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Abstract
This study created a database of pediatric age-specific MRI brain templates for normalization and
segmentation. Participants included children from 4.5 through 19.5 years, totaling 823 scans from
494 subjects. Open-source processing programs (FSL, SPM, ANTS) constructed head, brain and
segmentation templates in 6 month intervals. The tissue classification (WM, GM, CSF) showed
changes over age similar to previous reports. A volumetric analysis of age-related changes in WM
and GM based on these templates showed expected increase/decrease pattern in GM and an
increase in WM over the sampled ages. This database is available for use for neuroimaging studies
(blindedforreview).

Studies of pediatric brain development have used MRI processing steps with implicit or
explicit use of reference data derived from adults. Advances in our understanding of
pediatric brain development would be facilitated with the availability of a comprehensive
series of age-specific brain templates constructed from magnetic resonance images (MRI)
obtained from healthy children from birth through young adulthood. A recent publication
produced a series of MRI brain templates covering anatomical brain development of healthy
children at 2-weeks through 4-years, 5-months of age, i.e., a single age-specific template for
each of the following 13 age groups: 2-weeks, 3, 4.5, 6, 7.5, 9, 12, 15, 18-months; and 2,
2.5, 3, 4-years of age (Sanchez, Richards, & Almli, 2012). In the present report, we describe
the construction of a comprehensive series of 32 age-specific MRI brain templates spanning
healthy children and young adults from 4.5 years through 24 years of age. The individual
MR images used for construction of these averaged brain templates were obtained from four
sources as described in the methods section.

Due to the historical lacking of a comprehensive series of pediatric MRI brain templates,
many of the MRI processing steps in pediatric neuroimaging have required implicit or
explicit use of reference data derived from adult MRI (e.g., Evans et al., 1993; Mazziotta et
al., 2001; Talairach & Tournoux, 1988). However, numerous studies have reported some of
the unavoidable problems associated with normalizing a child brain to an adult brain
(Hoeksma et al., 2005; Muzik et al., 2000; Wilke et al., 2002; Wilke et al., 2003; Yoon et al.,
2009). Notably, developmental age greatly affects brain morphology, and structural
variation, in terms of global and local developmental changes, that can make the seemingly
similar child brain very different from an adult brain (Gogtay et al., 2004; Lenroot & Giedd,
2006; Sowell et al., 2004). Further, although it has been argued (Muzik et al., 2000) that the
MNI-305 adult template (Evans et al., 1993; Mazziotta et al., 2001) may be suitable for use
with the spatial normalization of children over the age of six years, the avoidance of adult
biases has become more critical in pediatric research with the increased availability and use
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of higher resolution imaging techniques (Wilke et al., 2008; Yoon et al., 2009). Specifically,
differences in shape, size, composition and contrast pose problems when referencing
pediatric brains to adult brains, especially when investigating a wide range of ages in
children (Muzik et al., 2000; Wilke et al., 2002). Additionally, the use of adult reference
templates with pediatric neuroimaging data has been reported to yield increased amounts of
deformations in nonlinear transformations (Wilke et al., 2002; Yoon et al., 2009), more
variable contours of the cortex (Hoeksma et al., 2005; Muzik et al., 2000), and
misclassifications of brain tissue (Wilke et al., 2003). Also, pediatric neuroimaging studies
have pointed to the strong bias that adult a priori information imposes and consequently, the
necessity of age-appropriate segmentation maps (Murgasova et al., 2007; Wilke et al.,
2003).

The above limitations associated with using adult brain reference data in the processing of
pediatric images have underscored the necessity of age-specific, pediatric brain MRI
templates for imaging research with children ages 4 years through young adulthood.
However, pediatric research has been historically limited by the paucity of developmental
MRI studies with large samples of healthy and demographically representative children
(BDCG, 2006, Almli, Rivkin, McKinstry, et al, 2007, Waber et al., 2007; Sanchez,
Richards, Almli, 2012), and the published pediatric brain templates for children at 4 years of
age through young adulthood generally include only one or a few age-groups, low numbers
of children per template, templates averaged over a wide age range, used inappropriate
normalization and registration procedures, and so on. Thus, at the present time, there is no
comprehensive series of fine-grained, age-specific, demographically representative MRI
brain templates for healthy children from 4 years of age through young adulthood.

Examples of published studies creating MRI brain templates for children between the ages
of 4 years to 18-plus years of age are organized in Table 1. The table includes published
pediatric template studies and lists certain characteristics of those studies (i.e., the reference,
sequences used, study age range for templates, template ages and number, source of MRI
scans, MRI magnet strength, and averaging technique. The present report is also included in
Table 1 for comparison purposes. For example, some of the studies created only a single
template or limited set of templates averaged across many years of age (e.g., over 13 years:
Wilke et al., 2003; Yoon et al., 2009), whereas other studies have multiple templates, but
each template is averaged over a wide age range (e.g., over 4 plus years: Fonov et al., 2011).
Fonov et al. (2011) constructed pediatric atlases that provided templates with multi-year
widths that were based on estimated pubertal status.

The Table 1 studies that covered same large age ranges (i.e., Fonov et al., 2011 [4.5–24
years of age]; Wilke et al., 2003 [5 to 18 years of age]) as the current report also differed
from the current report for other attributes. Whereas Fonov et al. (2011) grouped template
ages into multi-year groupings with partially or fully overlapping increments, both Wilke et
al (2008) and the current report created more discrete age ranges. Further, Wilke et al.
(2008) created a template-building platform based on linear registration techniques through
which users could specify the participant’s age ranges and sex for template construction.
The present report built 32 more restricted, age-specific templates (grouped in 6 month
increments). Both Fonov et al. (2011) and the current report utilized also used nonlinear
registration and iterative techniques to build the templates. Linear registration has been
described to blur anatomical details and decreased overlap between subjects when compared
to nonlinear registration (Ashburner & Friston, 1999). While iterative techniques, where
subsequent iteration processing is based on the previous average, avoid biasing the templates
to adult reference data. Finally, the current report and Fonov et al. (2011) created their brain
templates from the same demographically representative and healthy participant database,
which allowed averaging from a larger MRI scan pool than the other studies. Although the
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aforementioned MRI template studies organized in Table 1 show many differences, they
may prove useful for certain types of research and clinical research.

Although the use of pediatric reference data improves normalization and segmentation of
pediatric MRIs, the wide variation seen in the brains of developing children at different ages
has advanced the notion of more fine-grained and explicit pediatric age-specific templates
(i.e., templates averaged over a more restricted age-ranges, such as the 6-month age-range
used in the present report. For example, age demonstrated a large effect on brain structure
and correlated strongly with the amount of deformation during spatial normalization, despite
the use of a single pediatric template that covered a wide age range (Wilke et al., 2008;
Wilke et al., 2002). Wilke et al. (2003) divided their pediatric sample into three different
pediatric age groups and reported notable differences in tissue distribution among age
groups, suggesting that a narrower age range for age-specific templates may be more
accurate and appropriate for pediatric data processing (Wilke et al., 2003). Yoon et al.
(2009) utilized a single, age-specific template (i.e., based on 8 year old children) to compare
with normalization using an adult template. The authors reported that the use of an age-
matched template contributed to considerably different tissue distributions than those
obtained from adult templates.

The main goal of the current report was to examine the ability of a developmental series of
age-specific MRI brain templates to classify normal brain development. The availability of a
large brain scan database for demographically representative and healthy children from 4.5
years of age through 18 plus years of age has afforded the opportunity to construct age-
specific pediatric templates based on a large sample of participants with unified brain scan
protocols across ages (BDCG, 2006; Almli et al., 2007; Waber et al., 2007; Sanchez,
Richards, Almli, 2012). The current investigation developed average T1-Weighted and T2-
Weighted brain templates based on age increments of 6 months from 4.5 to 19.5 years using
a systematic, iterative approach. We used methods of template construction (e.g., nonlinear
registration and transformation, iterative routines) used by others (Fonov et al., 2011;
Sanchez, Richards, Almli, 2012) to guide our template construction. Importantly, Sanchez,
Richards & Almli (2011) created infant and young child templates from birth to 4.3 years of
age using the same MRI database and with similar methodology as in the current report.
This allowed a uniform method for brain scan template construction for participants ranging
in age from 2 weeks to 4.3 years (Sanchez, Richards, Almli, 2012) and 4.5 years through
20–24 years (present report). These standard neurodevelopmental templates provide for
increase precision in the normalization and segmentation of pediatric brains from birth
through young adulthood.

Material and methods
Participants

The MRI images for construction of the templates came from children, adolescents, and
young adults, ranging in age from 4.5 to 24 years of age. The images originated from four
data sources: (1) the NIH Study of Normal Brain Development, Pediatric MRI Data
Repository (NIHPD) (BDCG, 2006; Fonov et al., 2011); (2) blindedforreview (3) the Open
Access Series of Imaging Studies project (OASIS; Marcus et al 2007, 2009); (4) the
Information Extraction from Medical Images (IXI; Heckemann et al. 2003; Ericsson et al
2008) project. The first two data sources collected mostly child and adolescent data, whereas
the latter two sources contained adult data.

The majority of the child and adolescent participants of the present study were from the
Pediatric MRI Data Repository created by the NIHPD Objective 1 (BDCG, 2006; Waber et
al, 2007). The NIHPD participants ranged in age from 4.5 to 18 plus years (N = 431
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participants; 207 M/224 F; completed Version 3 data release), and were recruited across six
Pediatric Centers using community-based sampling techniques to reflect the gender, income,
and race/ethnicity variation in the United States Census 2000. The NIHPD aimed to study
the participants three times (at 2 year intervals) with both imaging and clinical/behavioral
measures over the course of the study. Participants were screened on a number of factors
The screening, inclusion and exclusion criteria, and behavioral and clinical assessments are
described in detail by others (BDCG, 2006, Waber et al., 2007, Almli et al., 2007, for
additional detail, see also https://nihpd.crbs.ucsd.edu/nihpd/info/index.html), and briefly
described here. The screening criteria included behavior problems (e.g., Child Behavior
Checklist, Achenbach, 2001; scores >= 70), academic problems (learning disorder),
intelligence (Weschler Abbreviated Scale of Intelligence scores < 70; Weschler 1999), and
other factors that might impact healthy brain development or prohibit the full completion of
the study protocol (e.g., product of high-risk pregnancy, preterm birth, history of psychiatric
disorder in first order family members, physical growth delay of the participant, failure of
neurological or physical examination, no parent competent in reading or speaking English,
participant with significant vision or hearing problems).

An additional set of participants from 10 to 19.9 years (N = 100; 55 M/45 F) came from
studies performed at the blindedforreview The participants at the blindedforreview were
healthy and were excluded if they had a history of previous neurological or psychiatric
illness, head trauma with loss of consciousness, current or past psycho-stimulant medication,
abnormal findings on brain MRIs and technical or clinical contraindications to an MRI
exam.

Participants at 20–24 years came from the NIHPD data set (N = 28; 16 M/12 F), the
BLINDEDFORREVIEW (N = 87, 40 M/47 F), the OASIS project (N = 82, 28 M/54 F), and
the IXI project (N = 37, 20 M/16 F/1 Unknown). The participants for the 20–24 years
average served to expand an adult comparison database. Institutional review board approval
and informed consent were obtained for all participants.

Age groupings
Both NIHPD and BLINDEDFORREVIEW participants were grouped in 6-month
increments (e.g. 4.5 to 4.99 years represented the 4.5 year group) through age 19.9 years.
The age intervals were chosen to provide relatively fine-grained age intervals while
achieving sufficient numbers of participants in each age group. Age groups based on 6
month increments served to minimize variability associated with age and maximize numbers
in each group. The 20–24 year old average was constructed to expand an adult comparison
template similar to the ages of the MNI-152 template. Most participants in the NIHPD study
had more than one MRI scan at two year intervals. The repeated scans from participants
were used in the construction of the templates for the different and appropriate age of the
scan; we did not keep track of the repeated scans in any of the analyses. Overall 1289 scans
from 742 participants were used for creation of the templates (see Table 2 for age group
information).

MRI data acquisition
The procedures for the NIHPD Objective 1 are described in detail by others (BDCG, 2006;
Fonov et al., 2011). Briefly, the brain scan data acquisition lasted 30–45 minutes on a 1.5 T
with 1 mm in-plane resolution and 1–1.6 mm slice thickness for the entire head (1.0 mm N =
317; 1.0 – 1.4 mm N = 199; 1.5 mm 270; 1.6 mm N = 70). Variations in slice thickness were
due to use of different scanner types at different data collection sites (i.e., Siemens Medical
Systems or General Electric). The scans included multiple sequences which included T1-
weighted, T2-weighted and proton density acquisition as described below: A 3D T1-
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weighted spoiled gradient recalled (SPGR) echo sequences (TR = 22 – 25 ms, TE = 10 – 11
ms, flip angle = 30°, FoV = 256 mm IS × 256 mm AP, matrix size = 256 × 256: 1–1.6 × 1 ×
1 mm3 voxels, 160–180 slices of sagittal orientation). A dual contrast, proton density- and
T2-weighted sequence used an optimized 2D multislice (2mm) Fast Turbo spin echo, ETL =
8 (TR = 3500 ms, flip angle = 90°, FoV = 256 mm AP × 224 mm LR, matrix size = 256 ×
256: 1 × 1 × 2 mm3 voxels, axial orientation). Some children could not tolerate the standard
imaging protocol and were scanned with “alternate 2D acquisitions” that minimized scan
duration but provided adequate structural scans (BDCG, 2006). The alternate MRI
acquisition protocol consisted of 2D T1-weighted spin echo sequences (TR = 500 ms, TE =
12 ms, flip angle = 90°, FoV = 256 mm AP × 192 mm LR, matrix size = 256 × 192: 1 × 1 ×
3 mm3 voxels, axial orientation) and a T2-weighted 2D Fast Turbo spin echo sequence (TR
= 3500 ms, flip angle = 90°, FoV = 256 mm AP × 192 mm LR, matrix size = 256 × 192: 1 ×
1 × 3 mm3 voxels, axial orientation. Table 2 lists the number of participants in each age
group who underwent the “Alternate” 2D T1- and T2- weighted scans. The actual pixel
resolutions and dimensions found in the NIH online data for alternate scans varied more
than originally formulated and are found in Tables 3 and 4 (e.g., the 3D T1W scans varied
from 98 to 176 sagittal slices and the 2D alternate scans varied from 44 to 66 axial slices,
with a FoV of 192 × 256 or 256 × 256 mm). The scans were conducted at different sites with
Siemens Medical Systems (Sonata, Magnetom) and GE (Signa Excite) scanners. The scans
were obtained from the NIHPD www site in compressed NIFTI format.

The data at the BLINDEDFORREVIEW were collected on a Siemens Medical Systems 3T
Trio, and the three scans comprising this MRI protocol and had an overall duration of about
15 min. First, a localizer sequence allowed for subsequent approximate orientation to the
anterior commissure (AC) and posterior commissure (PC) plane. Next, a 3D T1-weighted
“MPRAGE” RF-spoiled rapid flash scan in the sagittal plane employed the following
parameters: TR = 2250 ms, TE = 4.52 ms, flip angle = 9°, FoV = 256 mm × 256 mm, matrix
size = 1 × 1 × 1 mm3 (the sagittal dimension of the T1W ranged from 160 to 212 slices).
The third sequence, a T2-weighted multi-slice axial 2D dual Fast Turbo spin-echo scan
(ETL = 5) utilized the following parameters: TR = 3200 ms, TE = 213, and matrix size = 1 ×
1 × 1 mm3. The sagittal dimensions of the T2W ranged from 176 to 177 mm, with coronal
and axial slices of 256 × 256 mm. DICOMM files from BLINDEDFORREVIEW were
exported from the Siemens system and read into compressed NIFTI format
(http://nifti.nimh.nih.gov/). All scans, whether from the NIHPD database (normal/alternate)
or from USC-MCBI, were processed in the same manner using NIFTI compressed format
(32 bit floating point).

Imaging data from the OASIS (Marcus et al 2007, 2009) and the IXI (Heckemann et al.
2003; Ericsson et al 2008) contributed to the adult template only (20–24 year old template).
The OASIS study implemented a T1-weighted MPRAGE on a 1.5T Vision Scanner (TR =
9.7 ms, TE = 4.0 ms, flip angle = 10°, FoV = 256 mm × 256 mm, matrix size = 1 × 1 × 1
mm3). The IXI images, in total, consisted of 600 MR images from normal, healthy subjects
ranging in age from 20 to 80 years of age (FoV = 256 mm × 256 mm, matrix size = .9375 × .
9375 × 1.2 mm3). The multislice spin echo T1 images were collected at 3 sites with 1.5 and
3T scanners.

File preparation
MR images were prepared for pipeline processing in three steps. First, the brains were
extracted from the whole-head MRI volume using the brain extraction tools of FSL. An
automated bash script using the FSL tools (Smith, et al., 2004; Woolrich, et al., 2009)
completed this task with the following actions: register the head to the MNI-152 head
(Collins et al., 1995; Mazziotta et al., 2001); inverse-transform a MNI-brain-mask to the
participant space; use the mask to get a preliminary brain; use betsurf to get a binary skull
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mask; use the skull mask to delineate a second preliminary brain; use bet2 to extract the
brain from the second preliminary brain mask for the final brain (Jenkinson et al., 2005;
Smith, 2002). The use of bet2 and betsurf together followed standard FSL script. We
visually inspected each brain for accuracy, and adjusted some of the bet2 variables (e.g.,
fractional intensity threshold) to get a well-formed brain volume (Jenkinson et al., 2005).

Second, we adjusted the MRI intensity variations found in the datasets (NIHPD, USC-
MCBI, OASIS, IXI) that stemmed from different machines, different recording sites and
slight differences in protocol. Bias field inhomogeneity was corrected with a N4 bias field
correction procedure (Avants et al., 2011; Tustison et al., 2010). Then, the FSL FAST
procedure, “FMRIB’s Automated Segmentation Tool” (Zhang et al., 2001) segmented the
T1W scan into GM, WM, and CSF. The MRI voxels with partial volume estimates of 1.0 in
the GM segments were averaged to determine the average voxel intensity for GM. The scan
was then renormed with this value to have a value of 100, which resulted in the peak of the
GM intensity in the MRI histogram curve equaling 100. The T2W intensity values were then
renormed. Cerebrospinal fluid is identified as voxels with the brightest intensities in the
T2W MRI volume. The T2W voxel threshold was set as the average voxel quantity found in
the lateral ventricles, which gave an approximate map of cerebrospinal fluid in the T2W.
The T2W brain was transformed by relative voxel intensity into a probability map for T2W-
CSF, and the T2W was renormed so that the CSF had an average intensity of 100.

Construction of age-specific templates
We constructed the age-specific pediatric with the iterative routine found in Sanchez et al.
(2011; also see Fonov et al, 2011, Guimond, 2000, Yoon et al., 2009). The whole-head MRI
volumes and brain-extracted MRI volumes were performed separately with the purpose of
providing templates for MRI and EEG use. Figure 1 is a schematic representation of the
steps used in the construction of the template for a specific age group for both whole-head
and brain-extracted templates. The first step of the iterative procedure was to construct a
tentative average (Figure 1, “A0”) based on a rigid rotation (FLIRT 6 parameter linear
registration and transformation; (Jenkinson & Smith, 2001) to the MNI-152 adult template
(ICBM-152 defined in Mazziotta et al, 2001; Joshi et al., 2004). The iterative procedure
consisted of a non-linear registration (ANTS, “Advanced Normalization Tools”; Avants et
al., 2008, 2011) to the current reference average (An-1), a transformation of each participant
MRI into the template space (Vn), and then a averaging of the transformed MRIs.(An,). This
average was then used as the reference model in the next iteration (An-1 on next step). The
root mean square (RMS) difference between successive average reference models was
calculated, and the iterative procedure was done until leveling of the successive RMS values
was obtained. The final reference model is the “age-specific” template. More details of this
procedure may be found in Sanchez et al. (2011).

We calculated T2W image templates from the dataset through use of the T2W volumes from
the NIHPD and BLINDEDFORREVIEW MRI datasets. The T2W volumes were registered
with rigid-rotation affine methods to the original MRI volume (FLIRT; both T2W whole
head, and T2W brain). The T2W volumes were then averaged in the iteration procedure
similar to the T1W volumes (e.g., rigid-rotation to MNI-152 head; initial averaging;
successive ANTS registration, transformation, averaging; see Figure 1). We used one
additional step in the procedure for the T2W volumes. The average template for the T2W
volume on each step (AVGn in Figure 1) was registered with affine parameters (FLIRT) to
the relevant T1W average template before being used as the AVGN-1 in the following step.
This step retained the T2W average template in the same size and orientation as the T1W
volume to allow for comparisons. The average brain template(s) are not precisely registered
to the corresponding head template(s) since the whole head and extracted-brain
constructions were separate. We therefore extracted the brain from the completed head
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template to provide a brain model corresponding to the space of the average head MRI
template.

We used open-source and publicly available tools for these methods. An automated image
processing pipeline was constructed with the Linux bash scripting language. The FSL
FLIRT tool (Jenkinson & Smith, 2001) performed the rigid rotation to the MNI-152 volume
(6-degree-of-freedom). The ANTS program, “Advanced Normalization Tools”, (Avants et
al., 2008), performed an affine and diffeomorphic registration (symmetric normalization,
SyN) of the source volumes to the reference volumes. The ANTS program uses symmetric
diffeomorphic normalization to capture shape differences and enhance alignment of image
features. The ANTS tool, AverageImages (non-normed) was used for the averaging step.
The Sun Grid Engine (SGE; http://wikis.sun.com/display/gridengine62u2/Home) was used
to compute the iterations on a SGE with 58 processors on the fastest Intel microprocessors
(3.0+ GHz).

Transformation parameters
Each iteration step from the ANTS procedure resulted in a coefficient matrix for the affine
transformation, three volumes with non-linear deformation values for the forward-
transformation (Warp x, y, z) of the source volume to the reference volume, and three MRI
volumes with non-linear deformation values for the inverse transformation (InverseWarp x,
y, z) of the reference volume to the source volume. The spatial transformation coefficients
and deformation-volumes on the final iteration represent the linear and non-linear
registration of the individual participant MRI volumes to the average volumes. The
transformation matrix and transformation volumes were retained for the tissue classification
and volume-measurement steps.

Tissue classification
The individual participant MRI volumes were classified into GM, WM, and CSF. We used
four procedures to do this in order to determine how different segmentation processes affect
classification for age-specific templates. First, the FSL FAST procedure (Zhang et al., 2001)
was used to segment the T1W scans without using any prior classification volumes
(“Image”). Second, the FSL FAST procedure was used with the MNI-152 segmentation
maps. The segmentation maps were computed by first using the ANTS linear/SyN
registration of the MNI-152 brain to the average template for the age-appropriate template
for a participant, transforming the MNI-152 segmentation maps to the average template
space, then using the participant-average template transformation parameters to put the
segmentation maps in the participant space. The resulting segmentation maps were then
submitted to the FAST program with the individual participant MRI scan as segmentation
maps and the identity matrix as warp coefficients (“A Priori” segmentation maps). Third, the
same segmentation maps were used with the FAST -P option, which applies the
segmentation maps to the results, emphasizing the segmentation maps in an a posteriori
manner (“A Posteriori” segmentation maps). Fourth, the SPM8b segmenting routine was
used with the same segmentation maps as in the second and third methods (options- no
affine regularization since the segmentation maps were in the same size and orientation as
the participant MRI volume; “SPM8” segmentation maps). All four methods resulted in a set
of partial volume estimates (PVE) for GM, WM, and CSF, for each participant’s MRI
volume. The individual participant PVE volumes were then forward-transformed by the
participant-template transformation parameters into the average template size and
orientation. An average of the transformed participant volumes was made separately for the
GM, WM, and CSF volumes for each segmentation procedure in order to create “Image”,
“A Priori”, “A Posteriori” and “SPM8” segmentation maps for each age-specific template.
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This resulted in tissue segmentation maps for each age-specific template, and separate
segmentation maps for the four methods.

Results
The database consists of age-specific templates divided into half-year increments from 4.5 to
24 years of age, for a total of 32 age group templates (see Table 2 for N per age group).
Templates for T1W head, T1W brain, T2W head and T2W brain exist for each age group.
Additionally, partial volume estimates and binary segmented images were created for each
age group from the four different segmentation methods: Image (no segmentation maps), A
Priori, A Posteriori, and SPM8b. The T1W average templates represent gray matter values
normalized to 100, so that variations in voxel intensity between MRI volumes did not affect
the averages. All averaged templates result from an initial linear registration and
transformation with the MNI-152 template. Subsequent steps utilized nonlinear
transformations with age-specific templates created from prior steps, which minimized the
influence of the adult templates. The resulting age specific head and brain templates
represent the average size for the participants at that specific age. The templates are loosely
oriented to the MNI-152 volume.

Figure 2 shows the change in age-specific template fit with each successive iteration. This
was calculated as the RMS difference between the current iteration to the product from the
previous iteration. The RMS difference measured the intensity difference between
successive iterations at each voxel. Each line in Figure 2 represents the result from one age-
template. The iterations for the T1W brain and head showed a general trend for the iterations
to converge to a minimum level after about 4 or 5 iterations (Figure 2A, 2B). After 2
iterations with low resolution (50×0×0, 50×50×0, iterations 0 and 1) and one iteration at
higher resolution (at 50×50×10, iteration 2), few additional iterations were needed to reach
asymptotic RMS for all age groups. We show the iteration sequences for the normed T2W
(Figure 2C). The same pattern of convergence occurred as with the T1W.

Mid-sagittal slices for each age-specific T1W head template are demonstrated in Figure 3.
The sagittal view of the averaged templates exhibited small morphological structures in fine
detail, as can be seen with cortical and subcortical anatomy. The gradual change in head size
was noticeable when comparing the 4.5 age group to the 20–24 age group. Despite the
differential use of normal and alternate scans, all templates appeared to be relatively
consistent in regards to level of detail and clarity and no gross errors or blurring was visually
detected.

An axial slice at the AC-PC level for selected ages is shown in Figure 4 for T1W head, T1W
brain and T2W brain. The use of the same contrast parameters for each type of scan allows
for the discernment of changes between ages. White matter intensity changed from
hypointense to hyperintense relative to gray matter as the templates were followed vertically
from younger to older ages. Additionally, the amount of gray matter appeared to decline
when moving from the 5 year old template to the 20–24 year old template; at the same time,
there was an increase in the amount of white matter. This can be seen in the bright sections
of the T1W, and the dark sections of the T2W.

Tissue Classification
Figure 5 shows the results of gray matter tissue classification using four different approaches
(Image, A Priori, A Posteriori, and SPM8) for selected age-specific templates. Segmentation
procedures produced similar patterns of tissue distribution and tissue changes over
development, such that GM became less thick and WM became more extensive as the ages
of participants increased. Slight differences in tissue classification occurred, with the most
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notable differences manifesting in the segmented images created by SPM8. Segmented
images produced by SPM8 appear to have thicker gray matter than the other segmentation
procedures. Further segmentation analyses (see below) addresses the SPM8 discrepancies
with other segmentation techniques.

Utility of brain templates for developmental differences in GM-WM-CSF
The neurodevelopmental database of MRI volumes were used to examine developmental
changes in the composition of the brain. We segmented all MRI volumes, calculated partial
volume estimates and summed across GM/WM/CSF for each participant. Figure 6 shows
GM/WM materials for selected ages for the FSL A Posteriori image segmentation and the
SPM8 segmentation. Examination across the select age-specific probability maps showed a
gradual increase in WM volume over the entire age interval for both the A Posteriori image,
F (32,1485) = 5.27, p < .001, Cohen’s f̂ = .295) and the SPM8 segmentation, F (32, 1485) =
2.85, p < .001, Cohen’s f̂ = .194). The GM showed an increase during childhood, a relatively
stable level over most of adolescence, and a decline in GM after about age 16 years. Both
the A Posteriori image segmentation and the SPM segmentation were significantly affected
by recording age; F (32,1485) = 33.87, p < .001, Cohen’s f ̂ = .808 and 15.97, p < .001,
Cohen’s f̂ = .553. Figure 7 shows the quantitative differences in tissue voxel counts for
every age-specific template for both segmentation procedures (A Posteriori, SPM) and CSF
derived from the T2W. Note the discrepancies of WM voxel counts between the A Posteriori
and SPM8 methods: segmentation with SPM8 identified more voxels as GM and fewer
voxels as WM compared to A Posteriori methods, which created larger differences in
volume between GM and WM. Both methods, however, showed the expected volume GM
changes (decrease over age) and the WM changes (gradual increase). The T2W-derived CSF
volume did not change over this age range. Figure 8 shows the changes in GM and WM
over age only for the cortex. This was computed by transforming a cortex atlas from the 20–
24 year old template to the younger ages. The changes in the cortex reflected the changes in
overall brain size and both GM and WM changed over age similar to the whole head
volume.

Discussion
The main goal of the current study was to create a developmental series of relatively fine-
grained, age-specific MRI brain templates to facilitate our ability to gain understanding of
normal brain development and the diseased brain. Pediatric age specific templates were
created that organize brain development into discrete 6-month periods for a healthy pediatric
sample. The quality of the age-specific templates is validated through the replication of
known trends in developmental neuroscience. The sizes of the heads agree with the
established progression of brain development, such that there are broad peaks and maximal
size between early school age in total cerebral volume (Giedd et al., 1996) and by
adolescence (Lenroot et al., 2007). Additionally, the observed GM and WM changes
confirm established trends for brain development (Casey et al., 2000; Courchesne et al.,
2000), demonstrating GM thinning and WM growth with increasing age (Courchesne et al.,
2000; Giedd et al., 1996). While the methods of segmentation produced similar patterns of
brain development, they differed significantly in how they classified WM. These findings
replicate previous research showing that brain tissue classification in pediatric samples
depends largely on the segmentation scheme (Wilke et al., 2002)

The present study created age-specific segmentation maps to be used as a developmental
reference tool for improved classification of pediatric brain tissue. These segmentation maps
were created to decrease the influence of age and volume change on tissue probabilities. For
all age groups, a priori segmentation maps were created in the form of tissue probability
maps and three-class segmented volumes for the four segmentation methods: Image, A
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Priori, A Posteriori and SPM. We did not use a “gold standard” manual segmentation (e.g.
the Internet Brain Segmentation Repository [http://www.cma.mgh.harvard.edu/ibsr/]) to test
the tissue classification methods, so it cannot be stated how accurately and consistently
tissues were labeled. A noticeable difference between SPM8b and other segmentation
methods was identified. Specifically, the SPM8b methods appeared to code more tissue as
GM globally throughout the brain. SPM8b-created segmented images showed markedly less
overlap in GM than the other segmentation procedures (see Figure 7, Figure 8). This
suggests that FSL-based segmentation techniques may be better than SPM8b for pediatric
tissue classification. Future studies might directly compare the differences between
segmentation outcomes to a “gold standard”.

Other groups have created MRI brain templates from the NIHPD database. Fonov et al.
(2011) created templates based on ~ 4 year increments and Wilke et al. (2008) create
templates grouped by user specification of gender and age. These two sets of templates
make significant contributions to pediatric neuroimaging. The current study builds upon
their work by providing a more fine-detailed picture of age-related changes in pediatric brain
development. Age accounts for a significant amount of variability in the normalization and
segmentation of pediatric images, despite the use of broad ranging pediatric templates (i.e.,
templates encompassing pediatric brains from 5 to 18 years of age; Wilke et al., 2002; Wilke
et al., 2008). Furthermore, Yoon et al. (2009) showed that a pediatric-based template
required 20% less deformation than an adult-based template. Based on these studies, we saw
the next step to be the creation of more fine-grained, age-specific templates, and the NIHPD
database allowed us to create 32 templates in very discrete 6 month age groupings across
ages from 4.5 years through 18 plus years.

For the present report, the 6-month template intervals were chosen to provide a fine-grained
series of developmental templates based on a workable number of participants contributing
to each template. For now, the existence of this MRI template database with 6-month-old
intervals should be useful since a sufficiently precise age-template is available for any age in
the range covered in this study. Future studies might clarify the range of age-specific
templates that may be most appropriate for a participant of a specific age. This could be
done by comparing the results yielded from use of templates with varying age ranges (e.g., 6
months; 1.5 years; 4 years).

The present age-specific templates are intended for use on at least two levels: from a
methodological perspective and from a database perspective. First, the method of template
creation that we used here should prove useful to developmental neuroscience researchers.
We utilized publically-available image post-processing software programs (FSL, SPM,
ANTS) to produce our age-specific templates. Similar to others (Fonov et al. 2011; Sanchez
et al., 2011), the age-specific templates were created through an iterative approach that
minimized the influence of adult a priori data and maximized the preservation of the
different sizes, shapes and tissue distribution of the pediatric data. The processing pipeline
refined the images recursively, such that the optimization procedure was applied to the data
at different resolutions, with successively higher resolution during the nonlinear registration.
Our pipeline procedure should be useful to others who wish to create pediatric templates
based on different parameters using state-of-the-art averaging programs. Second, the
pediatric neuroimaging community will find that our templates can be used for
neuroimaging studies involving structural image analysis, automated structural extraction,
tissue classification, forward and reverse modeling for EEG/MEG, and functional image
analysis. For example, the present age-specific templates provide brain templates and
segmentation maps with skull intact to aid in the calculation of cortical source models of
EEG and ERP (Reynolds & Richards, 2008).
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One strength of the templates created from the NIHPD pertains to their potential to
generalize to other subject populations. The majority of MR images that we used were
collected as part of the NIHPD project which enrolled a diverse sample to characterize
normal, healthy brain development. Thus, the pediatric templates largely represent the
diversity present in the United States. Also, the MRI data used to construct the present
templates were collected at multiple MRI centers, at differing volume resolutions, and with
1.5T and 3.0T scanners, so the current MRI data and templates reflect measurement error
introduced by multiple variables (Jovicich, et al., 2009; Schnack, et al. 2004). The high
number of 2D scans at early ages is a potential shortcoming of the NIHPD, but we prefer to
preserve the younger age MRI categories due to the unique nature of brain imaging data
capturing normal brain development in these young ages. Future studies might investigate
the influence of scanner type on template creation. Potential users of this database should
take caution in using 3D data with the younger age templates. Regardless, the inclusion of
multiple scanner types and protocols should add a degree of robustness to the age-specific
templates; a sample based on only data collected at a single site would limit generalization
to other samples.

Our age-specific templates provide a framework with which to create pediatric templates
and segmentation maps for use in developmental neuroimaging. Future investigations might
create broader age ranges to classify different stages of childhood and adolescence, as well
as creation of templates based on gender to investigate potential differences in
developmental trajectories of males and females (Lenroot et al., 2007). A voxel by voxel
registration of the T1W and T2W templates might aid investigations that examine the two
types of scans. Also, future research might determine which segmentation procedure best
represents pediatric tissue distribution. One question that could be answered with these
methods is the age at which the pediatric brain may be represented by the adult brain, and
for which brain regions these variations occur.

Discrepancies between adult and pediatric brains have continued to be an issue in pediatric
neuroimaging and the need for age-specific templates is apparent. The NIHPD study with a
large scale normative pediatric sample has provided the opportunity to address the need for
age-specific brain templates. We implemented an automatic image processing pipeline for
template creation that works well with pediatric and infant images (Sanchez et al., 2011) and
created age-specific pediatric templates using state-of-the-art averaging techniques (Avants,
et al, 2008; Avants, et al, 2011; Klein et al., 2009). The age-specific templates provide a
priori information that reflects developmental trends to guide segmentation. Use of age-
specific reference data will facilitate the generation of reliable conclusions about the
normative ranges of brain growth and development for specific ages, as well as the ability to
detect subtle differences in brain development. The regional brain variation present in early
childhood and adolescence is acknowledged and preserved with this type of developmental
neuroscience work, and understanding of brain development in health and disease will be
facilitated.

The current work contributes to the pediatric clinical and research community by creating
age-specific pediatric brain templates based on a narrow age range. The templates were
created from a multi-center study, and despite the different imaging parameters, are
collectively able to meaningfully represent anatomical changes in development. The
templates, in 6-month increments, are of an unprecedented scale in terms of the narrow
range of ages used to characterize a relatively long and dynamic period of brain
development (e.g., Table 1). The age-specific templates created for this study, as well as
other studies (Fonov et al., 2011; Wilke et al., 2008), stand to provide increased accuracy of
neuroimaging procedures which will increase our understanding of brain development. The
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templates used in the current study are available online and will be updated as additional
material becomes available (blindedforreview/).
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Figure 1.
The pipeline for age-specific template creation. (A) In Step 0, the rigid registration occurred
using FLIRT to the MNI brain with 6 DOF, with an output that was the same volume size as
the original so as to keep pediatric sizes. Rigidly registered brains (V0) were averaged to
create a rough template (A0). This template was used as the first guide in Step N. (B) With
each iteration of Step N, the rigidly registered brains were nonlinearly registered to an
iterative average (An-1) and transformed and then averaged to create a new average (An) for
the next iteration.
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Figure 2.
Degree of fit between successive iterations for (A) T1W Brain (B) T1W Head and (C) T2W
Brain. Each line represents an age-specific template (n = 32) undergoing iterations. The
dependent variable (RMS) represents the root-mean-squared difference between the
intensity of voxels at the same location in the successive iterations.
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Figure 3.
Mid-sagittal slice of whole-head average template T1W MRI volumes across ages of study.
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Figure 4.
Head and brain templates with T1W and T2W weighted images, for 5, 10, 15 and 20–24
years of age. The displayed data is based on final averaged output as outlined in Figure 1.
(axial slices at AC-PC level). Each figure is show approximately as the same size and not
scaled according to the actual age head size. Right of head is on left of figure.
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Figure 5.
Brain template (left column) and associated gray matter tissue probability maps (in the four
right columns) based on segmentation methods used for 5, 10, 15 and 20–24 year old
templates (axial slices at AC-PC level). Figures are not to scale with actual head size; right
of head is on left of figure.

Sanchez et al. Page 19

Dev Neuropsychol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Tissue probability maps using “Image” segmentation procedure with FSL FAST and using
SPM8b (with segmentation maps) across select age groups
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Figure 7.
Whole brain voxel volume for gray matter, white matter and cerebral spinal fluid for each
age group template. The volumes are based on segmentation with SPM and FSL-FAST (A
Posteriori) processing for GM and WM. The CSF voxel volumes came from T2W-derived
CSF volume.
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Figure 8.
Cortex voxel volume for gray matter and white matter for each age group template. The
volumes are based on segmentation with SPM and FSL-FAST (A Posteriori) processing.
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Table 4

Frequency distribution of T2W dimensions and pixels for NIH alternate scans

Sagittal Coronal Axial n

0.938 0.938 2.907 2

0.977 0.977 2.907 2

0.977 0.977 2.914 1

0.938 0.938 2.915 2

0.977 0.977 2.915 1

0.938 0.938 2.926 2

0.938 0.938 2.927 2

1.016 1.016 2.928 1

1.016 1.016 2.943 1

0.938 0.938 3 34

0.977 0.977 3 19

1 1 3 65

1.016 1.016 3 7

0.977 0.977 3.006 1

Total 140
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