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Abstract
The hippocampus is a subcortical structure critical for learning and memory, and a thorough understanding of its
neurodevelopment is important for studying these processes in health and disease. However, few studies have quantified
the typical developmental trajectory of the structure in childhood and adolescence. This study examined the cross-sectional
age-related changes and sex differences in hippocampal shape in a multisite, multistudy cohort of 1676 typically developing
children (age 1–22 years) using a novel intrinsic brain mapping method based on Laplace–Beltrami embedding of surfaces.
Significant age-related expansion was observed bilaterally and nonlinear growth was observed primarily in the right head
and tail of the hippocampus. Sex differences were also observed bilaterally along the lateral and medial aspects of the
surface, with females exhibiting relatively larger surface expansion than males. Additionally, the superior posterior lateral
surface of the left hippocampus exhibited an age–sex interaction with females expanding faster than males. Shape analysis
provides enhanced sensitivity to regional changes in hippocampal morphology over traditional volumetric approaches and
allows for the localization of developmental effects. Our results further support evidence that hippocampal structures
follow distinct maturational trajectories that may coincide with the development of learning and memory skills during
critical periods of development.
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Introduction
The hippocampal formation is a subcortical brain structure
within the medial temporal lobe that plays a critical role in
diverse learning and memory functions, including episodic
memory (Eldridge et al. 2005; Smith and Mizumori 2006),
semantic learning (Henke et al. 1999; Manns et al. 2003), and
spatial navigation (Maguire et al. 1998; Burgess et al. 2002). The
hippocampus also supports broad cognitive processes, such as

attention, perception, and social cognition (Tavares et al. 2015;
Aly and Turk-Browne 2017; Mack et al. 2017) and has been
implicated in several neurodevelopmental and psychiatric con-
ditions, including schizophrenia (Pujol et al. 2014; Haukvik
et al. 2015), major depression (Bijanki et al. 2014; Maller et al.
2017), autism spectrum disorders (Barnea-Goraly et al. 2014;
Maier et al. 2015), and anxiety disorders (Machado-de-Sousa
et al. 2014; Lindgren et al. 2016). Because many of these

© The Author(s) 2018. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com

Cerebral Cortex, September 2019; 3651–3665

doi: 10.1093/cercor/bhy244
Advance Access Publication Date: 1 October 2018
Original Article

http://www.oxfordjournals.org
http://orcid.org/0000-0003-3976-5783


disorders arise during childhood and adolescence (Paus et al.
2008), the study of normative hippocampal development during
this period is important to understand atypical development.

The study of human hippocampal development in vivo is
complicated by the heterogeneous nature of the structure; the
hippocampus is composed of several intricate subregions
(Duvernoy et al. 2013) and exhibits functional specialization
along its long axis (Bannerman et al. 2004; Poppenk et al. 2013;
Strange et al. 2014). Hippocampal subregions include the subi-
culum, cornu ammonis subfields (CA1, CA2, CA3, and CA4), and
the dentate gyrus (DG) (Duvernoy et al. 2013). These subregions
exhibit distinct cytoarchitectonic features and are differentially
associated with distinct aspects of memory formation (Reagh
et al. 2014; Stokes et al. 2015; Dimsdale-Zucker et al. 2018; Leal
and Yassa 2018). Hippocampal subregions receive its major
input from the entorhinal cortex via the perforant pathway
(Augustinack et al. 2010; Zeineh et al. 2017) and information
subsequently propagates through a series of connections
within the hippocampus (Parekh et al. 2015; Zeineh et al. 2017).

The topological and cellular features of the hippocampal sub-
fields are established by birth (Arnold and Trojanowski 1996;
Insausti et al. 2010); however, differential patterns of neuronal pro-
liferation, morphological maturation, and myelination occur
throughout childhood and adolescence (Seress and Mrzljak 1992;
Arnold and Trojanowski 1996; Seress 1998; Lavenex et al. 2007;
Lavenex and Banta Lavenex 2013; Dennis et al. 2016). These micro-
structural changes may be reflected as alterations in regional hip-
pocampal shape or volume during child development.

The functional gradient observed along the anterior–posterior
long axis of the hippocampus is reflected by differences in molecu-
lar expression (Sun et al. 2015), cell subtype distributions (Ding and
Van Hoesen 2015), gene expression (Fanselow and Dong 2010), and
connectivity patterns (Poppenk et al. 2013; Reagh and Ranganath
2018). The anterior hippocampus is preferentially involved in
anxiety-like behaviors and coarse, global memory representations,
while the posterior hippocampus is implicated in spatial learning
and fine-grained, local representations (Bannerman et al. 2004;
Poppenk and Moscovitch 2011; Strange et al. 2014; Dandolo and
Schwabe 2018; Reagh and Ranganath 2018; Sekeres et al. 2018).
Previous studies have shown that behavioral performance in these
domains are associated with structural and functional differences
in the anterior (Rajah et al. 2010; Zeidman et al. 2015) and posterior
hippocampi (Maguire et al. 2000, 2006; Keller and Just 2016), which
suggests that acquisition and refinement of these behaviors during
development may differentially alter hippocampal structure.
Because memory function improves rapidly from middle to late
childhood (Ghetti and Angelini 2008; Ghetti and Lee 2011; Ofen
and Shing 2013), we expect structural hippocampal changes to co-
occur during this period.

These maturational changes are commonly explored using
whole hippocampal volumetry, however previous studies of
normative hippocampal volumetric development yield mixed
results; some studies have shown no bilateral age-related
change in hippocampal volume (Yurgelun-Todd et al. 2003;
Gogtay et al. 2006; Knickmeyer and Gouttard 2008; Lin et al.
2013), while others have found subtle increases in left, right, or
bilateral hippocampal volume with age (Giedd et al. 1996;
Uematsu et al. 2012; DeMaster et al. 2014). It is likely that volu-
metric studies may obscure developmentally relevant anatomi-
cal changes within specific subregions. Due to the structural
and functional heterogeneity observed along the longitudinal
and cross-sectional axes, in vivo structural MRI approaches
measuring regional morphological changes may provide a
more complete understanding of hippocampal maturation.

It should be noted that some of the variability seen in previ-
ous studies may be due to advances in and availability of MR
hardware that influence scan quality. For example, the develop-
ment and widespread use of multichannel radiofrequency
receiver coils over the past decade have resulted in the ability to
acquire structural images with increased signal-to-noise ratio
and higher spatial resolution compared with single-channel
coils (Wiggins et al. 2006), and, when combined with parallel
MRI acquisition techniques, significantly reduced acquisition
time (Pruessmann et al. 1999; Ji et al. 2007). Now, because these
technological advances have become commonplace, researchers
are afforded the tissue contrast and spatial resolution necessary
in structural MR images to identify subtle changes in hippocam-
pal surface morphology across development.

In contrast to volumetric analyses, shape analysis techni-
ques provide enhanced sensitivity to regionally specific surface
deformations that may better reflect local structural changes in
development. The global geometry of elongated surfaces, such
as the hippocampus, can be quantified with radial distance
(RD) measures, which maps the distance from a given vertex to
the medial core and is considered a regional index of “thick-
ness” (Thompson et al. 2004; Shi et al. 2009). Global hippocam-
pal shape features may also be a more informative biomarker
than volume for memory performance (Voineskos et al. 2015)
and heritable traits (Sabuncu et al. 2016).

The first shape analysis studies of hippocampal development
reported unique maturational trajectories in individual subre-
gions. Gogtay and colleagues (Gogtay et al. 2006) employed a longi-
tudinal design to explore regional hippocampal changes in a
typically developing cohort between 4 and 25 years of age and
found differing maturational trajectories along the anterior–poste-
rior axis. While no changes in overall hippocampal volume with
age were observed, shape analysis revealed that posterior regions
increased with age, while anterior regions decreased with age.
Another study, however, found age-related expansion of anterior
hippocampal regions in a more restricted age range between 6
and 10 years of age (Lin et al. 2013). These differences could be
attributed to different age ranges and small sample sizes. We pro-
pose to add to these important findings by capitalizing on a large
sample size to provide unprecedented power to detect regional
changes in hippocampal morphometry over a broad age range.

In this study, we sought to characterize regional hippocampal
developmental trajectories and sex differences in a large cross-
sectional cohort of 1676 children and adolescents between 1 and
22 years of age using automated volumetric and shape analysis
approaches. Localized age and sex effects on intrinsic RD fea-
tures of the hippocampal surface were explored using the soft-
ware Metric Optimization for Computational Anatomy (MOCA;
https://www.nitrc.org/projects/moca_2015/, 18 September 2018,
date last accessed), which provides more accurate anatomical
matching because this approach has low edge distortion ratio
errors compared with other surface analysis techniques, includ-
ing spherical demons and unit-sphere projections (Shi, Lai, et al.
2014). Through this framework, we can explore regional hippo-
campal expansion and deformation in normative development.

Materials and Methods
Subjects and MRI Acquisition

Structural T1-weighted MRI images and demographic data used
in the preparation of this article were obtained from three neu-
roimaging databases of typical child development and com-
bined into a single dataset to increase statistical power to
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detect developmental differences. These databases include the
Cincinnati MR Imaging of NeuroDevelopment (C-MIND) data
repository, the Philadelphia Neurodevelopmental Cohort (PNC)
research initiative, and the Pediatric Imaging, Neurocognition
and Genetics (PING) Study database.

C-MIND dataset

Cross-sectional neuroimaging data from 80 typically developing
participants were considered from the C-MIND study. Structural
MRI images were acquired with the same protocol on a 3 T
Philips Achieva at Cincinnati Children’s Hospital (Holland et al.
2015). All MRI images were manually checked for data quality
and scans with excessive motion were discarded. Of the 80 sub-
jects considered, three subjects were excluded due to poor data
quality, resulting in 77C-MIND subjects for the present analysis
(40 female, range: 1.4–18.8 years, M = 9.0, SD = 4.5 years).
Demographics of the subjects included is presented in Table 1.

PNC dataset

Structural neuroimaging data from 997 typically developing
children and adolescents were acquired by the PNC study at
Children’s Hospital of Philadelphia (Satterthwaite et al. 2016).
Scans were acquired with the same protocol on a 3 T Siemens
Tim Trio whole-body MRI. Of the subjects considered for the
study, 46 subjects were excluded due to the quality control
issues stated above, resulting in 951 PNC subjects in the present
analysis (450 female, range: 8.2–22.6 years, M = 14.8, SD = 3.4
years) (Table 1).

PING dataset

At the time of collection, 801 structural MRI scans were available
through the PING database (http://ping.chd.ucsd.edu/, 18
September 2018, date last accessed) from a cohort of 695 typically
developing children and adolescents. Cross-sectional structural
neuroimaging data were acquired from different scanner vendors
at nine separate sites (Supplementary Table 1). PING was
launched in 2009 by the National Institute on Drug Abuse (NIDA)
and the Eunice Kennedy Shriver National Institute of Child
Health & Human Development (NICHD) with the primary goal to
create a data resource of highly standardized and carefully
curated MRI data. Of the 801 scans from the 695 subjects con-
sidered for this study, 106 duplicate scans were removed and 47
scans were excluded due to the quality control issues stated
above, resulting in the inclusion of 648 cross-sectional scans (309
female, range: 3.2–22.6 years,M = 11.9, SD = 4.9 years) (Table 1).

In total, 1676 children and adolescents between the ages of 1
and 22 years (mean age ± standard deviation: 13.4 ± 4.5 years;
850 female) enrolled in C-MIND, PNC, or PING were included in
this study (Fig. 1, Table 1). Throughout all protocols, participants
had no self-reported history of brain injury or major develop-
mental, psychiatric, or neurological disorders. Across all sites
and studies, brain structural imaging was performed using three-
dimensional magnetization prepared, rapid-acquisition gradi-
ent-echo (MPRAGE) T1-weighted sequences on 3 T MRI scanners
with voxel sizes ranging from 0.9375mm isotropic to 1 × 1 ×
1.2mm3. Scan parameters for each site and study are provided in
Supplementary Table 1. Because this study used data frommulti-
ple scanners with slightly different spatial resolutions, all neuro-
imaging data were first resampled to 0.9375mm isotropic.

Of the 1772 cross-sectional MPRAGE scans considered from
the 3 datasets, 29 scans were removed for excessive head

motion, 65 scans were removed for poor hippocampal segmen-
tation, and 2 scans were removed for anatomical abnormalities
resulting in the 1676 scans mentioned above.

Image Processing

Across all datasets, image processing consisted of bias-field
correction, registration to standard Montreal Neurological
Institute (MNI) reference space, brain extraction and tissue-
based segmentation using the FSL’s anatomical processing
pipeline (Smith et al. 2004). Bilateral hippocampal volumes
were identified in structural MR images using the FMRIB
Software Library (FSL) anatomical processing tool, FIRST
(Patenaude et al. 2011). FIRST is a fully automated model-based
subcortical segmentation approach that utilizes a multivariate
Gaussian framework to extract the most probable volumes
from T1-weighted image intensities.

These volumes were then binarized and total hippocampal
volume was calculated. In order to normalize for head size,
intracranial volume (ICV) was computed per subject in cm3

using the number of voxels contained within the skull. Tissue
segmentation in infants is made difficult due to lower signal-
to-noise ratio and poor tissue contrast compared with adult MR
images (Shi et al. 2010, 2014). Consequently, T1-weighted
images alone do not provide effective tissue contrast in infants
and segmentation is improved with the addition of T2-
weighted images (Williams et al. 2005; Guo et al. 2015). While
T2-weighted images were not available in the developmental
databases used, steps were taken to ensure the quality of hip-
pocampal segmentations in the infant population analyzed. All
T1-weighted images were manually checked for data quality
and scans with excessive motion were discarded. Additionally,
all segmented hippocampal volumes were visually inspected
for anatomical accuracy and only well-delineated structures
were considered for analysis. Because tissue contrast in the
brain improves after the first year of life, analyses were repli-
cated in a subset that excluded hippocampal segmentations
from infants less than 3.17 years of age (see the following).

Hippocampal Mapping/Shape Analysis

Shape analysis was performed using the fully automated Metric
Optimization for Computational Anatomy (MOCA) software
developed by Shi and colleagues (Shi, Lai, et al. 2014) (Fig. 2).
MOCA aligns anatomical features onto brain surfaces using
Laplace–Beltrami (LB) eigen functions as isometry-invariant
descriptors of surface geometry. Each hippocampal volume was
first converted to a triangulated mesh in native space by itera-
tively updating vertices through outlier detection and surface
deformation, resulting in robust topological preservation without
shrinkage (Shi, Lai, et al. 2010). In order to probe for inward and
outward shape changes, intrinsic local RD measures were deter-
mined using the Reeb graph of the first LB eigen function (Shi
et al. 2008, 2009). This feature, which reflects local hippocampal
thickness, was defined per subject as the shortest distance from
eachmesh vertex to the long centroidal axis of the hippocampus.

All hippocampal meshes were averaged in a common space
to form left- and right-hemisphere hippocampal atlases with
2000 vertices per atlas using SurfStat implemented in Matlab
(www.math.mcgill.ca/keith/surfstat, 18 September 2018, date
last accessed). The atlas mesh was then projected onto each
subject surface using conformal maps, resulting in one-to-one
correspondence for statistical analyses.
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Statistical Analysis

All analyses were performed separately on the left and right hip-
pocampi. Because brain size is significantly associated with age
and sex during development, ICV was used to calculate the
adjusted hippocampal volume, Voladj (mm3), of each subject using
the following equation: Voladj = Volraw*(ICVm/ICVi), where Volraw is
the raw hippocampal volume, ICVm is the mean ICV across all sub-
jects, and ICVi is the individual ICV. This approach allows for hip-
pocampal volumes to be expressed as a proportion of the occupied
cranial cavity (Voevodskaya et al. 2014; Nordenskjöld et al. 2015).
In order to probe hippocampal anatomical changes that co-occur
with intracranial expansion, models without ICV correction were
also employed. General linear models (GLMs) were tested for the
main effects of age and sex, and age*sex interactions on hippo-
campal volume. Linear and quadratic age effects were tested on
hippocampal volume, and the best fit model was selected using
Bayesian information criteria (BIC).

Similar to the volumetric adjustment described above, the
per-vertex RD measures obtained with shape analysis were

adjusted for individual head size. For a given vertex i, the
adjusted radial distance, RDi,adj (mm), was calculated using the
formula: RDi,adj = RDi,raw*(ICVm/ICVi)

1/3, where RDi,raw is the raw
radial distance for the ith vertex. Because RD reflects thickness
(mm) as opposed to volume (mm3), the ICV adjustment is
scaled by the cube root of total brain volume to reflect radial
thickness measures as a fraction of the total brain size
(Kerchner et al. 2010; Costafreda et al. 2011).

In order to determine regional variability in hippocampal
development using shape analysis, GLMs were applied to each
adjusted and unadjusted vertex to test for regional effects of age,
sex, and age*sex interactions while controlling for scanner type
and site. Accordingly, age and sex were included as covariates in
order to isolate the specific effects of sex and age, respectively.
Quadratic and cubic polynomial models were also explored to
identify nonlinear age effects in hippocampal shape. To deter-
mine which GLM (linear, quadratic, or cubic polynomial) explains
the most age-related variance in RD measures, model selection
was performed for each significant vertex using BIC.

Multiple comparison techniques, such as Bonferroni correction,
are not appropriate for surface-based analyses because each vertex
is not an independent observation—vertices are spatially corre-
lated with their neighbors. Random field theory (RFT) overcomes
this by considering both the peaks and spatial extent of smoothed
statistical parameter maps using Gaussian random fields (Cao and
Worsley 1999; Worsley et al. 1999). The surface topology of highly
significant clusters is described by the Euler characteristic, which
approximates the corrected P-value at a given cluster level (Friston
1997; Woo et al. 2014). The expected Euler characteristic is derived
from the unadjusted P-value and the number of resels, or resolu-
tion elements, in the image (Cao and Worsley 1999). This latter
property depends on the smoothness of the surface and number
of observation points and describes the search volume as a block
of vertices with the same size as the image smoothness FWHM
(Worsley et al. 1992). A supra-threshold cluster level of P < 0.001
and a set level threshold of P < 0.05 were specified to determine
height and spatial extent thresholds, respectively. Region of inter-
est (ROI) post hoc analyses were then performed on significant
age-related clusters to identify the maturational trajectory of
developmentally relevant hippocampal regions.

Although all data were resampled to the same resolution,
meshes obtained from automatic hippocampal segmentation may
be affected by differences in scanner contrast and partial volume
effects. To overcome this limitation, all volumetric and surface-
based analyses used study and scanner type as covariates, which
have been shown to suppress the effects of scanner variability

Table 1 Study demographics by site

Study Sex n ICV (cm3) Age (years)

Mean SD t P Mean SD Range t P

CMN M 37 1108.4 100.7 10.14 4.48 2.5–17.5
F 40 1064.7 113.6 1.78 n.s. 7.93 4.36 1.42–18.83 2.19 *

PNC M 450 1195.3 104 14.43 3.35 8.25–21.75
F 501 1076.6 93.7 18.52 *** 15.06 3.44 8.33–22.58 2.85 **

PNG M 339 1188.5 110.9 11.84 4.86 3.17–21
F 309 1067.3 111.6 13.85 *** 11.96 5.04 3.17–21 0.31 n.s.

Combined M 826 1188.6 108.1 13.18 4.32 1.42–22.58
F 850 1072.6 101.5 22.63 *** 13.6 4.56 2.5–21.75 1.93 n.s.

Note: Statistical tests compare ICV and age with sex (M, male; F, female). Positive t-statistics represent M > F. C-MIND, Cincinnati MR Imaging of NeuroDevelopment

dataset; PNC, Philadelphia NeuroDevelopment Cohort; PING, Pediatric Imaging, Neurocognition and Genetics study; SD, standard deviation; n.s., P > 0.05; *P < 0.05;

**P < 0.01; ***P < 0.001.

Figure 1. Age distribution of participants included in the present study. The his-

togram is coded according to study. CMN, Cincinnati MR Imaging of

NeuroDevelopment; PNC, Philadelphia Neurodevelopmental Cohort; PNG,

Pediatric Imaging, Neurocognition and Genetics study.
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(Fennema-Notestine et al. 2007; Pardoe et al. 2008; Chen et al. 2014;
Takao et al. 2014). Because all neuroimaging data from subjects
younger than 3.17 years were acquired from the same study and
scanner (CMN), shape analysis was repeated on a subset of the
dataset excluding these 10 infants and toddlers (N = 1666) to deter-
mine whether this young population biased results (Fig. 1). A
marked improvement in T1-weighted tissue contrast is observed
in participants greater than 1 year of age (Shi, Yap, et al. 2010; Guo
et al. 2015), therefore analyses of this subset were additionally
motivated by the effect of tissue contrast on hippocampal segmen-
tation. Analyses were also performed with database-matched age
ranges by removing scans acquired from individuals less than 8.25
years of age since the PNC study does not include subjects under
this age (N = 1469).

Results
Whole-Hippocampus Volumetric Results

Bilateral unadjusted hippocampal volumes exhibited signifi-
cant nonlinear increases with age as represented with

quadratic polynomials. These increases occurred rapidly in
early life and plateaued during adolescence. ICV-adjusted hip-
pocampal volume was also significantly associated with age,
left: b = 0.019, t(1675) = 8.02, P < 0.001, adjusted R2 = 0.04; right:
b = 0.019, t(1675) = 8.06, P < 0.001, adjusted R2 = 0.04, exhibiting
linear volumetric expansion during development with respect
to head size (Fig. 3). There was a large effect of hemisphere on
adjusted hippocampal volume, t(1676) = 10.59, P < 0.001, d = 1.9,
with larger volumes in the right hippocampus (M = 3.65, SD =
0.43) compared with the left (M = 3.56, SD = 0.44), and this rela-
tionship was maintained for the unadjusted hippocampal
volumes.

A medium effect of sex was observed in the unadjusted hip-
pocampal volumes, left: t(1675) = 8.41, P < 0.001, d = 0.52, and
right, t(1675) = 8.53, P < 0.001, d = 0.51, with males (left: M = 3.66,
SD = 0.46; right: M = 3.75, SD = 0.47) having significantly larger
hippocampi than females (left: M = 3.43, SD = 0.42; right: M =
3.52, SD = 0.43). The nature of this relationship is reversed when
adjusting hippocampal volume for ICV (Fig. 3), left: t(1675) = 6.26,
P < 0.001, d = 0.29, and right, t(1675) = 6.73, P < 0.001, d = 0.33,
with females exhibiting small, but significantly larger

Figure 2. Shape analysis method and hippocampal surface anatomy. (A) Example hippocampal shape analysis procedure from two sample subjects. Hippocampal

volumes are segmented from the T1-weighted image using FSL. Each volume surface is converted to a triangulated mesh in native space using MOCA and the RD is

computed per vertex. Individual meshes are then averaged together to generate a population-matched average atlas. A pullback function is then applied to project

individual RD metrics to the atlas surface to allow for one-to-one correspondence of features. (B) The putative location of subfields are shown on the average hippo-

campal surface using approximate geometric landmarks from (Winterburn et al. 2013; Iglesias et al. 2015; Yushkevich, Amaral, et al. 2015). From left to right, the right

inferior posterior, right superior anterior, left superior anterior, and left inferior posterior surfaces are shown.
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proportional hippocampal volumes (left: M = 3.62, SD = 0.44;
right: M = 3.72, SD = 0.43) than males (left: M = 3.49, SD = 0.43;
right: M = 3.58, SD = 0.42). Neither adjusted nor unadjusted hip-
pocampal volumes showed age-by-sex interactions.

Age-Related Changes in Hippocampal Shape

Shape analysis results are presented in Table 2. Significant linear
and nonlinear age-related expansion (i.e., larger thickness) was
observed bilaterally in the unadjusted hippocampal surfaces
(not shown). ICV adjustment did not change the maturational
pattern of expansion, therefore all results presented here uti-
lized the adjusted hippocampal thickness measures unless oth-
erwise specified. Linear age-related expansion was observed
primarily on the superior and inferior surfaces of the hippocam-
pal tail and posterior poles bilaterally. Linear expansion was also
observed on the lateral anterior surfaces, bilaterally, and the
mesial anterior surface of the left hippocampus (Fig. 4; Table 2)

Quadratic main effect terms in age were also statistically
significant in bilateral hippocampal regions, though the effects
were more widespread on the right hippocampus where signifi-
cant quadratic expansion was observed on the lateral surfaces
of the hippocampal head and tail (Fig. 4). BIC model selection
further supports the use of quadratic age, instead of linear age,
when describing developmental shape changes in the right hip-
pocampal tail and head (Fig. 4). While males and females both
show statistically significant quadratic age expansion of the
right lateral hippocampal head, only females show quadratic
age expansion in the right lateral hippocampal tail (Table 3).
While no linear age-related decrease in hippocampal thickness
was observed bilaterally, a U-shaped quadratic relationship
with age was observed in the right medial hippocampal head
(Table 2). When stratified by sex, only females show significant
inward deformation of the right medial hippocampal head,
suggesting that this effect is driven by females (Table 3).
Exclusion of participants younger than 3.17 years of age did not

Figure 3. Age-related changes in adjusted hippocampal volume stratified by sex. Bilateral hippocampi adjusted for ICV exhibited sex differences and significant linear

volumetric expansion with age when controlling for scanner type and study. Hippocampal volume is represented in cm3. Individual data points and regression lines

are coded according to sex (gray, males; black, females).

Table 2 Significant clusters related to age and sex using shape analysis

Hemisphere Test (x, y, z) Coordinates Resels P-value Direction

Left Age (66.7, 126.9, 58.4) 32.62 <0.001 Linear+
(66.0, 125.1, 55.1) 2.12 <0.001 Quadratic+
(77.8, 120.6, 62.3) 1.23 <0.001 Quadratic+
(65.8, 101.3, 66.9) 0.82 0.005 Quadratic+
(69.4, 111.1, 67.4) 0.42 0.03 Quadratic+

Sex (72.1, 106.2, 69.1) 3.64 <0.001 F > M
(63.3, 111.1, 61.4) 7.15 <0.001 F > M

Age*sex (63.3, 103.1, 72.3) 0.94 0.002 Frate > Mrate

(71.6, 122.6, 55.4) 0.41 0.03 Frate > Mrate

Right Age (116.4, 97.4, 70.7) 32.77 <0.001 Linear+
(108.7, 115.7, 61.2) 1.29 <0.001 Linear+
(111.6, 103.8, 71.8) 12.5 <0.001 Quadratic+
(112.5, 126.5, 53.7) 3.16 <0.001 Quadratic+
(104.9, 126.2, 58.2) 0.83 0.005 Quadratic−

Sex (120.3, 114.7, 68.1) 10.68 <0.001 F > M
(109.9, 106.3, 68.9) 6.53 <0.001 F > M
(116.4, 126.5, 59.5) 1.23 <0.001 F > M

Note: Coordinates (x,y,z) correspond to the spatial location of the center of the cluster in Cartesian coordinates on the group-averaged template; resels, resolution ele-

ments; +, surface expansion; −, surface contraction; F, female; M, male; Frate and Mrate are the slopes obtained by regressing local surface changes on age for females

and males, respectively. Adjusted clusterwise P-values from RFT are provided.
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significantly change the results (Supplementary Fig. 1), how-
ever, exclusion of participants younger than 8.25 years of age
showed primarily linear age-related expansion in the hippo-
campal tail and quadratic age effects were not observed.

Hippocampal Shape Sex Differences

Surface-based shape analysis revealed significantly larger sur-
faces in males along the majority of the left and right unad-
justed hippocampal surfaces compared with females, left
cluster: 35.2 resels, t(1674) = 12.39, P < 0.001, d = 0.61; right clus-
ter: 32.8 resels, t(1674) = 10.52, P < 0.001, d = 0.51. When adjust-
ing for ICV, the opposite trend was found, though the effect
size was smaller (Fig. 5a). Females exhibited significantly larger
surfaces compared with males bilaterally along the lateral and
medial surfaces of the adjusted hippocampal body (Fig. 5a),
accounting for 30% and 37% of the left and right hippocampal
surfaces, respectively (Table 2). Neither the left nor right
adjusted surfaces displayed significantly larger surfaces in
males compared with females. Exclusion of participants youn-
ger than 3.17 and 8.25 years of age did not significantly change
the results (Supplementary Fig. 2).

Age–Sex Interaction in Hippocampal Shape

A significant interaction between age and sex was observed in
the superior posterior lateral body of the left adjusted hippo-
campus. An ROI analysis of the cluster shows that females
exhibit a greater rate of change in surface expansion compared

with males (Fig. 5b). In early childhood, the superior posterior
lateral body of the left adjusted hippocampus is larger in males
than females; however females surpass males in adjusted size
during approximate adolescence. When stratified by sex, this
region does not significantly expand with age in males but does
in females. No significant age–sex interactions were observed
on the right adjusted hippocampus or bilateral unadjusted sur-
faces. Exclusion of participants younger than 3.17 and 8.25
years of age did not significantly change the results
(Supplementary Fig. 3).

The timing and magnitude of left hippocampal shape
changes at different developmental time points in males and
females are illustrated in Figure 6. Subjects were stratified by
sex and binned into age groups (3–5, 9–10, 14–15, and 19–20
years) where the average difference in adjusted hippocampal
thickness from baseline (3–5 years) was calculated. In females,
left hippocampal head and tail enlargement is apparent by
9–10 years of age, while expansion of the left superior posterior
lateral body becomes more apparent in adolescence (14–15
years). Males exhibit modest left hippocampal expansion with
age, with growth largely restricted to the head and tail, though
to a lesser extent than females.

Discussion
This is the largest study on hippocampal shape analysis in typi-
cal development to date, with data from 1676 children and ado-
lescents between the ages of 1 and 22 years of age, allowing for
unprecedented power to detect age- and sex-related differences

Figure 4. Linear and nonlinear hippocampal expansion with age. (A) P-value maps of linear and quadratic regression of age-related adjusted hippocampal surface

expansion using BIC model selection. From left to right, the right inferior posterior, right superior anterior, left superior anterior, and left inferior posterior surfaces

are shown. Blue clusters signify linear expansion with age, while red clusters show quadratic expansion with age. Quadratic expansion accounted for more variance

than linear expansion primarily on the right hippocampus. All analyses controlled for sex, scanner type, and study. (B) From left to right, ROI analyses for significant

age-related clusters on the right hippocampus show quadratic expansion along the lateral head, y = 5.63 + 4.88x − 2.85x2, P < 0.001, adjusted R2 = 0.060, linear expan-

sion along the body, y = 3.79 + 0.019x, P < 0.001, adjusted R2 = 0.113, and quadratic expansion along the tail, y = 3.94 + 4.22x − 1.75x2, P < 0.001, adjusted R2 = 0.062.
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in regional hippocampal thickness. Bilateral hippocampal
volumes increase linearly with age, however hippocampal shape
development is heterogeneous and dynamic. Hippocampal sub-
regions follow distinct maturational trajectories with posterior
and anterior regions showing nonlinear changes over time pri-
marily in the right hippocampus and the lateral body showing
linear expansion bilaterally. Additionally, females showed rela-
tively larger lateral and mesial subregions and more rapid matu-
ration in left posterior regions compared with males.

Although the source of volumetric expansion or contraction
is unknown, these changes may reflect differential expression
of processes critical for postnatal hippocampal maturation,
such as neuronal proliferation, dendritic and axonal elabora-
tion, synaptogenesis, or myelination (Seress and Ribak 1995;
Altemus et al. 2005; Lavenex et al. 2007; Insausti et al. 2010;
Seress and Ábrahám 2008). Hippocampal structural maturation
may also be influenced by neurogenesis, which occurs within
the subgranular zone (SGZ) of the postnatal mammalian hippo-
campus (Kornack and Rakic 1999; Seri et al. 2001; Spalding et al.
2013). While there is evidence that neurogenesis in the SGZ is
associated with certain structural and functional features in
humans (Hueston et al. 2017; Powell et al. 2017; Toda et al.
2018), recent studies have shown that primate neurogenesis
declines rapidly in early childhood (Spalding et al. 2013; Dennis
et al. 2016) to undetectable levels by adulthood (Sorrells et al.
2018). Hippocampal expansion during development may also
provide more surface area for maturing projections to and from
cortical areas to support the acquisition and refinement of
hippocampal-dependent behaviors. This relationship between
function and shape is supported by evidence showing that hip-
pocampal shape may be a more informative biomarker of
working memory performance than subfield volume
(Voineskos et al. 2015).

In the present study, age was positively and linearly associ-
ated with thickness in superior and inferior lateral posterior
hippocampal regions, and these effects persisted when remov-
ing subjects less than 8.25 years of age. Nonlinear age-related
expansion was observed largely along the right lateral posterior
surface. When removing children younger than 8.25 years of
age, only the linear age effects in the posterior hippocampus
were observed. This suggests developmental expansion of the
posterior hippocampus persists through late childhood and

adolescence, which is consistent with rapid improvements in
memory performance during this period (Ghetti and Angelini
2008). The developmental expansion in this region appears to
correspond to putative CA1 and subiculum subfields. The pos-
terior hippocampus is selectively involved in spatial learning
and navigation (Maguire et al. 2000; Keller and Just 2016), per-
ceptual learning (Sheldon and Levine 2016), postencoding pro-
cessing (Poppenk and Moscovitch 2011), and the representation
of fine-grained, local features (Reagh and Ranganath 2018;
Sekeres et al. 2018). These perceptual systems depend upon
reciprocal connectivity between the posterior two-thirds of the
hippocampus and a broader posterior medial network, which
includes the cuneus and precuneus, posterior cingulate cortex,
parahippocampal cortex, inferior parietal cortex, and retrosple-
nial cortex (Kahn et al. 2008; Poppenk and Moscovitch 2011;
Libby et al. 2012; Reagh and Ranganath 2018; Sekeres et al.
2018). Maturation of these projections may therefore influence
the protracted structural development of the posterior hippo-
campus as reflected by increased thickness and surface area.

The anterior hippocampus exhibited linear age-related
expansion of the superior lateral surfaces and nonlinear growth
observed on the lateral edges of the hippocampal surface.
Interestingly, nonlinear contraction of the surface was observed
on the right mesial surface. These regions likely correspond to
CA1 and the subiculum, as the subiculum accounts for the larg-
est single cytoarchitectonic field in the hippocampal head
(Insausti et al. 2010). The hippocampal head exhibits a different
connectivity profile compared with the posterior hippocampus
(Poppenk et al. 2013). The anterior hippocampus is functionally
correlated with a broader anterior temporal network involved in
conceptual processing that includes the amygdala, medial pre-
frontal cortex, lateral orbitofrontal cortex, and anterior temporo-
polar cortex (Kahn et al. 2008; Catenoix et al. 2011; Poppenk and
Moscovitch 2011; Reagh and Ranganath 2018; Sekeres et al.
2018). In line with this observed connectivity profile, the anterior
hippocampus is preferentially involved in anxiety-like behaviors
(Satpute et al. 2012; Pantazatos et al. 2014), semantic encoding
(Greve et al. 2011), associative learning (Chua et al. 2007; Sheldon
and Levine 2016), and processing coarse-grained, global features
during memory transformation (Sekeres et al. 2018). The hetero-
geneous developmental trajectories in the right anterior hippo-
campus observed in the present study may be attributed to the

Table 3 Significant age-related clusters in males and females

Sex Hemisphere (x, y, z) Coordinates Resels P-value Direction

Male Left (71.2, 98.3, 76.5) 11.58 <0.001 Linear+
(65.8, 126.3, 58.7) 2.13 <0.001 Linear+
(78.3, 122.4, 60.1) 1.58 <0.001 Linear+
(65.4, 125.2, 55.5) 1.34 <0.001 Quadratic+

Right (116.5, 98.9, 69.4) 6.71 <0.001 Linear+
(113.3, 101.7, 73.6) 6.57 <0.001 Linear+
(114.4, 128.2, 57.6) 2.5 <0.001 Linear+
(113.7, 128.0, 58.2) 1.22 <0.001 Quadratic+

Females Left (66.7, 126.9, 58.4) 29.06 <0.001 Linear+
(65.7, 124.3, 55.2) 0.45 0.02 Quadratic+

Right (116.9, 96.8, 71.2) 30.77 <0.001 Linear+
(118.5, 97.1, 75.1) 5.14 <0.001 Quadratic+
(114.2, 125.7, 53.7) 2.56 <0.001 Quadratic+
(109.1, 121.4, 64.8) 0.71 0.008 Quadratic+
(104.2, 127.1, 59.1) 0.61 0.01 Quadratic−

Note: Coordinates (x,y,z) correspond to the spatial location of the center of the cluster in Cartesian coordinates on the group-averaged template; resels, resolution ele-

ments; +, surface expansion; −, surface contraction; Adjusted clusterwise P-values from RFT are provided.
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diverse functions carried out within the hippocampal head.
Additionally, evidence suggests that the functional organization
of the hippocampus changes with time (DeMaster et al. 2014;
Dandolo and Schwabe 2018). These findings may clarify previous
hippocampal shape analysis studies that have found either hip-
pocampal head expansion (Lin et al. 2013) or contraction (Gogtay
et al. 2006) during development.

Another explanation for the simultaneous lateral expansion
and mesial contraction of the right hippocampal head could be
that the anatomical location of the structure physically shifts

during development. Superior and medial to the hippocampal
head lies the amygdala (Amunts et al. 2005), which exhibits
age-related volumetric expansion when controlling for total
brain volume (Østby et al. 2009) and right-greater-than-left
structural laterality (Giedd et al. 1996; Uematsu et al. 2012).
Therefore, it is possible that the shift in right hippocampal
structure occurs via lateral displacement of the hippocampal
head by the amygdala during development as they compete for
subcortical space. This is supported by evidence that brain
structures undergo region-specific maturation resulting in

Figure 5. Main effect of sex and age*sex interaction on hippocampal shape. (A) Significant F > M clusters and peaks for the main effect of sex extracted from the

t-map using a corrected P < 0.05 threshold when controlling for age, scanner type, and study. On the left surface, a cluster on the lateral body, t(1674) = 8.20, P < 0.001,

d = 0.4, and mesial body, t(1674) = 6.12, P < 0.001, d = 0.3, reached statistical significance. On the right surface, clusters located on the lateral edge, t(1674) = 8.68, P <

0.001, d = 0.42, medial edge, t(1674) = 6.76, P < 0.001, d = 0.33, and head, t(1674) = 5.04, P < 0.001, d = 0.25, reached significance. (B) Significant age*sex interaction on

adjusted hippocampal volume is observed on the superior posterior lateral body of the left hippocampal surface when controlling for scanner type and study. ROI

analysis of the significant cluster shows the average adjusted RD regressed against age and stratified by sex. Females show a significant and positive relationship

with age, b = 0.018, t(847) = 5.97, P < 0.001, while males do not, b = 0.0002, t(824) = 0.37, P = 0.71. A corrected P < 0.05 threshold was applied to obtain the P-value sur-

face maps.

Figure 6. Maturational trajectory of left hippocampal surface in males and females. Data were stratified by sex and split into the following groups: 3–5 years (baseline),

9–10, 14–15, and 19–20 years. For each age group and sex, the inferior posterior surface is presented on the left side and the superior anterior surface is presented on

the right side. Adjusted hippocampal surfaces within each age range were averaged together from which the baseline was subtracted to visualize the timing and

magnitude of age-related hippocampal surface expansion. Baseline (left-most surface) is illustrated in green. Surface expansion with respect to baseline is mapped in

warm colors while surface contract is mapped in cool colors.
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adult phenotypes that differ slightly in stereotactic location
compared to those observed in infants and children (Wilke
et al. 2002, 2003; Yoon et al. 2009; Hill et al. 2010).

Overall, we observed that females have larger bilateral hippo-
campal volumes than males when hippocampal volumes are
adjusted for ICV. The present shape analysis results reveal that
the observed volumetric differences are localized to the lateral
and mesial surfaces of the hippocampal body. Females also
exhibited age-related expansion within the superior posterior
body of the left hippocampus, while males showed no change in
shape (Figs 5 and 6). Previous studies have also reported sex dif-
ferences in lateral and posterior hippocampal shapes in postpu-
bertal (Neufang et al. 2009; Satterthwaite et al. 2014), but not
prepubertal (Satterthwaite et al. 2014) maturation, suggesting
that these sex differences do not arise until later in develop-
ment. Sex differences in hippocampal shape may be attributed
to specific cellular mechanisms induced by gonadal hormones
(Bramen et al. 2011; Uematsu et al. 2012). Estrogen and androgen
epitopes are located throughout the hippocampus, including
synapses, dendrites, terminals, and glial cell processes (McEwen
and Milner 2007). In animal models, estrogen promotes synaptic
plasticity in hippocampal CA1 (Cooke and Woolley 2005; Yuen
et al. 2011) and CA3 (Scharfman and MacLusky 2017) pyramidal
cells. It has also been shown that estrogen induces neurogenesis
within the hippocampal DG SGZ (Bowers et al. 2010) and may
play a neuroprotective role (Wise 2006; Bean et al. 2014). The rel-
atively larger surfaces observed in females compared with males
in the present study may be due to estrogen-induced synapto-
genesis and neural proliferation within the hippocampus.
However, the datasets used, with the exception of C-MIND, did
not include information on pubertal status or circulating hor-
mone levels, which would have allowed for increased specificity
in the identification of the timing and magnitude of sex differ-
ences. Therefore, conclusions regarding sex differences related
to puberty await further investigation.

The results presented in this current study provide a basis for
understanding normative hippocampal development from child-
hood through adolescence. Our results support the hypothesis
that functionally distinct regions within the hippocampus exhibit
different developmental trajectories. These maturational changes
may co-occur with acquisition of hippocampal-dependent beha-
viors, however this question was not addressed in the current
study. Understanding normative hippocampal development is
also important because it provides the basis for identifying devia-
tions from the expected typical developmental trajectory that
may be indicative of neurodevelopmental disability. Knowledge
of the timing and magnitude of regional hippocampal shape
development may help inform the neurobiological underpinnings
of disorders associated with hippocampal pathology that arise
during childhood and adolescence, including schizophrenia (Paul
and Harrison 2004), major depression (Bremner et al. 2000),
autism spectrum disorders (Saitoh et al. 2001; Philip et al. 2012),
and substance use disorders (Berman et al. 2008). For example,
evidence shows inward deformation of the lateral anterior hippo-
campal head in patients with childhood-onset schizophrenia
compared with controls (Johnson et al. 2013), which may map to
anterior CA1 subregions (Kalmady et al. 2017). Results from the
present study show that this same region exhibits age-related
expansion during normative development (Fig. 4), which suggests
that patients with childhood-onset schizophrenia may have mat-
urational trajectories that differ from typically developing popula-
tions within the anterior head of the hippocampus. Identification
of the origin of this deviation in shape may aid in early diagnosis
and improved clinical outcomes in patients.

While the present study is the largest study of regional hip-
pocampal development to date and affords power to detect
developmental changes and sex differences in a structure as a
variable and heterogeneous as the hippocampus, some limita-
tions exist. The study utilized a cross-sectional design; there-
fore, inferences on individual developmental trajectories
cannot be realized without providing longitudinal data points.
The scans used in this study were obtained as a part of three
separate datasets and acquired on different scanner platforms
with slightly different acquisition parameters (Supplementary
Table 1), which may have influenced scan quality. While previ-
ous studies have shown that differences in scanner version or
manufacturer significantly influence gray and white matter
contrast ratios in T1-weighted images (Shuter et al. 2008;
Shokouhi et al. 2011), the estimated morphometric parameters,
such as subcortical volume, do not change significantly across
platforms and field strengths in multisite studies (Briellmann
et al. 2001; Stonnington et al. 2008; Segall et al. 2009; Jovicich
et al. 2009, 2013). Additionally, study and scanner type were
used as covariates, which have been shown to suppress the
effects of scanner variability (Fennema-Notestine et al. 2007;
Pardoe et al. 2008; Chen et al. 2014; Takao et al. 2014).
Therefore, we do not suspect that our segmentation process
and the resulting shape analysis were compromised by scanner
differences.

The age distribution of the sample is highly skewed due to
the prevalence of available scans from participants greater
than 8 years of age across all databases. We chose to include
data from all available ages in order to increase the sensitivity
to detect developmental differences; therefore, our results
must be interpreted within the constraints of this limitation.
Nevertheless, we replicated analyses in subjects greater than
8.25 years of age and found retention of several clusters along
the tail that exhibit linear, outward growth over time.

While T1-weighted images provide good subcortical contrast
in older children, delineation of the infant hippocampus using
structural MRI is challenging because the properties of the
developing brain, such as partial myelination, create poor tis-
sue contrast (Shi, Yap, et al. 2010; Shi, Wang, et al. 2014). A mul-
timodal approach to infant hippocampal segmentation
utilizing T1- and T2-weighted images would have improved
shape analysis results due to the complementary tissue infor-
mation provided by these contrasts (Williams et al. 2005; Guo
et al. 2015), however T2-weighted images were not available
from the databases used. To overcome this limitation, all hip-
pocampal segmentations were manually checked for segmen-
tation accuracy and analyses were performed excluding the
youngest participants under 3 years of age and discovered the
same developmental pattern across the hippocampal surface.
Because hippocampal structure changes drastically within the
first year of life (Insausti et al. 2010), future studies should seek
to understand how hippocampal shape changes during infancy
utilizing methods more precisely tailored to the unique chal-
lenges that come with segmenting developing neonatal tissue
(Shi, Fan, et al. 2010; Shi, Yap, et al. 2010; Shi, Wang, et al. 2014).

Shape analysis is sensitive to structural changes, however it
does not provide specific information regarding the nature of
these changes. Because shape analysis techniques only con-
sider intrinsic surface features, differences in shape may reflect
a number of structural phenomena within the sampled space.
Therefore, significant developmental differences at a given ver-
tex cannot be uniquely attributed to a specific subfield. The
development of new hippocampal segmentation techniques for
structural MRI allows for subfield specificity (Winterburn et al.
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2013; Iglesias et al. 2015; Yushkevich, Pluta, et al. 2015); how-
ever these approaches may not provide sufficient accuracy due
to technical limitations on the spatial resolution required to
resolve individual subfield boundaries in clinically feasible
scans (Amunts et al. 2005; Wisse et al. 2012; Winterburn et al.
2013). Recent technological advances, including the increased
availability of ultrahigh-field MRI (Giuliano et al. 2017) and par-
allel imaging techniques utilizing multichannel receiver coils,
such as simultaneous multislice imaging techniques (Barth
et al. 2016; Setsompop et al. 2016), provide submillimeter reso-
lution at reduced acquisition times to enable detailed subfield
morphology (Giuliano et al. 2017). Future studies should aim to
characterize how changes in individual subfield volumes and
morphometry influence regional features on the surface of the
hippocampus in order to better understand the underlying
neurobiological changes in hippocampal shape that occur dur-
ing child and adolescent development.

The current study supports previous findings in hippocam-
pal development showing relatively larger bilateral hippocam-
pal volumes in females compared with males and significant
age-related volumetric growth. The findings also provide novel
evidence identifying hippocampal regions that contribute to
these overall differences. Specifically, age-related volumetric
enlargement of the hippocampus is accompanied by global lin-
ear surface expansion in the left and right hippocampi, and
nonlinear expansion of the head and tail primarily in the right
hippocampal surface. The larger adjusted hippocampal
volumes in females may be localized to the lateral and mesial
surfaces bilaterally and could be further exaggerated by the fas-
ter maturation of the left lateral surface observed in females
compared with males. Results from this large, multisite study
across infancy and early adulthood contributes to a growing
compendium of evidence describing dynamic developmental
trajectories in structural hippocampal maturation that are
characterized by a complex interplay between age and sex.
Future studies should aim to correlate changes in memory with
hippocampal shape in development to determine how func-
tional modification is reflected in structure.
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