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New Application of the Automatic Segmentation
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Abstract: Volumetric assessments of the hippocampus and other brain structures during childhood provide
useful indices of brain development and correlates of cognitive functioning in typically and atypically
developing children. Automated methods such as FreeSurfer promise efficient and replicable segmentation,
but may include errors which are avoided by trained manual tracers. A recently devised automated correc-
tion tool that uses a machine learning algorithm to remove systematic errors, the Automatic Segmentation
Adapter Tool (ASAT), was capable of substantially improving the accuracy of FreeSurfer segmentations in
an adult sample [Wang et al., 2011], but the utility of ASAT has not been examined in pediatric samples. In
Study 1, the validity of FreeSurfer and ASAT corrected hippocampal segmentations were examined in 20
typically developing children and 20 children with autism spectrum disorder aged 2 and 3 years. We
showed that while neither FreeSurfer nor ASAT accuracy differed by disorder or age, the accuracy of ASAT
corrected segmentations were substantially better than FreeSurfer segmentations in every case, using as few
as 10 training examples. In Study 2, we applied ASAT to 89 typically developing children aged 2 to 4 years
to examine relations between hippocampal volume, age, sex, and expressive language. Girls had smaller
hippocampi overall, and in left hippocampus this difference was larger in older than younger girls. Expres-
sive language ability was greater in older children, and this difference was larger in those with larger hippo-
campi, bilaterally. Overall, this research shows that ASAT is highly reliable and useful to examinations
relating behavior to hippocampal structure. Hum Brain Mapp 36:4483–4496, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Recent years have witnessed an increase in studies exam-
ining developmental differences in subcortical structures,
such as the hippocampus and the amygdala [Wierenga
et al., 2014] to inform hypotheses about typical [Koolschijn
and Crone, 2013; Lee et al., 2014] and atypical neurocogni-
tive development [Schumann et al., 2004]. Traditionally,
these volumetric assessments have been obtained by man-
ually segmenting structural magnetic resonance images by
expert raters [Schumann et al., 2004]. Manual methods
remain the gold-standard both in terms of reliability and
validity. However, these methods are time-consuming and
require considerable personnel training. Furthermore, in
developmental research with longitudinal designs in which
data are collected and analyzed over a number of years, the
use of manual raters might introduce unique sources of
error, such as rater drift or unintended alterations in how a
rating protocol is implemented because of changes in
research personnel. Addressing these problems in longitudi-
nal designs requires periodic re-assessment against older
datasets [Nugent et al., 2007; Warshaw et al,, 2001].

For these reasons, over the last several decades, auto-
mated segmentation methods have been used in a variety
of studies and populations [Everaerd et al., 2012; Kumfor
et al., 2014; Weiss et al., 2005]. Although automated seg-
mentation promises quicker outcome, it may also be prone
to error, as segmentations may result in inclusion of irrele-
vant tissue when structural boundaries are not clear
because of imaging protocol characteristics or motion; if
boundaries are not clear, errors may range from sizeable
to catastrophic. For example, FreeSurfer [Fischl, 2012], a
widely-used software package for cortical thickness and
segmentation of subcortical volumes, frequently mislabels
voxels from the lateral ventricles and amygdala as por-
tions of the hippocampal formation [Dewey et al., 2010;
Shen et al., 2009; Tae et al., 2008; Wang et al., 2011]. This
systematic error produces substantially larger hippocam-
pal volume estimates than produced by manual rating.
These kinds of errors may be more frequent or robust
when the automated method is used with imaging proto-
cols [Han et al., 2006; Jovicich et al., 2009] or study popula-
tions [e.g., Evans et al., 2012] that differ from those
originally employed to validate the method. For example,
FreeSurfer atlases were optimized for analyzing adult
brain structure [Fischl et al., 2002], and there is the risk
that its accuracy with use of very young children may be

reduced because of group differences in brain morphology
and tissue contrast, resulting in suboptimal registration
and segmentation of subcortical brain structures. This
problem may be particularly evident in studies of young
children, a population in which both brain morphology
and tissue contrast may alter the reliability and validity of
FreeSurfer segmentation. While some data suggest that
FreeSurfer segmentations are reliable assessments of hip-
pocampal volume compared with manual tracing with
older children [ages 8 to 11; DeMaster et al., 2014], there
has not been a published validation of hippocampal seg-
mentation with FreeSurfer in younger children.

These risks may be alleviated through the use of semi-
automated correction methods that have been recently
introduced in the literature. Specifically, the Automatic
Segmentation Adapter Tool (ASAT is freely available soft-
ware (http://www.nitrc.org/projects/segadapter), which
can identify and correct segmentation errors produced by
automated methods in adults [Wang et al., 2011]. The ASAT
is conceptually based on the idea that automated segmenta-
tion methods, such as FreeSurfer, commit both random and
systematic errors, and that systematic errors can be identi-
fied and removed using machine learning [i.e. Adaboost
classifiers; Freund and Schapire, 1995]. In the ASAT, system-
atic errors are those segmentation differences between a
host (e.g. FreeSurfer) and a ground truth (e.g. training set
manually defined by an expert rater) which are predictable
on the basis of the intensity, spatial, and contextual charac-
teristics of mislabeled voxels in the brain image [Wang et al.,
2011]. Consequently, using manual segmentations as a train-
ing set, the ASAT was designed to learn in which particular
way an automated method like FreeSurfer commits segmen-
tation errors, and then remove those errors to improve the
accuracy of the segmentations. Excellent performance by the
ASAT was demonstrated in Wang et al., [2011]. However,
the ASAT has not been validated in pediatric samples, and
there is a possibility that it may fail to improve segmentation
adequately, or introduce additional biases related to young
age.

The current research sought to examine whether the
ASAT could correct FreeSurfer hippocampal segmenta-
tions in a sample of preschoolers, which included children
with typical development as well as children with autism
spectrum disorder (ASD). Structural brain abnormality
and variability are present in developmental disorders
such as ASD [Hua et al., 2013], and these may lead to
poor performance by automated methods. The inclusion of
diverse populations of typically and atypically developing
children is important for a comprehensive test of segmen-
tation methods. To achieve these goals, we conducted two
studies. In Study 1, we conducted a cross-validation study
of FreeSurfer and ASAT-corrected FreeSurfer segmenta-
tions of the hippocampus in a sample of typically and
atypically developing ASD preschoolers. First, manual
hippocampal segmentations were carried out by an expert
rater in the entire sample. We then asked whether ASAT-

Abbreviations

ASAT automatic segmentation adapter tool
ASD autism spectrum disorder
DSCs dice similarity coefficients
ICV intracranial volume
ROIs regions of interest
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corrected segmentations produced significant improve-
ments over FreeSurfer if trained using a relatively large or
small set of training atlases, namely 36 versus 10. A dem-
onstration of the effectiveness of ASAT with a small train-
ing set should make the method more accessible to a
wider range of investigations. In Study 2, we used ASAT-
corrected FreeSurfer segmentations in a larger sample of
typically developing children and used the resulting hip-
pocampal volumes to test for predicted associations with
age, sex and expressive language.

STUDY 1

The goal of Study 1 was to establish the efficacy of the
ASAT at correcting FreeSurfer generated hippocampal seg-
mentations and maintaining the high levels of accuracy
achieved with manual tracing, while incorporating the
practical advantages of automated segmentation. To
achieve this goal, we compared FreeSurfer-generated hip-
pocampal segmentations that were either uncorrected or
corrected with the Automatic Segmentation Adapter Tool
[ASAT; Wang et al., 2011] to manual segmentations of the
same sample in typically developing and atypically devel-
oping preschoolers, namely children with ASD.

The ASAT is trained to correct hippocampal segmenta-
tions from a set of training examples in which the hippo-
campus is segmented manually. In adults, the performance
of ASAT segmentation improves as a function of the num-
ber of examples used to train the ASAT [Wang et al., 2011].
However, this improvement is not linear, and the marginal
gain in performance with each additional training example
becomes increasingly smaller [Wang et al., 2011]. Thus, we
sought to compare the efficacy of the ASAT in error correc-
tion with a smaller (i.e., 10) versus a larger (i.e., 36) set of
training examples. These two training set sizes were chosen
to respectively represent moderate versus large training
size; prior research in adult samples suggests that each
training set size is sufficient for good performance [Wang
et al., 2011], but this has not been established in young chil-
dren. Evidence that a relatively small training size is suffi-
cient for good performance in this population would be
helpful to guide future research.

In addition to examining accuracy of FreeSurfer-
generated and ASAT-corrected segmentations of the hippo-
campus as a whole, we were also interested in segmentation
accuracy as a function of location along the anterior-
posterior hippocampal axis. The examination of functional
differences along this hippocampal axis has recently gained
momentum [Poppenk et al., 2013; Strange et al., 2014], and
there is initial evidence that structural development follows
different trajectories in anterior versus posterior hippocam-
pal regions [DeMaster et al., 2014; Gogtay et al., 2006]. Of
importance, previous research highlights that FreeSurfer
errors are particularly evident in the anterior portion of the
hippocampal formation where the boundary with the amyg-
dala is not always clear [Dewey et al., 2010]. Thus, it seemed

imperative to establish whether the accuracy of segmenta-
tion and correction methods differs along this hippocampal
axis.

Participants

Participants included 20 (16 males/4 females) typically
developing children (M 5 2.98, SD 5 0.36, range: 2.27–3.60
years) and 20 (16 males/4 females) children with ASD
(M 5 2.98, SD 5 0.48, Range: 2.26–3.70 years). This sample
was pseudo-randomly selected from a larger cohort of par-
ticipants assessed as a part of the Autism Phenome Pro-
ject, conducted at the MIND Institute at the University of
California, Davis (UC Davis), with the restriction that typi-
cally and atypically developing children were matched for
sex and age. Typically developing children were excluded
from participation for positive diagnosis of neurological or
developmental delays, language impairments, or behav-
ioral problems. ASD participants met the criteria estab-
lished by the Collaborative Programs of Excellence in
Autism, exceeding cutoffs for ASD diagnosis using ADOS-
G [Autism Diagnostic Observation Schedule-Generic; Lord
et al., 2000] and the Autism Diagnostic Interview–Revised
[Lord et al., 1994], as assessed by a licensed clinical psy-
chologist with expertise in Autism research. Informed con-
sent was provided by the legal guardian(s) of the child.
This research was approved by the UC Davis institutional
review board.

Methods

Image acquisition

T1-weighted magnetization-prepared rapid gradient
echo (MPRAGE) images were acquired at the UC Davis
Imaging Research Center in a 3T Siemens Tim Trio scan-
ner with an 8-channel head coil. (TR 5 2,170 ms; TE 5 4.86
ms; matrix: 256 3 256; slice thickness 1 mm, voxel: 1 mm
isotropic). Motion artifacts were minimized by acquiring
scans at night while children were asleep [Nordahl et al.,
2008]. Post-acquisition, images were rigidly aligned to
MNI standard-space using FLIRT from the FMRIB Soft-
ware Library [FSL; Smith et al., 2004].

Manual tracing and atlas creation

Delineation of the boundaries of the left and right hip-
pocampal formation was performed manually. We note
that while we use the term hippocampus throughout this
paper, the region that was segmented included the follow-
ing cytoarchitectonic fields: dentate gyrus, hippocampus
proper (CA1, CA2, CA3), subiculum, presubiculum, and
parasubiculum. Segmentation of the hippocampus was
conducted by an experienced rater (A.L.) using an estab-
lished protocol [Schumann et al., 2004]. Left and right hip-
pocampi were segmented separately, resulting in separate
binary images for left and right hippocampus.
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FreeSurfer host pipeline

Initial segmentation of hippocampal volumes were esti-
mated for all participants using FreeSurfer [http://surfer.
nmr.mgh.harvard.edu/; Version 5.1.0; Fischl, 2012] soft-
ware suite of image analysis tools. The standard process-
ing pipeline was employed [Fischl, 2012; Fischl et al.,
2002]. Briefly, this involved motion correction, removal of
non-brain tissue, bias field correction, affine and nonlinear
registration with FreeSurfer’s Talairach atlas, and propaga-
tion of labels to each voxel in reference to the prior proba-
bilities specified in FreeSurfer’s subcortical atlas [Fischl
et al., 2002]. After segmentation and inspection for cata-
strophic registration errors, left and right hippocampal
segmentations were extracted from the subcortical image
and converted into binary NIfTI formatted images.

Automated segmentation adapter tool

The segmentation adapter command-line tool is an
open-source, and freely available software [http://www.
nitrc.org/projects/segadapter/; Wang et al., 2011]. The
tool requires a set of structural brain images, reference
segmentations (i.e. ground-truth), and host segmentations
(the segmentations one wishes to correct).

Training parameters. To train the ASAT, several parame-
ters must be specified. These parameters include: (1) the
feature radius, which specifies the spatial neighborhood
containing the features ASAT uses to identify segmenta-
tion errors; (2) the sampling rate, which specifies the pro-
portion of voxels used to train the ASAT; (3) the number
of training iterations, during which the ASAT is allowed
to learn; and (4) the dilation radius, which specifies the
radius that the host segmentation (e.g., FreeSurfer segmen-
tation) is dilated to create working regions of interest
(ROIs) for the ASAT training. In general, increasing the
feature radius, sampling rate, or number of training exam-
ples only marginally improves ASAT performance [Wang
et al., 2011], but can greatly increase the computational
demands of the procedure. On the basis of Wang et al.,
[2011] and considering our goal of choosing parameters
which would yield excellent performance while being
within the capabilities of a typical analysis workstation,
the sampling radius was set to 4 3 4 3 4 voxels, the sam-
pling rate was set at 50%, the number of training iterations
was 500. The last parameter, the dilation radius is perhaps
the most critical parameter to set appropriately. The pur-
pose of this parameter is to grow the host segmentation
(e.g. FreeSurfer) sufficiently to completely cover the manual/
reference segmentation. ASAT is designed to identify and
correct commission errors, but does not correct omission
errors. Therefore, the dilation parameter will be most help-
ful if it is set liberally to ensure that all or the overwhelm-
ing majority (e.g.,> 99%) of reference voxels are within the
dilated host segmentation. In Study 1, we found that a
dilation radius of 2 voxels was sufficient to ensure that

dilated FreeSurfer segmentations encompassed all refer-
ence voxels. Further detail on the significance of these
parameters and alternative settings are examined in Wang
et al., [2011].

Cross-validation procedures

Cross validation procedures involve using manual seg-
mentations as the ground truth to train the ASAT and cor-
rect the segmentations of the host (i.e., Free Surfer) in the
remaining subsample. For each of our trainings sets (36 or
10), we conducted 10 cross-validation studies consistent
with the literature [McLachlan et al., 2005]. Each training
set was balanced for number of typically and atypically
developing children and sex.

In the ASAT-36, each of the 10 cross-validation studies
used segmentations for 36 of the participants’ hippocampi
to train and then correct the FreeSurfer-generated segmen-
tations of the remaining four participants’ hippocampi
(i.e., this procedure was followed separately for left and
right hippocampus). Thus, no hippocampus used for train-
ing was then used in the test sample within each of the
cross-validation studies.

In the ASAT-10, each of the 10 cross-validation studies
used segmentations for 10 of the participants’ hippocampi
to train the ASAT and then to correct the FreeSurfer-
generated segmentations of four participants. We note that
we maintained the set of to-be corrected segmentations
equal to 4 on each of these cross-validation studies (even
though in ASAT-10 a larger test sample would be possi-
ble) to be able to formally compare the results of ASAT-10
to ASAT-36. Again, no hippocampus used for training was
then used in its corresponding test sample. These proce-
dures produced a total of 40 corrected segmentations from
10 separately trained ASAT-36 and ASAT-10 algorithms
per hemisphere.

Results and Discussion

Reliability of segmentations with the manual protocol
was primarily assessed using dice similarity coefficients
(DSCs; Dice, 1945). When applied to image segmentations,
DSCs measure the spatial overlap of two independently
traced segmentation and is computed as a ratio. Namely,
DSC5 2jA \ Bjð Þ= jA 1 Bjð Þ, where A and B are the
number of voxels in each individual segmentation, and
jA \ Bj is the number of voxels included in both segmen-
tations. DSCs range between 0, indicating no agreement
(i.e., no overlap), and 1, indicating perfect agreement (i.e.,
perfect overlap). DSC scores were computed using the
Convert3d utility available at http://www.itksnap.org.
Since it is important to measure potential systematic biases
of each method with age and diagnosis, DSC scores
obtained from FreeSurfer and ASAT methods using
manually-segmented volumes as the criterion were com-
pared. Descriptively (Fig. 1), it is clear that higher DSC
scores were observed for each individual participant in
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ASAT segmentations compared with FreeSurfer with an
improvement exceeding 10% of voxel overlap as confirmed
in the analyses below. Example slices of ASAT-10,

FreeSurfer, and manual segmentations are illustrated in
Figure 2. As seen in Figure 3, ASAT-10 performed well in
each of its cross-validation runs, suggesting that despite

Figure 1.

Left: spatial overlap (DSC) of FreeSurfer (blue) and ASAT-10 (red) with manual tracings. Right:

spatial overlap of FreeSurfer (blue) and ASAT-36 (red) with manual. Results for each case are

sorted by FreeSurfer DSC. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2.

Example coronal (top) and sagittal (bottom) views of left hippocampal segmentations for FreeSurfer

(blue outline), ASAT-10 (red outline), and manual tracings (green). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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ASAT-10 using only 10 training examples, performance
was not sensitive to the particular set of examples used.

Hippocampal size may differ as a function of age, sex,
hemisphere and participant group, and it is important to
establish the extent to which segmentation techniques are
biased because of any of these variables of interest. For a for-
mal examination of these potential differences, we conducted
a 2 (age: 2-year-olds versus 3-year-olds) 3 (participant group:
ASD, Typical) 3 2 (hemisphere: left, right hippocampus) 3 3
(method: FreeSurfer, ASAT-10, ASAT-36) multivariate analy-
sis of variance (repeated-measures MANOVA). Age-groups
were constructed by dividing the sample into 2-year-olds
(M 5 2.65, SD 5 .29, range 5 2.6–2.99 years, n 5 20), and 3-
year-olds (n 5 20, M 5 3.31, SD 5 .23, range 5 3.01–3.70,
n 5 20). Table I reports DSC means and standard deviations
for each method by diagnosis and age group. Follow-up mul-
tiple comparisons of main effects were examined using Bon-
ferroni corrected P-values.

Results revealed a significant main effect of method, F(2,
35) 5 860.66, P< 0.001, Wilks’ k 5 0.02, gp

2 5 0.98. Both
ASAT-36 and ASAT-10 achieved higher DSC scores than
FreeSurfer (ASAT-36, Mean difference 5 0.12, P � .001,
95% CI [0.12, 0.13] and ASAT-10, mean difference 5 0.11, P
� 0.001, 95% CI [0.11, 0.12]). The ASAT-36 resulted in reli-
ably higher DSCs than ASAT-10, difference 5 0.01, P �
0.001, 95% CI [0.006, 0.010]. However, it is worth noting
that this difference is a magnitude smaller than the differ-
ences between ASAT and FreeSurfer. There also was a sig-
nificant effect of hemisphere, F(1, 36) 5 5.60, P 5 0.024,
Wilks’ k 5 0.87, gp

2 5 0.14. All segmentation methods
achieved higher DSCs in the right hippocampus than in
the left, difference 5 0.01, P 5 0.02, 95% CI [0.001, 0.015].
There was no main or interactive significant effect of age
and participant group, Fs � 2.6, ps� 0.09, gp

2 s � 0.13.
Although segmentation accuracy did not differ as an

effect of age-group in the prior analysis, we further exam-
ined whether age is related to segmentation accuracy
when considered as a continuous variable to ensure that
the age group subdivision did not obscure overall associa-
tions with age. Conducting Pearson’s correlations between
age and FreeSurfer, ASAT-10, and ASAT-36 left and right
segmentations did not reveal a significant relations, |r|s
� 0.10, uncorrected ps� 0.56. This result confirms the
result from the MANOVA analysis.

We next examined whether performance of FreeSurfer
and ASAT differed along the anterior to posterior axis of
the hippocampus. For this analysis, we focused on per-
formance of FreeSurfer and ASAT-10, given its similarity
to ASAT-36 performance and the potential of this type of
correction to be helpful even in small-scale studies. For
brevity, we report the analysis of the right hippocampus,
but the degree of overlap between FreeSurfer and ASAT
segmentations along the axis is virtually identical in the
left hippocampus.

Coronal slices from FreeSurfer, ASAT-10, and manually
traced volumes were contrasted (Fig. 4). To compare slices
across participants, volumes were aligned to the most ante-
rior extent of the hippocampal head. Since the anterior-
posterior length of the hippocampus is different in different
people, only slices for which all participants contributed esti-
mated volumes were evaluated. We computed difference
scores for each slice by subtracting the manually segmented
volume from the FreeSurfer and ASAT-10 slice volumes and
examined these differences in a 2 (Method: FreeSurfer,
ASAT-10) 3 22 (Slice: anterior #1 to posterior #22 hippocam-
pus) MANOVA. Results revealed significant main effects of
method and slice, Fs� 7.39, ps� 0.001, Wilks’ k� 0.11,
gp

2� 0.89, which were qualified by a significant method 3

slice interaction, F(21,19) 513.44, P< 0.001, Wilks’ k 5 0.06,
gp

2> 0.94.
A significant linear contrast with slice 3 method was

observed, F(1,39) 5 98.04, P< 0.001, gp
2 5 0.72. Following up, a

significant linear contrast with slice was observed for the dif-
ferences between FreeSurfer and manual slice volumes,

Figure 3.

Mean and standard errors for DSC of ASAT-10 on each cross-

validation run in left and right hippocampus. [Color figure can

be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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F(1,39) 5 96.92, P� 0.001, gp
2 5 0.7140, with the biggest differ-

ences occurring in regions of anterior hippocampus. Notably,
the biggest differences between FreeSurfer and manual trac-
ings were evident in the portions corresponding to the hippo-
campal head where erroneous inclusion of voxels from the
amygdala and ventricles has been previously reported in
adults [Dewey et al., 2010]. However, the linear contrast did
not reach statistical significance for ASAT-10, F(1,39) 5 0.21,
P 5 0.65, gp

2 5 0.005. As evident from Figure 4, the difference
between ASAT-10 and manual tracing was minimal and un-
biased along the anterior-posterior axis, and did not differ
from zero. As a last analysis, we confirmed ASAT-36 would
perform similarly as ASAT-10 did along the anterior to poste-
rior axis. As expected, all results replicated those reported for
ASAT-10; we again observed a slice by method interaction,
P< 0.001, a significant slice 3 method linear contrast,
P< 0.001, such that the linear contrast was evident in Free-
Surfer, P< 0.001, but was not in ASAT-36 slices, P 5 0.44.

Segmentations produced by ASAT in Study 1 were nei-
ther biased nor negatively affected by age, participant
group, or hemisphere. Further, comparison of ASAT seg-
mentations with their manual reference segmentations
across 1 mm slices suggested that ASAT performance was

consistent across the entire longitudinal axis of the hippo-
campus. In contrast, the differences in volume between
FreeSurfer and the manual reference segmentations were
greatest in regions of the anterior hippocampus; this find-
ing is consistent with prior research [Dewey et al., 2010] in
which FreeSurfer commonly included ventricle space and
amygdala into the hippocampal head region. Thus, ASAT
seems capable of consistently removing these errors. We
acknowledge that some of the differences between manual
and FreeSurfer segmentations are because of differences in
segmentation protocol (e.g. inclusion of alveus, a sub-
millimeter layer of white matter). However, these minor
protocol differences cannot account for the substantial dif-
ferences in volume which are typically in the range of sev-
eral thousand cubic millimeters. Overall these results
demonstrate the high validity and reliability of ASAT to
correct FreeSurfer hippocampal segmentation with as few
as 10 training examples and which do not appear to be
obviously biased by age, participant status, or hemisphere.
Given these results, we conducted Study 2 as a first appli-
cation of ASAT-10-corrected volumes to investigate early
brain development as well as one important domain of
cognition, namely language.

Figure 4.

Average slice volumes and standard errors in right hippocampus of FreeSurfer (solid blue), ASAT-

10 (solid red), and manual segmentations (solid white) along the longitudinal axis of the hippocam-

pus. Differences between automated and manual slice volumes are depicted with dashed lines.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE I. DSC by method, hemisphere, status, and age-group

DSC

Left hippocampus Right hippocampus

Typical ASD Typical ASD

2 year-olds 3 year-olds 2 year-olds 3 year-olds 2 year-olds 3 year-olds 2 year-olds 3 year-olds

FreeSurfer 0.76 (0.03) 0.76 (0.02) 0.75 (0.03) 0.77 (0.02) 0.76 (0.03) 0.76 (0.02) 0.74 (0.03) 0.75 (0.02)
ASAT-10 0.87 (0.03) 0.88 (0.02) 0.87 (0.03) 0.88 (0.02) 0.87 (0.03) 0.88 (0.02) 0.86 (0.03) 0.87 (0.02)
ASAT-36 0.87 (0.03) 0.88 (0.02) 0.88 (0.03) 0.89 (0.02) 0.88 (0.03) 0.89 (0.02) 0.87 (0.03) 0.88 (0.02)

The values denote the mean and values within parenthesis are standard deviation values.
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STUDY 2

The goal of Study 2 was to provide an initial application
of ASAT to investigations of early brain and cognitive
development. We chose to apply ASAT using only 10
training examples because of the high performance of
ASAT-10 in Study 1 and because this modestly sized train-
ing set may find application in even relatively small scale
neuroimaging studies. Specifically, we examined whether
these volumes could be used to yield predicted associa-
tions between these and age, sex, and expressive language.

The available data suggest age and sex related differences
in hippocampal volume during the first years of life, but
direct evidence is relatively scant. For example, Uematsu
et al., [2012] reported age-related increases in hippocampal
volume over the first 5 years of life; furthermore, they found
larger hippocampi in males compared to females. While a
strength of Uematsu et al. [2012] is that hippocampal seg-
mentation was conducted manually, these relations were
reported both using volumes uncorrected for overall intra-
cranial volume (ICV) or corrected using a procedure which
corrected for individual variation of ICV within each age
group, but not across ages, The latter approach was moti-
vated by the fact that there are substantial age-differences
in ICV which may derive from different factors at different
ages and that a uniform correction across a wide range may
not be appropriate. Although this is a valid concern, the pro-
posed solution may effectively reduce the scope of the cor-
rection and limit our current ability to assess whether age
differences in hippocampal volume survive after accounting
for overall differences in ICV. Nevertheless, on the basis of
this limited evidence we predicted that we would also
observe larger uncorrected hippocampal volumes in older
compared with younger children and in males compared
with females. We further predicted age-related differences
would be observed in hippocampal volume after accounting
for ICV and potential interactions with age.

We also applied ASAT-10 corrected volumes to the
investigation of how hippocampal structure might support
cognition in early development. While the importance of
the hippocampus in supporting memory and spatial navi-
gation in adults and children is well recognized [Burgess
et al., 2002; Ghetti and Lee, 2011], the hippocampus is
hypothesized to act in the service of other forms of cogni-
tion including certain aspects of language [Cohen, 2015;
Duff and Brown-Schmidt, 2012]. [TQ1]In adults, hippo-
campal activation has been associated with learning novel
vocabulary [Breitenstein et al., 2005; Jung et al., 2014]. Hip-
pocampal amnesia in adults has been associated with less
cohesive verbal communication skills [Kurczek and Duff,
2011], including an inability to relate various details within
even short verbal reports [Kurczek et al., 2013]. Further,
tasks assessing semantic verbal fluency have been associ-
ated with differential hippocampal activation [Glikmann-
Johnston et al., 2015]. Learning of new vocabulary has
been associated with longitudinal increase in hippocampal
volume [Mårtensson et al., 2012]. However, to date little

research has examined whether the hippocampus is associ-
ated with verbal ability during the preschool years. There
are few exceptions. For example, using whole brain voxel-
based morphometry in a small sample of infants, Deniz
Can et al. [2013] reported a positive relation between right
hippocampal volume at 7 months of age and later expres-
sive language production at 12 months of age, as meas-
ured by the Mullen Scales of Early Development (MSEL).
The availability of the MSEL language assessments in the
present sample allowed us to examine whether an associa-
tion between hippocampal structure and expressive lan-
guage ability persists after infancy during the preschool
years. There is currently a real paucity of research examin-
ing the associations between hippocampal structure and
cognitive development during the preschool years, and
thus the present application of the ASAT method begins
to contribute to this literature.

Participants

Eighty-nine (59 male/30 female) typically developing
children aged 2.23–4.73 years, M 5 3.12, SD 5 0.54, partici-
pated in Study 2 as part of the Autism Phenome Project.
Typically developing children participating in Study 1 also
participated in Study 2. Inclusion and exclusion criteria
were the same as in Study 1. Participants came from a
diverse racial and ethnic background: 5.8% identified them-
selves as African-American, 10.5% Asian or Pacific Islander,
55.8% non-Hispanic Caucasian, 16.3% Hispanic Caucasian,
3.5% of mixed race, while 8.1% of participants declined to
identify. Three male participants failed to complete the lan-
guage development assessment; all participants successfully
completed the MRI portion of the study.

Methods

Behavioral measures of language development

Expressive and receptive language abilities were
assessed by the Mullen Scales of Early Development
[MSEL; Mullen, 1995] using raw scores from the expres-
sive and receptive language subscales. MSEL developmen-
tal quotients for overall (DQ), verbal (VDQ), and
nonverbal (NVDQ) intellectual ability were also computed.

Image acquisition and processing

Acquisition of images, preprocessing, and FreeSurfer
analysis were performed as described in Study 1. ASAT-10
algorithms for each hemisphere based on manual tracing
from Study 1 were used to correct FreeSurfer segmenta-
tions in Study 2.

Intracranial volume

Volumes of each hippocampus was adjusted by an esti-
mated intracranial volume (ICV). ICV estimates were
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obtained from the structural images using the procedure
outlined in Lee, et al. [2014]. Briefly, bias-corrected brain
images were skull-stripped using BET, linearly registered
to a standard template, and the inverse of the determinant
of the resulting affine matrix was computed, giving an
estimate of ICV.

Results and Discussion

In the preliminary analyses, we confirmed that ASAT-10
continued to have excellent specific agreement with
ASAT-36 in this expanded sample as indicated by high
intra-class correlation coefficients for absolute agreement
of a single measurement in left, ICC 5 0.97, and right hip-
pocampus, ICC 5 0.98. Preliminary analyses also revealed
that verbal and nonverbal intellectual abilities of the sam-
ple as measured by the MSEL Developmental Quotient
(DQ) were within a fairly typical range (MSEL DQ:
M 5 107, SD 5 11.5, range 5 82–132; verbal DQ: M 5 108,
SD 5 12.3, range 5 80–139; nonverbal DQ: M 5 106,
SD 5 14.5, range 5 73–139).

We began by examining age and sex-related differences
in hippocampal volume using multiple regressions with-
out accounting for the contribution of ICV. Left and right
hippocampal volumes were separately regressed on age,
sex (male 5 21, female 5 1), and age 3 sex interaction
term. Consistent with Uematsu et al. [2012] larger hippo-
campal volumes were observed in males compared with
females, bs�20.39, SEs � 28.85, ts�23.93, ps< 0.001, and
larger hippocampal volumes were observed in older com-
pared with younger children in left, b 5 0.20, SE 5 28.15,

t 5 2.05, P 5 0.04, but not right hippocampus, b 5 0.00,
P 5 0.99, the latter of which was potentially qualified by a
marginal age x sex interaction, b 5 20.18, SE 5 28.47,
t 5 21.76, P 5 0.08.

We then examined age and sex related differences in
volume while including overall intracranial volume in the
regression models. Left and right hippocampal volumes
were separately regressed on age, sex (male 5 21,
female 5 1], ICV, age 3 sex, and ICV 3 age interaction
terms. The age 3 ICV interaction term was included to
account for the possibility that ICV may affect hippocam-
pal volume differently as a function of age as suggested
by Uematsu et al. [2012]. Results for left and right hippo-
campus for these regressions are reported in Table II. Con-
sistent with the prior result, larger hippocampal volumes
were observed in males compared with females even
when ICV was included in the model. Potentially inconsis-
tent with Uematsu et al. [2012], age alone was not a reli-
able predictor of left hippocampal volume above the effect
of ICV. However, age was qualified by sex as a predictor
of right hippocampal volume such that right hippocampal
volumes were smaller in older than in younger female
children, but not in male children when ICV was included
in the model (Fig. 5). Further ICV and age marginally
interacted in right (P 5 0.06) and left (P 5 0.11) hippocam-
pus (and the interaction was statistically significant at
P< 0.05 with left and right hippocampal volumes aver-
aged), such that ICV was more positively related to hippo-
campal volume in younger than older children. Consistent
with Uematsu et al., [2012] this suggests that a linear cor-
rection of hippocampal volumes by ICV may not be
appropriate for all populations, especially those under-
going rapid brain development. Taken together however,

Figure 5.

Partial residual plots of the interaction between age (z-score)

and sex (male 5 21, female 5 1) predicting right hippocampal

volume as evaluated at median ICV (z 5 0.04).

TABLE II. Age and sex differences in left and right

hippocampal volume

Left hippocampus

ASAT-10

b SE B t P

Constant 29.98 86.420 <0.001
Age (z-score) 0.09 29.55 0.92 0.36
Sex (M 5 21, F 5 1) 20.30 31.54 22.90 0.005
ICV (z-score) 0.36 32.52 3.23 0.002
Age 3 sex 20.15 32.74 21.34 0.19
ICV 3 age 20.18 32.69 21.62 0.11

Model F(81, 5) 5 8.76, P< 0.001, adjusted-R2 5 0.31

Right hippocampus

ASAT-10

b SE B t P

Constant 28.45 80.01 <0.001
Age (z-score) 20.13 28.05 21.30 0.20
Sex (M 5 21, F 5 1) 20.23 29.93 22.27 0.03
ICV (z-score) 0.43 30.87 3.84 <0.001
Age 3 sex 20.23 31.08 22.07 0.04
ICV 3 age 20.21 31.03 21.90 0.06

Model F(81,5) 5 8.37, P 5 0.001, adjusted-R2 5 0.30
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these data suggest that within the range of two to four
years of age, subtle age-and sex- related differences in hip-
pocampal volume may be observed.

The failure to observe clear age-related differences in
the right hippocampus after accounting for ICV seems
inconsistent with Uematsu et al. [2012]. However, as noted
previously the method of correction for ICV by Uematsu
et al. [2012] was unusual in that it only accounted for indi-
vidual variability within age group and not across ages.
More generally, differences in age-related trajectories in
the right and left hippocampus at different points in
development are not unprecedented [Gogtay et al., 2006].
It is conceivable that discrepant trajectories may be seen in
early childhood, especially when examining a relatively
narrow developmental periods.

We then examined the relation between hippocampal
volume and early language development with multiple
linear regression, regressing expressive or receptive lan-
guage scores from the MSEL on age (z-score), sex (mal-
e 5 21, female 5 1), left or right hippocampal volumes
(z-score), ICV (z-score), sex 3 age, age 3 volume, volume
3 sex, age 3 ICV, and volume 3 ICV. These interaction
terms were included because findings from the previous
regressions indicated that hippocampal volume was best
predicted when interaction terms among the predictors
were included. Thus, we took a similar approach here and
ensured that these potential interactions were accounted
for in our regressions predicting language. We first exam-
ined early expressive language ability. Results for left and
right hippocampus are reported in Tables III and IV,
respectively. Expressive language ability was greater in
older than younger children, and this age-related differ-
ence was greater in children with larger hippocampi (Fig.
6). Alternatively this interaction could be interpreted such
that the relation between hippocampal volume and expres-
sive language increases with age. We note that in the
regression with left hippocampal volume, the relation
between ICV and expressive language was moderated by

age such that ICV was a more positive predictor of expres-
sive language ability in younger than in older children.
We next examined early receptive language development.
Results for regression on left hippocampus are presented
in Table V, which revealed that the effect of volume was
moderated by sex, such that left hippocampal volume pos-
itively predicted receptive language in females, but not in
males (Fig. 7). Regressions of receptive language on right
hippocampal volume revealed positive effects of age,
bs� 0.86, ps< 0.001, but no main, or interactive relations
with volume, |bs|� 0.11 ps� 0.15. Finally, the availability
of a nonverbal DQ score from the MSEL battery allowed
us to additionally test whether the relations we observed
with language would extend to a non-verbal index of
intellectual ability. Using the same analytical approach as
before, regressions on left or right hippocampus, revealed
significant positive effects of age, bs� 0.31, ps� 0.01, and
sex, bs� 0.27, ps� 0.04; however these analyses revealed
no main, or interactive effects with hippocampal volume,
|bs|� 0.18, ps� 0.16, or ICV, |bs|� 0.19, ps� 0.14.

Overall these results provide further evidence of a con-
nection between hippocampal structure and early lan-
guage ability. Deniz Can et al. [2013] found a correlation
between right hippocampal structure in infancy and later
expressive language at 12 months. However, unlike Deniz
Can et al. [2013], we also found hippocampal brain struc-
ture moderated age-related improvements in expressive
language scores, such that age-related improvements were
greater in children with larger hippocampi. Finally, and in
contrast to Deniz Can et al. [2013], we found a relation
between receptive language and right hippocampal
structure.

It is difficult to establish the reasons underlying the
Deniz Can et al. [2013] null finding in left hippocampus as
our study differs from theirs on a number of dimensions.
Differences in results may be due to differences in the
nature of the relations examined (i.e., concurrent relations
in our study and longitudinal relations in Deniz Can et al.

TABLE III. Volume left hippocampus and expressive

language

Left hippocampus

ASAT-10

b SE B t P

Constant 0.78 50.54 <0.001
Age (z-score) 0.80 0.69 11.36 <0.001
Sex (M 5 21, F 51) 0.14 0.79 1.75 0.09
Volume (z-score) 0.13 0.81 1.50 0.12
ICV (z-score) 0.11 0.78 1.31 0.20
Sex 3 age 20.04 0.76 20.48 0.63
Age 3 volume 0.24 0.86 2.75 0.007
Volume 3 sex 0.12 0.83 1.56 0.12
Age 3 ICV 20.24 0.91 22.57 0.01
Volume 3 ICV 0.05 0.83 0.63 0.53

Model F(76,9) 5 20.44, P< 0.001, adjusted-R2 5 0.67.

TABLE IV. Volume right hippocampus and expressive

language

Right hippocampus

ASAT-10

b SE B t P

Constant 0.79 50.39 <0.001
Age (z-score) 0.78 0.72 10.66 <0.001
Sex (M 5 21, F 5 1) 0.12 0.79 1.56 0.12
Volume (z-score) 0.02 0.78 0.21 0.83
ICV (z-score) 0.14 0.82 1.69 0.09
Sex 3 age 20.05 0.78 20.57 0.57
Age 3 volume 0.18 0.73 2.38 0.02
Volume 3 sex 0.03 0.83 0.34 0.74
Age 3 ICV 20.13 0.80 21.60 0.11
Volume 3 ICV 20.09 0.77 21.15 0.25

Model F(76,9) 5 19.35, P< 0.001, adjusted-R2 5 0.66.
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[2013], differences in assessment tools (i.e., volumetric
assessments in the present study and whole brain voxel-
based morphometry approach in Deniz Can et al. 2013], or
differences in analytical approaches (i.e., inclusion of inter-
action terms in our study, exclusion of these terms in
Deniz Can et al. 2013]. Despite these differences, overall
our findings were consistent with our prediction of a rela-
tion between hippocampal structure and early language
ability.

While this research examined relation between hippo-
campal structure and language ability, we cannot deter-
mine from these data what underlies these statistical
relations or how the hippocampus specifically contributes

to early language ability or development. We attempted to
address this potential limitation by examining a non-
verbal measure of intellectual ability, and failed to detect
any reliable relations with hippocampal volume. Although
this result suggests that hippocampal structure may con-
tribute to language development beyond a general contri-
bution to intellectual ability, the null findings should not
be construed as evidence that hippocampal structure dur-
ing early development does not contribute to early nonver-
bal forms of cognition (e.g. deferred imitation of
sequences; Adlam et al., 2005], and future work is neces-
sary to further investigate the role of the hippocampus to
cognitive development.

We note that same analyses conducted In Study 2 were
also conducted using FreeSurfer segmentations and man-
ually corrected ASAT volumes produced by rater AL. The
details of these supplemental analyses are included as Sup-
porting Information in a separate document. Overall,
results using FreeSurfer and manually corrected ASAT vol-
umes were analogous to those reported in the main manu-
script (Supporting Information Tables I–VI). These results
might suggest that FreeSurfer segmentations may function
similarly as do more accurate segmentations methods (e.g.,
ASAT-10). However, we also included additional analyses
that suggested that the magnitude of segmentation errors
committed by FreeSurfer differed as a function of size of
the hippocampus (see Supporting Information, p. 3), such
that the discrepancy between FreeSurfer and manual seg-
mentations was greater with larger manually corrected hip-
pocampi. No reliable relation was detected for the much
smaller errors committed by ASAT-10.

Figure 6.

Partial residual plots of the interactions between age (z-score) and volume (z-scores) predicting

expressive language ability for left hippocampus (on left) and right hippocampus (on right). Inter-

actions are plotted at 6 1 SD of hippocampal volume and. evaluated at median ICV (z 5 0.054)

and sex (male 5 21).

TABLE V. Volume left hippocampus and receptive

language

Left hippocampus

ASAT-10

B SE B t P

Constant 0.63 58.73 <0.000
Age z-score 0.84 0.55 12.64 <0.001
Sex (M 5 21, F 51) 0.10 0.64 1.39 0.17
Volume (z-score) 0.03 0.65 0.38 0.71
ICV (z-score) 0.13 0.63 1.66 0.10
Sex 3 age 0.04 0.62 0.48 0.64
Age 3 volume 20.03 0.69 20.35 0.73
Volume 3 sex 0.15 0.68 2.05 0.044
Age 3 ICV 20.13 0.74 21.50 0.14
Volume 3 ICV 0.15 0.67 1.96 0.054

Model F(76,9) 5 23.86, P< 0.001, adjusted-R2 5 0.71.

r Segmentation Adapter in Childhood r

r 4493 r



These results warrant caution in using FreeSurfer hippo-
campal segmentation for two reasons. First, given the
many factors that have been found to predict the size of
the hippocampus [e.g., age in typical development, Wier-
enga et al., 2014; autism spectrum disorder, Schumann,
et al., 2004, hypoxic-ischemic injury, Gadian et al., 2000;
premature birth, Nosarti et al., 2002], the magnitude of
error FreeSurfer segmentations may differ depending on
the kind of population observed and the factors examined.
Second, in analyses similar to ours, Wenger et al. [2014]
reported the opposite finding in a sample of older adults,
such that FreeSurfer errors were negatively correlated to
the volumes of manual segmentations in older adults,
while in a sample of middle-aged adults no reliable rela-
tion was found between errors and manual volumes.
These results taken together suggest that segmentation
errors by FreeSurfer are not committed consistently across
age-groups. Given the relative magnitude of FreeSurfer
error in comparison to the volume of manual segmenta-
tions (i.e. �49%), the heterogeneity in the extent and direc-
tion of error biases by FreeSurfer present serious threats to
the validity of results using FreeSurfer volumes, at least if
contrasting different age-groups.

Overall results of Study 2 suggest that ASAT-10 cor-
rected volumes may be useful in detecting relations with
age and cognitive development, suggesting that just 10
training examples may be sufficient to obtain high reliable
and valid segmentation that can be used fruitfully for
investigations of associations between hippocampal vol-
ume and cognitive functioning.

GENERAL DISCUSSION

These studies validated and applied a recently devised
tool, the Automatic Segmentation Adapter Tool [ASAT;
Wang et al., 2011] to volumetric analyses of the hippocam-
pus in young children. In Study 1, ASAT was shown to
substantially improve and adapt hippocampal segmenta-
tions produced by FreeSurfer in a sample of ASD and TD
of 2- and 3-year-old children. The method requires as few
as 10 training examples to achieve excellent performance.
Training the ASAT’s Adaboost classifiers took less than a
day on our analysis computer, and applying each correc-
tion took one or two seconds to perform. Moreover, the
algorithm can be used repeatedly in the future with new
data sets with similar participant demographics. Improve-
ments in the DSC overlap were both substantial and
exceedingly reliable; improvements were seen in 100% of
the cross-validation cases in both left and right hippocam-
pus. We note that DSC spatial overlaps that are achieved
by ASAT closely approach those achieved by the gold-
standard method with expert manual raters [Wang and
Yushkevich, 2012].

Overall, these results show that while FreeSurfer’s
standard hippocampal segmentations were not biased
with respect to age, participant status, or hemisphere, they
did include a substantial number of mislabeled voxels,
and that these errors were particularly strong in anterior
hippocampal regions. However, with as few as 10 training
examples ASAT was capable of substantially improving
segmentation accuracy without introducing biases based
on age, diagnosis status, or location along the longitudinal
axis of the hippocampus. ASAT accuracy improvements
were strong and highly reliable such that improvement
was seen in every case across ASAT-10 and ASAT-36
cross-validation studies, in both left and right hippocam-
pal segmentations. Finally, although we examined ASAT
performance only in the context of correcting hippocampal
segmentations produced by FreeSurfer, there is no reason
to expect that ASAT cannot be trained to correct system-
atic segmentation errors in other brain regions (e.g. amyg-
dala or cerebellum), or by another automated method
(e.g., FSL FIRST).

Study 2 applied ASAT-10 corrected segmentations to
examine brain-behavior associations in a sample of 2-, 3-,
and 4-year-old children. Specifically, we examined rela-
tions between hippocampal structure and age, sex, and
expressive/receptive language development. Uematsu
et al. [2012] reported age-related increases in raw hippo-
campal volume in the first 4 to 5 years of life and overall
larger hippocampal volumes in male participants. Here,
we investigated age and sex-related differences in hippo-
campal volume in a narrower age-range of 2-, 3-, and 4-
year-old children, and in part replicated these findings.
Age-related increases were observed in raw volume of left
hippocampus, and males had larger left and right raw hip-
pocampal volumes than females. Analyses that accounted
for the contribution of ICV however qualified relations

Figure 7.

Partial residual plots of the interaction between left hippocampal

volume (z-score) and sex (male 5 21, female 5 1) predicting

receptive language ability, as evaluated at the median of ICV

(z 5 0.04) and age (z 5 0.00).

r Lee et al. r

r 4494 r



with age by sex, and potentially by ICV. Taken together,
these data suggest that within the range of two to four
years of age, subtle age-and sex- related differences in hip-
pocampal volume may be observed. Data from the adult
literature have documented relations between language
and hippocampal structure and function [e.g. Cohen, 2015;
Duff and Brown-Schmidt, 2012). Initial evidence using
voxel-based morphometry in infants [Deniz Can et al.,
2013] suggested these relations also exist between early
language development and hippocampal structure in
infancy. Here we also found relations between language
ability and hippocampal structure in early development,
suggesting that the hippocampus may be important to lan-
guage development after infancy. Overall, these results
provide initial evidence that ASAT might be useful to
investigations of early brain development.
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