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Abstract

Background—Accurate labeling of brain structures within an individual or group is a key issue
in neuroimaging. Methods for labeling infant brains have depended on the labels done on adult
brains or average MRI templates based on adult brains. However, the features of adult brains
differ in several ways from infant brains, so the creation of a labeled stereotaxic atlas based on
infants would be helpful. The current work builds on recent creation of age-appropriate average
MRI templates during the first year (3, 4.5, 6, 7.5, 9, and 12 months), by creating anatomical label
sets for each template.

Methods—We created stereotaxic atlases for the age-specific average MRI templates. Manual
delineation of cortical and subcortical areas was done on the average templates based on infants
during the first year. We also applied a procedure for automatic computation of macroanatomical
atlases for individual infant participants using two manually segmented adult atlases (Hammers,
LPBA40). To evaluate our methods, we did manual delineation of several cortical areas on
selected individuals from each age. Linear and nonlinear registration of the individual and average
template was used to transform the average atlas into the individual participant's space, and the
average transformed atlas was compared to the individual manually delineated brain areas. We
also applied these methods to an external dataset, not used in the atlas creation, to test
generalizability of the atlases.

Results—Age-appropriate manual atlases were the best fit to the individual manually delineated
regions, with more error seen at greater age discrepancy. There was a close fit between the
manually delineated and the automatically labeled regions for individual participants, and for the
age-appropriate template based atlas transformed into participant space. There was close
correspondence between automatic labeling of individual brain regions, and those from the age-
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appropriate template. Finally, these relationships held, even when tested on an external set of
images.

Conclusion—We have created age-appropriate labeled templates for use in the study of infant
development at 6 ages (3, 4.5, 6, 7.5, 9, and 12 months). Comparison with manual methods was
quite good. We developed three stereotaxic atlases (one manual, two automatic) for each infant
age, which should allow fine-grained analysis of brain structure for these populations than was
previously possible with existing tools. The template-based atlases constructed in the current study
are available online (http://jerlab.psych.sc.edu/NeurodevelopmentalMRIDatabase).
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Magnetic resonance imaging (MRI) in infants allows for quantitative and qualitative
assessment of neural development, which can enhance our understanding of early brain
growth patterns and morphological changes during both normal and abnormal brain
development. However, the quantitative study of infant brain development has been
hampered by a lack of tools for structural analysis of the brain with MRI, in that tools which
have been well validated in adults are often not validated for use with infants ([1]). For
example, adult neuroimaging work generally uses average MRI templates and stereotaxic
atlases to identify anatomical locations in the brain, but these adult stereotaxic atlases may
not identify locations accurately in the developing brain. In the current work, we created a
set of anatomically labeled stereotaxic atlases for infants from 3 to 12 months (3, 4.5, 6, 7.5,
9 and 12 months). These atlases should be more accurate for infant participants than atlases
created with adult participants.

There have been four primary approaches to neuroanatomical labeling of brain structures in
adults, summarized in Table 1. All of these approaches result in a stereotaxic atlas, generally
represented in a MRI volume, which identifies anatomical areas. The validity of these
approaches may be tested against a “gold standard” by manually delineating segmented
regions in an individual participant, and comparing an atlas which has been registered to the
participant's brain against the manual delineation. Creation of the LPBA40 atlas ([2]), for
example, required manual delineation of regions on the 40 individuals from whom the atlas
was derived. This method is time-consuming, typically requiring one or more individuals be
trained on manual delineation protocols. In addition, the results from one individual are not
easily transferable to new MRIs. The development of methods that could make use of pre-
existing manual delineations would be highly desirable.

Studies of brain development in pediatric populations require similar atlases based on age-
appropriate MRIs. One approach has been to register infant (or child, adolescent) brains to a
labeled adult average template, and transform the adult atlas back into the space of the
developing brain. Recent studies have shown that the use of adult reference data
compromises the analysis of infant brain images ([3]; [4]; [5]; for review, see [1]). There are
at least two stereotaxic atlases that have been created for infants in the first two years ([6];
[7]). Both of these atlases are based on registering infants to an atlas based on the manual
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segmentation of the average MRI of one young adult (AAL; [8]), and may remain biased by
that individual's specific anatomy.

The current study constructed manually delineated and automatically-derived anatomically-
labeled stereotaxic atlases for infant ages. Our goals were to construct the automatic atlases
and validate them against manually delineated individual participant atlases. Thus, our first
objective was to create a manually labeled, age-specific stereotaxic atlas for average MRI
templates for infants at 3, 4.5, 6, 7.5, 9, and 12 months of age on average MRI templates
([1]; [51;[91:1207). We performed manual delineation of 14 areas (lobar and sub-lobar) on
each infant-based age-specific template.

The second objective was to create automatically-labeled atlases for infants in the first year
by adapting the procedures that Gousias and colleagues ([11]) used with 2-year-olds. We
used the 30 adults from the Hammers adult brain atlas (83 manually delineated areas;
Hammers atlases; [12];[13];[14]) and the 40 adults from the LONI Probabilistic Brain Atlas
project (56 manually delineated areas; LPBA40; [2]), to create two macroanatomical atlases
for individual infants at 3, 4.5, 6, 7.5, 9, and 12 months. The individual atlases from the
infant participants were then used to create average age-specific macroanatomical atlases of
83 (Hammers) segments and 56 (LPBA40) segments, respectively.

The third objective was to examine the validity of the atlases. We tested the internal validity
of the automatically-generated macroanatomical atlases against each individual's manually
segmented atlas, both for atlases created directly on the participant's brain, and for the age-
appropriate average atlas transformed into the participant space. To examine how atlas fit
changed across age ranges, we also tested individual participants’ manually segmented brain
regions against an “age-appropriate” average MRI template and against templates based on
ages older than the participants (from next oldest infant atlas through adult-based atlases).
Finally, we examined external validity by testing the age-based template atlases against a
new set of MRIs that were not used to create the atlases.

The template-based atlases constructed in the current study are available online (http://
jerlab.psych.sc.edu/Neurodevelopmental MRIDatabase/, [10]).

2. Materials and Methods

2.1 Participants, MRI Acquisition, and Average MRI Templates

The participants, MRI acquisition, and average MRI templates came from existing datasets,
both from our lab and others ([5];[10]; see Supplemental Information). The MRI images for
the anatomical atlases came from the University of South Carolina McCausland Center for
Brain Imaging (USC-MCBI). The averages were done at ages 3, 4.5 6, 7.5, 9 and 12 months,
and were based on 10 to 14 subjects at each age. The procedures for MRI acquisition are
described elsewhere (USC-MCBI,[5];[10]). The relevant MRI type for the current paper was
a T1-weighted scan collected on a Siemens Medical System 3T Trio with a 3D T1-weighted
MPRAGE RF-spoiled rapid flash scan in the sagittal plane (1 mm3 resolution, covering the
entire head). The average templates were constructed on the MCBI 3T T1-weighted images
with an iterative procedure [9, 15-17] and non-linear registration methods (using Advanced
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Normalization Tools, ANTS;[18]; [19]). The resulting average MRI template is an unbiased
representation of the infant brain average. The average MRI templates are available online
(http://jerlab.psych.sc.edu/Neurodevelopmental MRIDatabase/).

We also used MRI images for the external atlas validation from the NIH MRI Study of
Normal Brain Development (NIHPD). The NIHPD MRI images were from the Objective-2
sample, and were selected for infants who were within + 2-weeks of ages 3 (N = 21, 10F/
11M), 6 (N = 32, 15F/17M), 9 (N = 29, 16F/13M), or 12 (N = 25, 11F/14M) months of age.
Detailed methodology for the NIHPD Objective-2 can be found in publications [20, 21], as
well as from the Objective-2 Procedure Manuals available at the NIHPD Database
Repository website (https://nihpd.crbs.ucsd.edu/nihpd/info/index.html). The NIHPD scans
were collected with Siemens Medical Systems (Sonata, Magenatom) and GE Systems
(Signa Excite) 1.5T scanners at two different sites and were a 2D scan in the axial plane (1 x
1 x 3 mm resolution)

2.2 Anatomically-Labeled Stereotaxic Atlas Creation

Four sets of atlases were created (Table 2). These included: 1) Manually delineated atlases
for each of the average 3T MRI templates at ages 3, 4.5, 6, 7.5, 9, and 12 months, 2)
Manually delineated atlases for 20 individual participants (used for internal and external
validity tests), 3) Automated macroanatomical atlases for all MCBI and NIHPD participants,
and 4) Automated macroanatomical atlases for the 3T MCBI average templates.

Manually Delineated Atlases: Average-Templates—The manually drawn template
atlases were constructed by manual delineation of fourteen areas on each average MRI
template. Adaptations of the LONI manual segmenting protocol was used to define the lobar
areas (frontal, temporal, parietal, occipital and insular), sub-lobar areas (fusiform, cingulate)
and subcortical areas (cerebellum, brainstem, thalamus, corpus callosum, and striatum;[2]),
as well as the ventricles. Our manual delineation sequence is listed in Table 3. The resulting
areas were put in a single MRI volume, with the sub-lobar areas masking out the
corresponding voxels from the lobar areas; we also retained each area in a separate MRI
volume. An atlas was constructed for each of the 3T average MRI templates for the infant
ages (3, 4.5, 6, 7.5, 9, and 12 months). The atlases were delineated by one individual and
compared against the delineation of a second observer for six areas (brainstem, cerebellum,
thalamus, frontal, temporal, occipital). Over the six infant ages and six brain areas the
overlap of the final average template atlas and the test observer was 0.973, and the median
Dice agreement between the two observers was 0.958 (range = 0.89 to 0.99).

Manually Delineated Atlases: Individual Participants—Selected participants had
manual delineation done for three non-cortical areas (cerebellum, brainstem, and thalamus)
and three cortical lobes (frontal, temporal, and occipital). The delineation for the individuals
was done in the same manner as the average templates. Two of the participants at each
infant age from the MCBI MRIs were randomly chosen as test participants for manual
delineation. Two participants from the NIHPD MRIs at 3, 6, 9, and 12 months were also
chosen for manual delineation. Thus, there were four manually delineated participants at 3,
6, 9, and 12 months; and two manually delineated participants at 4.5 and 7.5 months of age.
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The manual delineations were done by several individuals and compared against the
delineation of a single observer for six areas (brainstem, cerebellum, thalamus, frontal,
temporal, occipital). Over the 20 participants and six brain areas the overlap of the final
average template atlas and the test observer was 0.943, and the median Dice agreement
between the two observers was 0.880 (range = 0.84 to 0.93).

Automated Macroanatomical Atlases: Individual Participants—Four atlases were
constructed on the individual participants MRIs, based on two independent sets of labeled
brain images, and two registration types. The adult brain segmentations from www.brain-
development.org (Hammers atlases; [12, 22, 23]) were used as one atlas, and the LONI
Probabilistic Brain Atlas segmentations (40 individuals, 56 manually delineated areas;
LPBA40;[2]) were used for the other atlas. Each individual infant MRI's extracted brain was
registered (both linearly and non-linearly) to each of the adult brains (both Hammers and
LPBA40) and each labeled adult atlas was transformed to the individual infant space. These
labeled sets (e.g. 30 individuals, for Hammers atlas) of linear transformed atlases were then
fused in a majority vote procedure ([7, 11]; see Supplemental Information). The resulting
atlas identifies the majority-voted brain segment for each voxel of the individual infant
brain. The same procedure was done separately for both sets of labeled atlases. Therefore,
each infant participant had a linear Hammers atlas, a nonlinear Hammers atlas, a linear
LPBAA40 atlas, and a nonlinear LPBAA40 atlas.

Automated Macroanatomical Atlases: Average Templates—The Hammers and
LPBA40 labeled atlases were constructed for the average MRI template from a majority
vote procedure, using the individual participants from whom the average was made. For
example, for the 3-month average template, each of the 14 MCBI infants at 3 months of age
were registered (both linearly and non-linearly) to the 3-month old average template and the
majority vote fusion procedure was used to construct both Hammers and LPBAA40 atlases.
The Hammers and LPBAA40 atlases for each participant were then transformed separately by
both linear and nonlinear registration parameters to the average MRI template space, and the
resulting individually transformed atlases were fused with the majority vote procedure ([11];
[24]) to construct the labeled average MRI template stereotaxic atlas. Thus, as with the
individual participants, each average MRI template had a linear Hammers atlas, a nonlinear
Hammers atlas, a linear LPBA40 atlas, and a nonlinear LPBA40 atlas. The NIHPD
participants at 3, 6, 9, and 12 months were not used to create these averages and were
reserved for an external validation of the atlases.

2.3 Linear and Non-linear Registration

Linear and non-linear registration methods were used in the construction of the atlases and
in our evaluation tests. For linear registration, the FMRIB's Linear Image Registration Tool
from FSL (FLIRT;[25]) was used to register the MRI brain volume of the participant to a
reference brain volume (infant participant to segmented adult atlases for participant
macroanatomical atlas; infant participant to average MRI template for average template
macroanatomical atlas). The FLIRT procedure was done with a 12-dof affine search, and
cost and searchcost used the “corratio” algorithm. The linear registration produces a linear
affine transformation matrix that can be applied to MRI volumes in the participant's space
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(e.g., individual participant atlas) to transform the volume to the reference space, and an
inverse transformation matrix can be applied to MRI volumes in the reference space (e.g.,
adult manually segmented atlas) to transform the volume into the participant space.
Advanced Normalization Tools (ANTS;[18]) was used for nonlinear registration. The ANTS
version 2.1.0 was used, with the antsRegistration procedure and the cross-correlation metric,
to a 1 mm voxel resolution, and the SyN transform (gradient step 0.1).

Several individual and average atlases were successfully created. Manually delineated
template-based atlases were created for each target infant age (3, 4.5, 6, 7.5, 9, and 12
months). Figure 1 shows the manual template on the six infants ages (1A-sagittal; 1B-axial),
along with the manual template for the atlas of the young adults (see Supplemental
Information for young adult work). Figure 2a shows 3D color rendering of the manual atlas
overlaid on the average MRI template for each infant age, and the young adults. For selected
participants at each age, the six manually delineated brain areas were done (cerebellum,
brainstem, thalamus, frontal lobe, temporal lobe, occipital lobe). Figure 2b shows a 3D color
rendering of these six areas on one 3-month-old participant. The Hammers and LPBA40
macroanatomical atlases were done for all individuals (MCBI and NIHPD). Figure 3a shows
the Hammers and LPBAA40 atlases on a 3-month-old individual and a 12-month-old
individual. Figure 3b shows the Hammers and LPBA40 atlases on the MRI templates for the
3-month-old and 12-month-old infants. Figure 4 shows axial slices of the average MRI
template for the 6-month-old participants, along with slices at the same level for the manual
atlas, Hammers atlas, and the LPBAA40 atlas. The template-based atlases constructed in the
current study are available online (http://jerlab.psych.sc.edu/
NeurodevelopmentalMRIDatabase/,[10]). This includes the manual lobar atlas, the LPBA40
atlas, and the Hammers atlas for each age-appropriate average MRI template.

The overlap of the manually drawn atlas and the Hammers and LPBAA40 atlases were
examined for infant atlases to evaluate the overlap of the manual and the two automatically
generated atlases. The overlap between the areas of the manual atlas and the Hammers and
LPBAA4O0 atlases are given in Table 4. We used the overlapping areas found in Table 4 to
recode the individual participant Hammers or LPBA40 atlases into comparable manual atlas
areas for some of the analyses. For these analyses, we did not examine the manually defined
occipital lobe because of the disparity between our definition and corresponding LPBA40 /
Hammers atlases. Additionally the LPBAA40 atlas did not delineate the thalamus.

3.1 Manually delineated regions versus registration/transformation to template atlases of
various ages (Table 5, Comparison 1)

Table 5 is a summary of our comparisons. The first analysis examined the effect of age-
appropriate atlases, by looking at the overlap between the manually delineated region of an
individual, with the regions resulting from registration / transformation to the age-
appropriate atlas and to all older age template-based atlases (all infant ages, 2 years, 12
years, 18 years, 20-24 years). This was done for the participants with manually delineated
regions. The line graphs in Figure 5 show the mean Dice value as a function of the age of
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the template-based atlas separately for each age group. The registration / transformation for
panel A was the linear registration, with the non-linear registration shown in panel B. Each
sub-panel shows the results for one of six different brain regions. In almost all cases the age-
appropriate registration / transformation areas provided the largest overlap with the
manually delineated regions of an individual. There was a gradual decrease on the Dice
overlap as the difference between the participant age and the template age increased. The
analogous results for the nonlinear registrations were similar for all areas except the
brainstem and thalamus. The nonlinear registrations seemed to eliminate the age effects for
these segments.

We compared the fit of the age-appropriate infant atlas, the atlas from the 2-year-old
children, and the adult atlas. The bar graph in Figure 6 shows the mean Dice value as a
function of the brain region with a bar for each age of the template-based atlas (same age as
participant, 2 years, or 20-24 years), for both linear and nonlinear registrations. The Dice
value was analyzed with an Age (3: age-appropriate, 2-year-old, 20-24-year-old) X
Registration Type (Linear, Nonlinear) X Segment (6: cerebellum, brainstem, thalamus,
frontal lobe, temporal lobe, and occipital lobe) ANOVA. There was a significant main effect
of age, F (2, 38) = 131.24, p <.0001, such that overlap was higher between the manually
delineated regions and registration/transformation to the age-appropriate atlas (M = 0.851,
SE = 0.0022) than registration/transformation to either the 2-year-old (M = 0.812, SE =
0.0028) or 20-24-year-old (M = 0.809, SE = .0026) atlases. There was also a significant
main effect of segment, F (5, 95) = 40.81, p < .0001. There was no main effect of
registration type, but there was a significant 3-way interaction between age, registration type
and segment F (10, 190) = 27.61, p < .0001. We used the Scheffe’ post hoc correction
procedure to examine this interaction separately for linear and nonlinear registrations. For
linear registration, the age effect was significant (e.g., age-appropriate templates performed
better than those for older ages) for all six brain areas (Figure 6, left panel). For nonlinear
registration, the cerebellum, frontal, occipital, and temporal lobes showed significant age
effects, whereas the age effect for the brainstem and thalamus comparisons was not
significant (Figure 6, right panel). The nonlinear transform resulted in larger Dice values for
the thalamus and brainstem segments.

3.2 Manually delineated regions versus individual and average macroanatomical atlases
(Table 5, Comparison 2)

The second analysis was to examine the overlap between the manually delineated region for
each individual, with the regions from that individual's Hammers and LPBA40 atlases, and
with the regions from an age-appropriate MRI template atlas transformed into that
participant's MRI space. This was done for the participants with manually delineated
regions. The Hammers and LPBAA40 atlas segments were recoded into regions equivalent to
the manual atlas areas in order to compare the regions defined by the manual atlas with
comparable regions defined by the average template macroanatomical atlases. This was
accomplished by using any atlas segment where the overlap between the manual atlas and
the target atlas area was greater than 0.5 (Table 4). The first ANOVA used data provided by
the Hammers atlases. The Dice value was analyzed with an Age (6: 3, 4.5, 6, 7.5, 9, 12
months) X Segment (5: cerebellum, brainstem, thalamus, frontal lobe, and temporal lobe) X
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Registration Type (2: linear, non-linear) X Atlas Source (2: participant, average-
transformed) ANOVA. There were significant effects of the registration type, F (1, 14) =
144.8, p <.0001, and atlas source, F (1, 14) = 15.82 p = .0014. The Dice coefficients from
the non-linear analysis were larger than the nonlinear (N = 200, M's 0.843 and 0.782, SE =
and 0.0043 and .0058, respectively) and the Dice coefficients from the individual participant
atlas were larger than those from the age-transformed atlas (N = 200, M's = 0.809 and 0.779,
SE =and 0.0048 and .0053, respectively). It is interesting that the interaction between these
two factors was not statistically significant, indicating that the linear/nonlinear change in the
Dice coefficient was the same for the age-appropriate average-transformed comparison and
the individual macroanatomical atlas comparison. For the ANOVA on the LPBA40 data,
there were also significant effects of the registration type, F ( 1, 15) = 78.84, p < .0001, and
atlas source, F (1, 15) = 26.46, p = .0014; similar patterns were present in the means to
those described for the Hammers data.

There was a three way interaction between the registration type, atlas source, and segment,
for both Hammers and LPBA40 atlases, F (4, 56) = 14.07, p<.0001 and F ( 3, 42) = 6.77,p
<.0001, respectively. Figure 7 shows the mean Dice value for the Hammers and LPBA40
atlases for the five segments, the linear and non-linear registrations, separately for the
participant atlas and the average-transformed atlas. The interaction was due to the size of
significant effects, rather than the specific pattern. For both the transformed age-appropriate-
average atlas and the participant atlas, the nonlinear Dice coefficient was larger than the
linear Dice coefficient for both the brainstem and thalamus segments. This difference
between nonlinear and linear coefficients also occurred for the participant atlas source for
the cerebellum segment. Otherwise, all the other segments did not have significantly Dice
coefficients for linear and nonlinear registration methods.

3.3 Individual macroanatomical atlases and registration/transformation to average
macroanatomical atlas (Comparison 3)

The final analysis examined the overlap between the Hammers or LPBAA40 atlases that were
constructed on the individual, with the segments coming from a registration / transformation
from the average atlas to the participant MRI volume space. These atlases were constructed
for all infant MRIs. The analysis came from the participants who contributed to creation of
the average atlas to verify the internal validity of this approach. The analysis also used the
MRIs from the NIHPD infants, who were not included in creation of the averages, as an
external validation of the usefulness of the average atlas. A Dice coefficient was calculated
between the average-transformed and the participant atlas by defining the intersection as the
agreement for each voxel over all segments of the macroanatomical atlas, thus providing a
measure of overall fit between the two atlases.

The multiple-segment Dice coefficient was analyzed with an Age (6) x Group (2: MCBI,
NIH) x Registration Type (2) ANOVA, separately for the Hammers and LPBA40 atlases.
Figure 8 shows this overall comparison for the Hammers and LPBAA40 atlases, separately for
the linear and nonlinear methods and the two groups. It can be seen in this figure that the fit
between the transformed and participant atlases were similar for the two groups, and were
generally about 0.90. There was a significant main effect for the registration type, F (1, 165)
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=165.14, p <.0001, and the testing group factor was close to significant, F (1, 165) = 3.16,
p =.0736. The Dice coefficient for the MCBI infants was larger than the NIH infants (M's =
0.937 and 0.899, SE's =.0017 and .0012, respectively), and the linear methods resulted in a
larger Dice coefficient than the nonlinear method (M's = 0.929 and 0.898, SE's = 0.0084 and
0.0077, respectively). There were no other main effects or interactions.

We also calculated the ‘target overlap’ ([26]) for the two atlases. The target overlap
represents the intersection a target and reference overlap, divided by the reference volume
area. This represents the sensitivity of the analysis, and is a measure of segment
concordance when there are some areas in the reference segment not fully represented in the
target segment. Figure 8 shows the target overlap for the age-transformed and the participant
volumes, calculated over all the segments. The target overlap for both MCBI and NIH
participants was about 0.95, indicating a very close fit between the average age-transformed
and individual participant atlases. An Age (2) x Group (2) x Registration Type (2) ANOVA
showed only a significant effect for the registration type factor; the target overlap for the two
groups was not significantly different. Finally, we also calculated the target overlap for the
83 areas of the Hammers atlas and the 56 areas of the LPBA40 atlas. Figure 9 shows the
target overlap separately for the MCBI and NIHPD groups for the linear registration/
transformation, and for all the segmented areas of these atlases. There was a good
correspondence between the MCBI and the NIHPD groups on the pattern of target overlap
across the different segments for both the Hammers and the LPBA40 atlases.

4. Discussion

Previous neuroanatomical stereotaxic atlas work in infants has focused either on newborns
[27-29] or a few limited ages [7, 11]. The current work provides viable alternatives for
stereotaxic atlas work with infants from 3-12 months of age with fine-grained ages. We
created age-specific stereotaxic atlases for average MRI templates for infants. This was done
by manual delineation of average MRI templates (from[5]). Transforming the average atlas
to individual participant MRI space and comparing the overlap of the transformed atlas to
manual delineated regions on individual participants tested the validity of the template-based
atlases. The overall overlap between the transformed atlas regions and the manually
delineated regions was very good (Dice values ~ 0.85). The largest overlap was with the
delineated regions and an atlas from an age-appropriate average MRI template. There was
decreasing overlap between the manually delineated regions and the template-based atlas
regions as the age difference between the participant and the average atlas increased. Using
an age-appropriate template-based atlas provided significantly higher overlap than using an
adult template-based atlas. Overall, these results suggest that automatic atlas segmentation is
best done using age-appropriate stereotaxic atlases. The overlap values found with the
manually delineated atlases and the internal / external validation comparisons are
comparable to work done with adult anatomical atlases based on similar procedures (e.g. [2];
[11]). We thus expect that our atlases should perform as well as these adult atlases.

A second objective of the current work was to use the procedures found in Gousias et al.
([11]) to create individual macroanatomical atlases for infants from 3-12 months. This
approach worked similarly for infants across the first year, and worked similarly for the
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Hammers atlas and the LPBAA40 atlas. This procedure should be useful for automatic
computation of individual macroanatomical atlases for infant participants. It is possible that
a direct registration / transformation from the average to an individual may be sufficient.
The overlap between the individual macroanatomical atlases and registration/transformation
to an age-appropriate average macroanatomical atlas did not change substantially over age.
The values of the Dice coefficients were around 0.90, and the overlap values were near 0.95.
These results were similar when tested with an external validation group. The computational
requirements of the Gousias et al. ([11]) procedure are quite high, so the use of the average
anatomical atlas for automatic computation may suffice for some applications.

There were differences in fit across anatomical regions. For example, the cerebellum and
frontal lobes showed better overall fits for the manual atlas, compared with the thalamus,
occipital lobe, and temporal lobe (Figures 6, 7). The areas with lower overlap also were
more strongly affected by the use of the atlas from the age-inappropriate MRI template (e.g.,
occipital lobe, thalamus, Figures 5, 6). Additionally, the occipital lobe region had small Dice
values for all participants with the child and adult average templates, whereas the other
regions showed larger Dice values for the older infants and these older templates (i.e., last
four points in Figure 5). The nonlinear registration improved the fit between the participant
manually delineated segments and the age-appropriate MRI template segments, as well as
segments from older ages (e.g., Figure 6). These results may be helpful in determining
whether to use automatic atlas procedures or manual delineation. For some regions (e.g.,
frontal lobe, cerebellum) the automatic segmentation may provide results comparable to
manual delineation. For others, only manual delineation of segmented areas will provide
adequate identification of brain areas. The nonlinear registration improved the fit between
the individual participants and either the age-appropriate manual segments or the age-
appropriate macroanatomical atlases, particularly for those areas that had lower Dice values
from the linear registration.

Some of our comparisons may be described as internal validations of the procedures,
whereas others are external tests of the atlases. For example, our comparison of the
manually delineated regions against the registration / transformation to the template atlas
(Table 4, Comparison 1) used four participants at 3, 6, 9, 12, and 24 months. Two of these
participants also were used to construct the average MRI template upon which the manual
delineations were made (MCBI participants), and two were not used in the construction of
the template (NIHPD participants). We found similar results for the internal validation of the
MCBI participants against their age-appropriate atlas and the external validation of the
NIHPD participants against their age-appropriate atlas. Both the internal and external
validation participants showed a closer fit to the age-appropriate atlas than to the atlases
based on older groups (e.g., 2-year-old or adult atlas; see Figure 5, Figure 6). Similarly, the
comparison of the majority vote fusion age-appropriate average atlas with the registration /
transformed atlas was done both with the MCBI participants (Table 4, Comparison 3,
Internal) and NIHPD participants (Table 4, Comparison 3, External). The results from the
internal validation comparisons were nearly identical in the pattern of the results with the
external validation comparisons, with slightly higher Dice coefficients for the internal
validation (Figure 8). Also, the pattern of overlap across the individual segments of the
Hammers and LPBA40 atlases was very similar for the MCBI and the NIHPD groups
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(Figure 9). An important note for the external validation sample is that it was composed
entirely of 1.5T, 2D, 1 x 1 x 3 mm scans. These scans have poorer spatial resolution due to
the smaller magnet strength, the 2-D sampling, and the thicker slices. The similar
performance of the validations with the external and internal validation comparisons implies
these atlases will generalize to a wide range of scanning protocols. The slightly smaller Dice
coefficients for the external validation comparisons likely represent the level to which these
results will generalized to a new sample of MRIs; though we expect that MRIs with the
same high-resolution characteristics as the MCBI sample may work better than the lower-
resolution NIHPD MRI volumes.

These results highlight some of the limitations and advantages to different atlas approaches
as they apply to infants. Gilmore et al. ([27]) and Gousias et al. ([28]) developed procedures
for delineating structures on each individual newborn brain (Approach 4 in Table 1).
Depending on the region of interest, automatically registering an infant to an age-appropriate
atlas (Approach 2) may work well enough to eliminate the need for time-consuming
individual delineation. The current work shows that automatic linear registration of a 1-year-
old's brain to a 2-year-old atlas (Approach 2; e.g.[24]; or 6-month-old to MNI, [6]) does not
work as well as registration to an age-appropriate atlas, and, there were several places where
nonlinear registration improved the results. If one desires a macroanatomical atlas, one
could use a majority vote approach (Approach 3; e.g. [11]) to create individual
macroanatomical atlases for infant participants without needing manual delineation.
Additionally, this could be done for child or adolescent groups (e.g. [30]), or even extended
to studies of development in sub-cortical brain areas (e.g. [31]). However, this procedure is
resource intensive. Alternatively, one could register/transform the infant participants to an
age-appropriate average macroanatomical atlas, with similar precision across ages.

Our choice of 1.5-month atlas intervals across the range from 3 to 9 months resulted in about
8-14 infants for the average template at each age ([10]). We do not know if these numbers of
participants in the average template resulted in less reliable templates or anatomical atlases
for each age. However, we prefer the approach of having smaller age ranges for our
averages given the tremendous development in brain structure across the first year of life.
We feel that the smaller the age range for the templates and atlases, the more likely that age-
appropriate atlases will enhance both research and clinical use of these atlases. The overlap
values found with both the internal and external validation procedures are comparable to
work done with adult anatomical atlases based on similar procedures, so we expect that our
atlases should perform as well as adult work. However, it could be preferable to obtain a
much larger set of infant MRIs, perhaps at one age, to examine the effect of sample size on
the reliability of the anatomical atlases. These cautions apply equally to the age-appropriate
average templates that exist for infant ages (e.g., [6], with 6-month-olds;[11], with 2-year
olds;[5], with these ages; [24]with newborn, 12-months, 24-months).
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Manual template-based atlas for six ages through the first year, and adult atlas. A) Axial

view B) Sagittal view.
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A) 3 Months 4.5 Months 6 Months 7.5 Months
9 Months 12 Months 20-24 Years

3 Months

Figure 2.
A) Manual 3-D template-based atlases for six ages through the first year, and adult atlas.

Presented at the mid-sagittal plane. B) Example of manual delineations on one 3-month-old
infant brain. Left — medial view; Right - lateral view.
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Hammers and LPBA40 atlases. Axial view is shown in black and white with AC-PC line;
sagittal/medial view is shown in color. A) One 3-month-old and one 12-month-old resulting
from the individual majority vote procedure. B) Age-appropriate average atlases, shown on

the 3 month and 12 month average templates.
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Figure4.
Slices of average MRI template for 6-0 months participant, compared with manual,

Hammers, and LPBAA40 atlases.
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Figure5.

Overlap between manually delineated regions and regions resulting from registration/
transformation to template-based atlases. Graph shows mean Dice value as a function of the
age of the template-based atlas separately for each age group. Each line represents a
different age group. Panel A shows results from linear transformations, and panel B shows
results from non-linear transformations, while each sub-panel shows the results for one of
six different brain regions.
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Figure6.
Overlap between manually delineated regions and regions resulting from registration/

transformation to template-based atlases. Graph shows mean Dice value as a function of the
brain region with a bar for each age of the template-based atlas (same age as participant, 2
years, or 20-24 years). Error bars represent the standard error of the mean.
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Overlap between manually delineated regions and Hammers and LPBAA40 atlas regions
resulting from the majority vote approach to individual participant macroanatomical atlas
creation (left), and the age-appropriate average MRI template atlas transformed to the
participant (right). Graph shows mean Dice value as a function of the brain region and
linear / non-linear registration. Error bars represent the standard error of the mean.
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Figure8.
Comparison of MCBI (internal validation) and NIHPD (external validation) fit between the

participant atlas and age-appropriate average transformed atlas. The Dice coefficient
represents the agreement between multiple segments over all the segments of the atlas, and
the target overlap is the overlap of the age-appropriate average transformed atlas to the
participant atlas. The SE for each graph was < .005.
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Figure9.

Target overlap between the participant and the age-appropriate average transformed atlas,
separately for the MCBI (interval validation) and NIHPD (external validation) groups. Each
row represents one segment, and the color values represent the target overlap. Panel A
shows data from the Hammers atlas, and panel B shows data from the LPBA40 atlas.
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Table 2

The four types of atlases

Average Template Manually Delineated Atlas

Manual delineation of 14 lobar and sub-lobar areas for each average MRI template (3, 4.5, 6, 7.5 9, and 12 months). This is an average atlas that
may be used for automatic atlas registration / transformation to individual participants. (Table 1, Automatic-Average)

Participant Manually Delineated Atlas

Manual delineation of 14 lobar and sub-lobar areas for 20 selected participants (2 MCBI 3.T MRIseaat 3, 4.5, 5, 7.5, 9, and 12 months; 2
NIHPD 1.5T MRIs each at 3, 6, 9, and 12 months). This is to provide a “gold standard” against which to validate the average template manually
delineated atlas, and the automatically generated atlases. (Table 1, Hand-Drawn)

Participant Macroanatomical Atlas

Automatic creation of macroanatomical atlas based on Hammers and LPBAA40 atlases, using the Gousias et al (2008) method of registration and
majority vote. Done for all MCBI participants making up the average MRI templates, and all NIHPD participants at ages 3, 6, 9, and 12 months.
Linear: linear registration of the segmented adult atlases to the individual infant participants. Non-linear: non-linear registration of the
segmented adult atlases to individual infant participants. These atlases represent an approach to construct a macroanatomical atlas for individual
infant participants. (Table 1, Majority Vote).

Aver age Template M acroanatomical Atlases

Automatic creation of macroanatomical atlas based on Hammers and LPBAA40 atlases. Based on majority vote procedure with individual MCBI
participant macroanatomical atlases making up the average MRI templates. Done at 3, 4.5 6, 7.5, 9, and 12 months. Linear: linear registration of
the linear-constructed participant macroanatomical atlas to the average MRI template. Non-linear: nonlinear registration of the nonlinear-
constructed participant macroanatomical atlas to the average MRI template. This is an average atlas that may be used for automatic atlas
registration / transformation to individual participants (Table 1, Automatic-Average)

Dev Neurosci. Author manuscript; available in PMC 2015 November 14.



Page 25

Fillmore et al.

"SAWN|OA [YIN dresedas

Ul PaUIeIal 219M Seale T ||V "Seale Jeqo| sy} Wwolj s|axoA Buipuodsaiod ays 1no Bupisew (sniAB woyisny ‘areinbuid) seale 1egoj-gns ayl YIM ‘awnjoA [4A o|Buls e ul ind a1am seate Bunnsal ayl */

/aqo]-[e18Lred/suoibal-Buiyseuw/s|090101d-ya1easal/SpeojuMop/sadIn0osal/npaasn’1uo| 82.1nosal//:dny

'sj09030.d BunuawBas INOT 8y} ul sease ajeledas

3y} yorew o) parsnipe Ajjenuew sem pue (jesodwal ‘jeauoy ‘fendiooo “*68) paryiuspl aam sease Buipunolins sy Jaye Y| ease [e1atied syl Ul Bale urelq sy} sem aqo| [eatied ay L *aqoy [earied sy Ysein 9

/snuAB-a1e|nBulo/sejre-onsieqo.d;/s|020301d-101easal/SpeojuMOop/Sa2IN0sal/Npaasn’1Uo| '821n0sal//:dny
/SNIAB-wIoy1Sny/se[1e-o1s1|eqo.d/s|020104d-121easal/SpeojumMop/Sadin0osal/Npaasn’ uo|82anosal//:dny

'sj02030.4d BunuawBas [NOT 8y} Ul SeaJe ay3 ydlew 0} pajsnipe pue ‘sejie Juejul ay} Joj SeaJe 8y} ydlew o) paisnipe Ajfenuew
alaMm seaJe asay ] ‘aejdwa) abelane Juesul ay) 01 aejdwia) Jeak z-0z ay) Woly sefie Jeqoj syl Buiwioysues) pue ‘srejdwsal Jeak 1z-0g ayi 01 arejdwal abesane juesur ayy BuiaisiBai Aq parelauab sem

uonewixoldde 1s11y 7 “pasn a1am $1020104d [NOT 8Us pue (900z ‘[e 10 suuobias ‘uexisaq) sase|ly PIosXQ-pleAteH 1S4 8yl wody uoniuigasp sy (sreinbuld ‘wioyisny) seale Jeqol-gns 221102 3yl YSeN 'S

"Sejie Juejul 8y} oy paisnipe Ajjenuew uay) a1om seate ay | “arejdwa) abesaAe Jursul 8y} 03 arejdwa) Jeak £2-0g aul WoJy seie Jeqo ay Bulwiogsues pue ‘srejdwsal Jeak £2-0g aup 01 arejdws) sbelane
Jueyul 8y BulisisiBas Aq paressusBb sem uonewixoidde 18t 7 <S4 Yim papiaoad (TO0Z ‘18 19 BAO | “e01zze|Al) UoNIULBP Sey [2dmonas [NIA 8yl 8sn “ease [e31d1900 104 “eaue [endiodo ayl 3Se

/SnJAB-esodwal-l011adns/sej1e-o1s1eqo.d/s]020104d-121easal/SPeojUMOp/Sa2IN0sal/NPaasn’ U] '83.n0sal//:dny
/snuAB-esodwal-iouadns/suoifial-H
/snJIAB-esodwal-a|ppiw/suoiBal-Burysewl/s|02010.4d-yo1easal/speojuUMOp/Sa24n0sa/NpPatosn 1uo] 821nosal//:dny
/SnAibB-esodwal-s|ppiw/sejre-o1sieqo.d/s|020104d-121easal/SPeojUMOp/Sa24N0sal/NPaasn’ 1Uo|'82.n0sal//:dny
/sniAB-redwesoddiyeled/sefre-onsieqold/s|020101d-y21easal/SpeO|UMOP/SAIIN0S8I/NP3°ISN" U0 824N0Sal//:dny
/SnJAB-esodwal-1oLIa ul/se[e-011S1|eq0.d/s|000104d-101easal/SPRO|UMOP/SAIIN0S8I/NPa SN’ U] 824n0sal//:dny

‘[eJodwia |

/43]-800]-[e1u01}/su0IBaI-BuIysew/s|00010.d-U21eass./SPEO|UMOP/S904N0Sal/NPa SN’ IUO|'924N0Sal//:dny

'$800| [eJodwia) J0 [0y JUMIS 10} Seale ayy Aynuspl 0] s|02030id [NOT 8Y1 8SN 's8qo] Jesodws) pue [eluol) auyl MseA €

"urelq InoyBnoayy SaJOLIIUBA Ul 4SD AJIIUSPI 01 PJOySaly} SIY1 asn ‘S8|91IIUSA [eUJSIUI U} Ul punoy sanjeA ayl Buisn Ag 452 ayl Buipjoysaiyl ‘T4IN MZ.L abelaae ue Buisn sajoLiuaA ayy Apnuspl 'z
/X81102-1B|nsul/suo1Bal-BuIdsew/s|090101d-U21easal/SPeOJUMOp/S8IN0S3]/NPa"asN’ 10| ‘82In0sal//:dny
JUOIYB3UI[3P-31BPNEI/U0ITEIUSLIGES/S|000101d-101B3S31/SPROJUMOP/SBIIN0S]/NPa"ISN' 10| "82IN0Sal//:dny
/snuiejeyy/suoifial-Buiysew/s|000104d-yo1essal/sprojumop/sadin0sal/Npatosn 1uo| 821nosal//:dny

/WaIsuTeIq/se|1e-01s1[2q01d/s]000101d-U01easal/SPeO|UMOP/S824N0Sa1/NPa*dsN‘ 1UO| 824n0sal//:dny
/WN||808180/SB|1B-011S1|BC0.1d/S]00010.4d-01R3S8./SPRO|UMOP/S30N0S31/NP8"0SN" 1UO| "8.N0S8l//:dny

‘Sejle 0yvad
INOT ays Joy padojanap sjo20304d sy} as “(erepnes ‘usweind) wnyeL)s pue ‘Wnsojjed sndiod ‘snwefey ‘Walsureld ‘Wwin||agalad apnjoul seale [2d11109-UON "Seale [221109-UoU pue Bnsul 8yl YSein ‘T

"Se|Je [enuew Jo uoleauljap Joy sdais

€9lqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

PMC 2015 November 14.

in

available

Dev Neurosci. Author manuscript


http://resource.loni.usc.edu/resources/downloads/research-protocols/probalistic-atlas/cerebellum/
http://resource.loni.usc.edu/resources/downloads/research-protocols/probalistic-atlas/brainstem/
http://resource.loni.usc.edu/resources/downloads/research-protocols/masking-regions/thalamus/
http://resource.loni.usc.edu/resources/downloads/research-protocols/segmentation/caudate-delineation/
http://resource.loni.usc.edu/resources/downloads/research-protocols/masking-regions/insular-cortex/
http://resource.loni.usc.edu/resources/downloads/research-protocols/masking-regions/frontal-lobe-left/
http://resource.loni.usc.edu/resources/downloads/research-protocols/probalistic-atlas/inferior-temporal-gyrus/
http://resource.loni.usc.edu/resources/downloads/research-protocols/probalistic-atlas/parahippocampal-gyrus/
http://resource.loni.usc.edu/resources/downloads/research-protocols/probalistic-atlas/middle-temporal-gryus/
http://resource.loni.usc.edu/resources/downloads/research-protocols/masking-regions/middle-temporal-gyrus/
http://resource.loni.usc.edu/resources/downloads/research-protocols/masking-regions/superior-temporal-gyrus/
http://resource.loni.usc.edu/resources/downloads/research-protocols/probalistic-atlas/superior-temporal-gyrus/
http://resource.loni.usc.edu/resources/downloads/research-protocols/probalistic-atlas/fusiform-gyrus/
http://resource.loni.usc.edu/resources/downloads/research-protocols/probalistic-atlas/cingulate-gyrus/
http://resource.loni.usc.edu/resources/downloads/research-protocols/masking-regions/parietal-lobe/

Page 26

Fillmore et al.

88 ‘88 (qubu "Ya) snIAB enguo Joualsod €Lz
92 '8, (Bu ‘Yay) snIAB [ejuoyoNaIO [ela)eT "ZE-TE €8 'v8 (3uBu yey) snIAB [encJo fesere T2-0L
8888 (3B ‘Yay) SnIAB [e)U0IH0NGIO SIPPIN "0E-62 16 '16 (3ubBu "yay) snIAB [enquo [eIpaIN '69-89
22l (3ubu yay) sniAB peyuoly Jousdns “zz-Tg 6. '08 (b1 ‘yay) snuAB [ejuoly JoLsdns “65-85
28'6L (B yay) snIAB [eyuouy JoLidjul "92-G2 68 'v8 (b "yay) snIAB [eyuouy JoLidyul LG-9G
06 '68 (uBu yay) snuAB [elicuo JoLRY "G5-¥S
S9 'v9 (ubu ‘yay) sk ybrens ve-ge 19 ‘85 (Bu yoy) snIAB ybrens "€5-z§
G6'sS (hubu ‘Yar) snuAB [enusdaid '8z-L2 ¥9 ‘19 (3ubui ‘Yay) snuAB [enusdsld "15-05
2818 (B "yar) snIAB [eluouy SIPPIN v2-€2 v8'18 (wubus "Ya) snIAB [euoly BIPPIN "62-82 [eyuoi 0T
TL'19 (3B ‘Yay) xau02 rejnsu] 'Z0T-T0T 16 ‘gy (b ‘yay) BInsul 12-02 e|nsu| °6
0€ '€e (wBu yoy) snIAB ybrens “€5-z§
06 ‘2L (3uBu1 "Yay) xap09 [ejuoly [enuabans-ald "18-08
6v ‘€L (b yay) eale [eso]|edqNS '6.-8.L
08 '8L (3ubu ‘yoy) X800 [ejuoy [enuabans *2/-9/
16 ‘88 (b1 ‘yay) wed sousrsod ‘sniAb areinbul) "/z-92
8L 2L (3ubu yay) snuAB syeInbuld "zeT-12T 16 '06 (b1 ‘yay) ued Jousiue ‘snIAB areinBul)d "5z-vg alenbuid ‘g
09 wnsojeD sndio) ‘i wnsojje) sndio)d *2
o oy (1B ‘yay) snpijred snqolo “ev-zy
T.'69 (hubui "Ya) uswrend y9T-€9T 18'8L (qubBu "Ya) uswend ‘6E-8€
8L ‘89 (B "yay) suaqundoe SNBJINN “LE-9€
o'y (uBu "Ya) srepned Z9T-T9T 161§ (3uBu yay) snajonu axepned ‘Ge-vE wnews ‘9
69 ‘29 (b ‘yay) snwereyL Tr-0v snweyeyy g
16 '86 (hubu ‘Yar) eIBIN BRUBISANS "GL-1/
€6 wajsulelg 28T a8 wajsulelg ‘6T wajsulelg ‘¢
26 wn|13ga189 18T 98 ‘98 (ubus yay) wnjjegaied gT-LT win||3ga130 "¢
oy 3JoLIUBA PIYL "B
v ‘v Osm_._ ,tm_v uioy _S_Q_ouo pue tmn |eljuad .c._os |eiuody .m_u_bcm> |elayeT] ‘9y-Siy SO|OLIIUBA'C
BYO T
de| A0 % pge1sev orvadl  de|lero % pgesselysowweH  pgeSElY [enue N

'safie JurUI 9 B SSOI0R palrlane Sase|le Jay10 syl pue Sejly/ [enuelA 8yl ussmiag dejiano paleys auy si dejJsnQ % ‘sejie ayl
U0 s1aquuinu JuaWBas ay aJe s1aquuinp ‘Sejie SIaWWeH Yyl pue Se[1e [enuBwW ay) pue ‘sejie 0i\Ydd T 8Ul pue Sejie [enuew sy Jo seale ayl ussmiag dejianQ

v alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Dev Neurosci. Author manuscript; available in PMC 2015 November 14.



Page 27

Fillmore et al.

e ‘e (3B ‘yay) snuAB [endiodo soLdjul '99-59
Sy 'Oy (1B “yay) snAB [end1d20 3IPPIN ¥9-€9
L1'08 (3ubui "Ya) snaundaid “0G-6v
68 ‘98 (B "yay) snuAB Jeinbuy “gy-Ly Gy 'Sy (b yay) aqoj [endio90 Jo sopurewal [essle '€z-2¢
88 ‘28 (b1 “yay) snuAb eurbreweldns “9y-Gy 16 ‘68 (1B ‘yay) aqo| [esatsed ayy Jo JapuUIRWRY "EE-CE
8 'v8 (3ybu "yay) snuAB resorred Jousdns vi-gt 08'18 (b1 yay) snuAb relaired Jousdns £9-z9
68 'v8 (3ubu "Ya) snAB [enusdlsod ‘gh-Ty 8.'08 (3ubu ‘Yar) snIAB [enusdsod T9-09 [eytied 41
S 'Sy (3B yay) sqoj resodwisy JoLRASOd “TE-0E
19'79 (3ubu "yay) snuAB [esodws) Jouisyu| "98-G8 68 'G8 (b1 ‘yay) LAB [elodwa) Jouagul pue [eIpsiN yT-ET
G8 ‘v8 (611 ‘yay) 1ed tousyue ‘snIAb [eiodws) Joriadns ‘€8-z8
18 2L (1ybu ‘yay) sniAB jesodwiay Jouadns "zg-T18 6 ‘26 (3yBu ‘Yay) renuad ‘sniAb fesodws) Jouadns ZT-TT
¥G ‘0 (aybu ‘yay) snuAb jedwesoddiyered "0T-6
08 'TL (b1 yay) snIAB [eodwid) 3IPPIIN "¥8-€8 8L'eL (3B ‘yay) 1ed [esate] 8qo| [esodws) JOLIBIUY -/
11'€l (1ybu “‘yay) 1ed [eipaw aqo| [eiodwa) JOLBY "9-G
68 '98 (b yay) elepbAWY v-€
. 'v9 (3ubBu ‘Yay) snduresoddiH '99T-59T 6L 'v9 (wyBu “yay) sndwesoddiH z-T [esodwsa] "€T
1628 (huBui "ya) sniAB [enbui '06-68 €6 'S (qubu "yar) snIAB [enbur "G9-v9
Sy Iy (b1 ‘yay) snuAb redwesoddiyered '8g-/8 6€ ‘L€ (qybur‘ya)) sniAb jedwresoddiyesed ‘0T-6
89 ‘65 (B yay) snIAB wioyisnd 26-16 18 ‘89 (hubu ‘yay) snuAB [esodwierondidoo [essie "9T-GT wiojisng 'zt
G6 '68 (quBu "Ya) snaund 'g9-/9 6 'S6 (wbus "Ya) snaund '29-99
ov ‘6 (3uBui "ya) snIAB [enbui ‘06-68 6€ ‘8v (ubu "Ya) snIAB [enbur "G9-v9
0'se (3B ‘yay) snAB [endiooo soLdjul '99-59
LETy (1B “yay) snAB [end1d20 3IPPIN ¥9-€9
89 ‘89 (b1 yay) snuAB Jeydiooo Jouadns 'z9-19 Gv ey (b yay) aqoj [end1290 Jo Japurellial [essie] '€z-zg [endo00 '11
de| A0 % pge1sev orvadl  de|ero % pgesselysowweH  pgeSElY [enue N

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2015 November 14.

in

available

Dev Neurosci. Author manuscript



Page 28

Fillmore et al.

syuow g1 ‘6 ‘9 ‘e 18

Gz pue ‘gz ‘ze ‘0z =N

HIN :Jeusaix3

syuow g1 ‘6 'S'L ‘09 'Sy ‘e e
0T '8 ‘TT VT ‘2T '¥T=N

19O [euta ]

SUUOW G’/ pue Gy Je oML
sypuow g1 ‘6 ‘9 ‘e ¥e Ino4
‘AdHIN pue [gON

S{luow g/ pue Gy e oM |
syluow 21 ‘6 ‘9 ‘¢ e Ino4
‘AdHIN pue 190N

“aoeds juedionued ay) ojul sefie paseq-abe
Ue JO Uoljewlojsues)/uoliensifial Jeaul|-uou/iesul] pue UoresId Sefle [edloleuroideW [enpiAlpul 0} yoeoidde s1oA Aofew sy woly Bunnsal suoiBal ussmiaq dejisno
Se[Te [eJIW0TeUR0IOR W a0BISAE 0 UONBWIOjSUeI)/UOIeNSIDal SA SaSe[Te [edIWoTeU’0Ioel [eNpIAIpUl €

aoeds juedionued 01 uonewaojsuely/uoiieISIBal Jeaulj-uou / Jeaul] yiim seje abesane sreridosdde-abe wouy
Burwos suoibal 1o ‘Uo11eaId Sefie [eJIWOIeUR0IdRW [eNPIAIPUI 0} yoeoidde a10A Aliolew ayy woly Burynsal suoiBas pue suoifial payeaul|ap Ajjenuew usamiaq dejanQ
"Se|1e pawIojSuel} arejdwa} paseq-abe SNSIaA PUE Se[ie [edIi0Jeue0IdeW [BNPIAIPUI SNSISA SUOIBal payeaul|ap A[[enueiN ¢

"Juswas 19BJe) 8y} U1 pajuasaldal Ajjny Jou JuswBas 9oUsIBal U Ul Seale SLWOS aJe 813U} USYM 90UBpIodu0d Juswhas jo

ainseauw e s pue ‘siskjeue ay Jo AuAnisuss ay siussaidal siyl (5002 ““1e 18 wniD) dejano 186e), ayr pare|nofed osje aAn 'suoiBal ay) Jo aWNjoA ueaw ayy Aq papIAIp
suoifal pajage| AjJejIWIs 0M) JO UOIDaSIBUI 8y} Sluasaldal pue ‘([dejiano [e101] T 01 [dejiano ou] o wouy Buibuel) dejsano Jo aa163p sansesw JUsII4809 821 aY L
"S3WN|OA Se|Ie [HIAl JO dejiano sy ayenjens 0} pasn sem (S00z ““[e 38 WnID ‘Gy6T ‘821Q) U110 8910 8y L

"sase|1e paseq-aye|dws) abe Jap|o

pue ‘sefie paseqg-ae|dwsa) sreridosdde-abe ayy 0 uonewWwIOSURI)/UOITRASIBAI Jeaul|-uou/seaul] woly Bunjnsas suoifial pue suoifial paresul|ap Ajjenuew ussmiaq dejlanQ
Se|7e a1e|dWa} 0} UONelI0jSUe ) /UoNeSINal SNSIaA SUoIDal Pareaul|ap A[[enueiy T

Author Manuscript

*Apnis Jua.INd a1 ul paulwexa saydeoidde sejie usamiaq suostiedwo)

G 9lqel

Author Manuscript Author Manuscript

Author Manuscript

PMC 2015 November 14.

in

available

Dev Neurosci. Author manuscript



