparison of the sequential and independent registration methods

Tissue ROIs—Change measured in the 15 tissue ROIs revealed similar patterns regardless
of registration method (Figure 4). For the sequential method, significant declines in volumes
were present in five regions: lateral frontal (p=.0001), medial frontal (p=.0002), anterior
cingulate (p=.01), precuneus (p=.0006), and parietal (p=.0001) cortices; the temporal cortex
showed a trend (p=.02). For the independent method, significant declines in volumes were
present in four regions: lateral frontal (p=.0005), medial frontal (p=.0063), precuneus (p=.
0014), and parietal cortices (p=.0011).

Across the 15 tissue ROIs, the CV for the sequential method was 3.0% and for the
independent method was 9.4%. This difference was significant with the Wilcoxon test
(Z=2.953, p=.0031), favoring the sequential method. As a further test of the robustness of
the sequential method, we reversed the temporal order of the intra-subject registration with
the SRI24 atlas, so that the reformatting sequence was SRI24 - MRI 2 - MRI 1. The average
CVs for this reversed sequence was 4.2% and also was significantly lower than that of the
direct method (Z=2.272, p=.0231) but not significantly different from that of the forward
sequential method (Z=0.568, p=.5701). The CVs for the ICV was 9.7% for both the direct
and sequential methods.

CSF-filled ROIs—For the sequential method in the forward direction, increases in the
CSF-filled volumes were significant in four of the five ROIs: lateral ventricles (p=.0017),
temporal horn (p=.0006), cortical sulci (p=.0001), and sylvian fissures (p=.0038); the
enlargement of the third ventricle was not significant (p=.1300). For the independent
method, although all CSF ROIs increased over time, three did so significantly: lateral
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ventricles (p=.0014), cortical sulci (p=.0030), and sylvian fissures (p=.0038); the
enlargement of neither the third ventricle (p=.0420) nor temporal horns (p=.1971) was
significant.

Although the mean CVs across the five CSF ROIs was lower with the sequential (2.1%)
than independent (2.9%) method, this difference was not significant (Z=.405, p=.6858).
Supratentorial volume showed a greater increase with the sequential method (mean
±SD=12.23±13.11 cc, p=.0001) and lower CV (10.7%) than with the independent method
(6.36±12.06 cc, p=.0095; CV=18.9%).

SNR by registration method—The SNR for each registration method at each MRI was
about the same: MRI 1=10.58 and MRI 2=10.55 for the independent method; MRI 1=10.58
and MRI 2 =10.57 for the forward sequential method; and MRI 1=10.49 and MRI 2=10.55
for the backward sequential method. None differed significantly between scans within a
method. Further, none of the SNR estimates correlated significantly with age, and none
differed by sex.

ROI volume change based on sequential registration
Assuming that the CVs reflect measurement error, the results indicated that the sequential
method (temporally forward) yielded lower error than the independent method in
longitudinal data analysis and thus was used in the remaining analyses to characterize
developmental change in regional brain volume over the rescan interval. ROIs exhibiting
significant volume changes from MRI 1 to MRI 2 are presented as “spaghetti” plots (Figures
5–7 and Table 2).

The supratentorial volume increased about 1.0% (p<.0001). The average supratentorial
volume of the boys was larger than that of the girls at both MRIs (p=.0001), but percentage
volume change (boys=1.0% vs. girls=0.8%) was not related to sex (t(26)=6.97, p=.49) or
BMI (r=−.22, p=.25). Similarly for the tissue and CSF ROIs, the boys generally had larger
volumes than the girls, but there were no significant differences between boys and girls in
percentage change for any of the 21 ROIs (the largest t-value=1.375, p=.1809).

Longer time between MRIs correlated with greater volume declines in several cortical gray
matter ROIs: lateral frontal (r=−.44, p=.0202), precuneus (r=−.62, p=.0004), and parietal (r=
−.43, p=.0239) volumes. Using multiple regression, we attempted to discern whether these
relations were attributable to length of interval or to age at MRI 1 and found that interval
length made an independent contribution to the volume changes (p=.0235 for lateral frontal,
p=.0004 for precuneus, and p=.0264 for parietal volumes) over and above the contribution
from age.

Longer intervals between MRI sessions could herald advance in Tanner stage. Of the 28
adolescents, 5 advanced by one step: 3 girls changed from 3 to 4, and 2 boys changed from 2
to 3. Consistent with the known developmental pattern, all 5 adolescents who advanced by
Tanner stage showed volume loss in lateral frontal, anterior cingulate, precuneus, and
parietal gray matter and expansion of the lateral ventricles and cortical sulci (Figure 8). Of
these 6 regions, Mann-Whitney tests indicated a decline (one-tailed) in anterior cingulate
(p=.0223) and precuneus (p=.0256) gray matter volume and an increase in cortical sulcal
volume (p=.0223) in the 5 who changed compared with those who did not.

Discussion
The results of this study provide evidence that longitudinal MRI assessment using robust
registration is sufficiently sensitive to identify significant regional brain changes over about
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a half-year in boys and girls in early adolescence. The independent registration method used
two inter-subject registration steps, whereas the sequential registration method relied on one
inter-subject and one intra-subject registration. Reducing the number of inter-subject
registrations minimized measurement error, as revealed by the lower CV for the sequential
than independent methods, and likely enhanced detection of small volume changes
occurring over short intervals. Consistent with current longitudinal studies based on longer
follow-up intervals, the patterns of change differed by brain region. Specifically,
developmental changes were greater in anterior than posterior cortex, suggesting remodeling
of brain structure towards maturity (Gogtay et al., 2004; Sowell et al., 2004a). As with all in
vivo imaging protocols, precision and registration are limited by the spatial resolution of
acquired images, which in our case was about 1 mm3.

Adolescent neurodevelopmental trajectories show a dynamic, complex, and predictable
change, with regionally different rises and falls in volume or cortical thickness notable in the
age range between 7 and 18 years but with most changes occurring between 9 and 13 years.
These neurodevelopmental trajectories were established from data typically collected at 2-
year intervals (Lenroot and Giedd, 2010; Shaw et al., 2008), although the NIH-PD study
adjusts its interval by age, where infants and children age 7 days to 4 years are scanned up to
5 times at 3 or more month intervals, whereas children to adolescents age 5–18 years are
scanned 3 times in 2-year intervals (Evans, 2006). In the NIH-CHPB longitudinal study,
Lenroot et al. (Lenroot et al., 2007) reported on 387 boys and girls and men and women, age
3 to 27 years, and showed that total cortical gray matter volume peaked at 10.5 years in girls
and 14.5 years in boys. Cortical frontal gray matter volume of girls peaks about a year
before that of boys (10.5 compared with 11.5 years of age). This sex-related difference in
volume peak was slightly earlier than those reported in an earlier study from the same
research group based on fewer adolescents for whom the peaks were at 11 years of age for
girls and 12.1 years for boys (Giedd et al., 1999). Shaw et al. (Shaw et al., 2008) reported on
375 youth and adults of the NIH-CHPB cohort, age 3.5 to 33 years, and a total of 764 MRIs
collected longitudinally at 2-year intervals. Age of peak cortical thickness of different
frontal regions ranged between 9.6 years for precentral cortex to 13.8 years for the cingulate
cortex. Cortical brain regions have characteristically different cell types and structures and
followed different growth trajectories, for example, cubic for neo (iso) cortex and linear for
allocortex. Our increased “temporal” resolution of image acquisition was sensitive enough
to detect a 2% decline in anterior cortical volume. The implication of this ability suggests
that narrowing the retest interval should increase accuracy in timing of peak growth of
regional brain tissue and refine modeling of individual variability in the time and slope of
regional neurodevelopmental trajectories notable in the “spaghetti” plots.

A robust factor in regional brain structural change in the present study was pubertal
advancement as measured by self-reported Tanner staging. Advancing a step in Tanner stage
heralded declines in lateral frontal, anterior cingulate, precuneus, and parietal gray matter
volumes and expansion of the lateral ventricles and cortical sulci. Volume changes were
uniquely related to scan interval rather than to age. Despite limitations of self-reported
Tanner stage determination, this method is still considered valid (Duke et al., 1980) and
a“gold standard” (Dorn et al., 2006). Although as noted by Luna et al. (Luna et al., 2010) the
validity of self-reported Tanner staging can be affected by age, sex, ethnicity, race, and
weight status (Bonat et al., 2002; Neinstein, 1982; Raman et al., 2009; Schlossberger et al.,
1992), the young adolescents in the current study were of relatively high socioeconomic
status, mostly Caucasian, and with normal BMI, factors that are associated with valid self-
staging.

Other MRI studies accounting for pubertal development were cross-sectional. A VBM
analysis of MRI data in 37 boys and 41 girls, age 10 to 15 years old, showed that smaller
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total gray matter volumes correlated with higher estradiol levels in girls, notably in
prefrontal, parietal, and middle temporal cortices; sex hormone-MRI volume correlations
were not forthcoming in the boys, likely because they were, on average, about a year
younger than the girls (Peper et al., 2009a). A twin study of 210, 9-year old boys and girls
(Peper et al., 2009b) provided strong cross-sectional evidence, based on VBM analysis, for
an association between pubertal development in children with secondary sexual
characteristic and those without them and the onset of decreasing gray matter in prefrontal
and parietal cortical density. Another cross-sectional MRI study in 15 boys and 15 girls with
Tanner stage information and circulating hormone levels revealed a complex set of relations
involving medial temporal and diencephalic brain structures that suggested a role for sex
hormones in influencing the organization of brain development (Neufang et al., 2009).

A number of factors can affect image quality and registration accuracy and ultimately
increase measurement error. Church et al. (Church et al., 2010) reviewed problems of head
size differences and movement in the scanner as common problems to overcome in
acquisition and analysis. They note, for example, that although children have smaller heads
and tend to move more in the scanner than adults, these problems can be minimized by
registering brains of all ages (especially those at least 7 years old) to a common atlas. This
approach also enables direct comparison of children and adults, at least within the older
child/young adolescent to adult age range (Burgund et al., 2002). In the current study, we
used the SRI24 atlas (Rohlfing et al., 2010) constructed from adult MRI data to register the
adolescent MRI data, collected in 10 to 13 year olds, into common space, thus abiding one
of the recommendations to minimize error from subject movement. In addition, we
calculated SNR in the MRIs for each registration approach and found adequate SNR for
each method that was not related to age or sex. The sequential registration approach could
also apply to functional studies, which require registration across image modalities within
subjects and to standard spatial coordinate systems (i.e., atlases) as well as accounting for
developmental changes in structure (cf., Poldrack, 2010).

The repeated observation of the ontogenetic progression of posterior to anterior brain
development has engendered the interpretation that frontal regions exhibit more active
synaptic pruning than posterior regions during early adolescence (Feinberg, 1983;
Huttenlocher, 1979, 1990). The active changes in anterior neocortex and allocortex may well
parallel known developmental changes that occur in executive functions, including attention,
behavioral regulation, judgment, and problem solving as adolescents progress towards
adulthood (for review, Stiles and Jernigan, 2010). It is tempting to speculate that narrowing
the retest interval would increase accuracy in timing of peak growth of regional brain tissue
and refine our understanding of the neural mechanisms underlying the dynamic changes in
brain structure throughout adolescence.
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Figure 1.
Work flow of the independent (top) and sequential (bottom) registration method.
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Figure 2.
Top panel in gray scale: Axial slices from the SRI24 atlas of the superior (top left) to
inferior (bottom right) reaches of the brain. Bottom panel in color: 15 cortical and
subcortical regions of interest (ROIs) overlaid on the SRI24 atlas and color-coded by
structure name. LatFrnt=lateral frontal cortex; MedFrnt=medial frontal cortex; Insula;
AntCing=anterior cingulate cortex; PostCing=posterior cingulate cortex; Precuneus;
HipAmyg=hippocampus and amygdala; Occiput=occipital cortex; Parietal=parietal cortex;
CaudPut=caudate and putamen; Thalamus; Temporal=temporal cortex; SupCblm=superior
cerebellum; InfCblm=inferior cerebellum; Calcarine=calcarine cortex.
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Figure 3.
Left panel in gray scale: Coronal slices from the SRI24 atlas at the level of the parcellated
example. Right panel: 5 color-coded CSF-filled ROIs. Note that cortical sulcal volume was
derived from the CSF volume in the outer 45% rim of the brain.
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Figure 4.
Mean±SEM % regional volume change (%=(MRI 2 - MRI 1)/MRI 1) for tissue ROIs (top
panel) and CSF-filled ROIs and supratentorial volume (SCV) (bottom panel) for the
independent and sequential registration methods. Lat Frnt=lateral frontal cortex; Med
Frnt=medial frontal cortex; Insula; Ant Cing=anterior cingulate cortex; Post Cing=posterior
cingulate cortex; Precuneus; HippAmyg=hippocampus and amygdala; Occipital=occipital
cortex; Parietal=parietal cortex; CaudPut=caudate and putamen; Thalamus;
Temporal=temporal cortex; Sup Cblm=superior cerebellum; Inf Cblm=inferior cerebellum;
Calcarine=calcarine cortex; Lat Vent=lateral ventricles; Temp Horn=temporal horn; 3rd
Vent=third ventricle; Sylvian=sylvian fissures; Cort Sulci=cortical sulci;
SVol=Supratentorial volume. * and † indicate ROIs showing significant differences of the
percentage volume change from 0.
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Figure 5.
Top panel: Example of one adolescent's MRIs at the initial and follow-up examination.
Bottom panel: “Spaghetti” plot of each subject's supratentorial volumes at each MRI by
interval. Blue = boys; pink = girls.
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Figure 6.
“Spaghetti” plots of each subject's tissue volumes for ROIs showing significant change
between MRIs. Blue = boys; pink = girls.
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Figure 7.
“Spaghetti” plots of each subject's CSF-filled volumes for ROIs showing significant change
between MRIs. Blue = boys; pink = girls.
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Figure 8.
Four tissue ROIs showing decreases (top panel) and two CSF ROIs showing increases
(bottom panel) in the 6 adolescents whose Tanner stage advanced from MRI 1 to MRI 2.
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Table 2

Percent volume change by sequential registration method for each ROI

Mean % Change S.D. t-value p-value

Lateral Frontal Cortex −2.38 2.81 −4.4762 0.0001

Medial Frontal Cortex −2.54 3.45 −3.8940 0.0006

Insula −0.41 2.91 −0.7453 0.4625

Anterior Cingulate Cortex −1.27 2.79 −2.3995 0.0236

Posterior Cingulate Cortex −0.62 4.07 −0.8118 0.4240

Precuneus −1.56 2.37 −3.4749 0.0017

Hippocampus+Amygdala 0.57 1.51 1.9928 0.0565

Occipital Cortex 0.40 4.06 0.5236 0.6049

Parietal Cortex −2.57 3.25 −4.1800 0.0003

Caudate+Putamen 0.85 1.01 4.4857 0.0001

Thalamus 1.50 1.69 4.6919 0.0001

Temporal Cortex −1.08 2.67 −2.1450 0.0411

Superior Cerebellum 0.45 12.80 1.8638 0.0733

Inferior Cerebellum 1.45 2.30 3.2664 0.0031

Calcarine Cortex 2.00 4.40 2.4027 0.0234

Lateral Ventricles 1.66 2.54 3.4583 0.0018

Temporal Horn 2.49 3.62 3.6446 0.0011

Third Ventricle 1.61 7.17 1.1871 0.2455

Cortical Sulci 11.12 12.94 4.5484 0.0001

Sylvian Fissure 7.07 11.96 3.1286 0.0042

Supratentorial Volume 0.95 1.03 4.8736 0.0001
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