UC Irvine
UC Irvine Previously Published Works

Title
Longitudinal growth and morphology of the hippocampus through childhood: Impact of
prematurity and implications for memory and learning.

Permalink
https://escholarship.org/uc/item/5sk3mlcZ

Journal
Human Brain Mapping, 35(8)

Authors

Thompson, Deanne
Omizzolo, Cristina
Adamson, Christopher

Publication Date
2014-08-01

DOI
10.1002/hbm.22464

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5sk3m1cz
https://escholarship.org/uc/item/5sk3m1cz#author
https://escholarship.org
http://www.cdlib.org/

¢ Human Brain Mapping 35:4129-4139 (2014)

Longitudinal Growth and Morphology of the
Hippocampus Through Childhood:
Impact of Prematurity and Implications for
Memory and Learning

Deanne K. Thompson,"2>k Cristina Omizzolo,'? Christopher Adamson,’
Katherine J. Lee,'* Robyn Stargatt,’ Gary F. Egan,'” Lex W. Doyle,'**
Terrie E. Inder,'”” and Peter J. Anderson'*

"Murdoch Children’s Research Institute, Royal Children’s Hospital, Melbourne, Australia
“Florey Institute of Neuroscience and Mental Health, University of Melbourne, Melbourne,
Australia
*Department of Psychology, LaTrobe University, Bundoora, Australia
*Department of Paediatrics, University of Melbourne, Melbourne, Australia
>Monash Biomedical Imaging, Monash University, Melbourne, Australia
®Department of Obstetrics and Gynaecology, Royal Women’s Hospital,

The University of Melbourne, Melbourne, Australia
"Department of Pediatrics, St Louis Children’s Hospital, Washington University in St Louis,
Missouri

* *

Abstract: The effects of prematurity on hippocampal development through early childhood are largely
unknown. The aims of this study were to (1) compare the shape of the very preterm (VPT) hippocam-
pus to that of full-term (FT) children at 7 years of age, and determine if hippocampal shape is associ-
ated with memory and learning impairment in VPT children, (2) compare change in shape and
volume of the hippocampi from term-equivalent to 7 years of age between VPT and FT children, and
determine if development of the hippocampi over time predicts memory and learning impairment in
VPT children. T; and T, magnetic resonance images were acquired at both term equivalent and 7 years
of age in 125 VPT and 25 FT children. Hippocampi were manually segmented and shape was charac-
terized by boundary point distribution models at both time-points. Memory and learning outcomes
were measured at 7 years of age. The VPT group demonstrated less hippocampal infolding than the
FT group at 7 years. Hippocampal growth between infancy and 7 years was less in the VPT compared
with the FT group, but the change in shape was similar between groups. There was little evidence that
the measures of hippocampal development were related to memory and learning impairments in the
VPT group. This study suggests that the developmental trajectory of the human hippocampus is
altered in VPT children, but this does not predict memory and learning impairment. Further research
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is required to elucidate the mechanisms for memory and learning difficulties in VPT children. Hum
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INTRODUCTION

The human hippocampal formation undergoes rapid
growth and morphological development in the perinatal
months, including cytoarchitectural differentiation and
infolding of the dentate gyrus and cornu ammonis regions
into the medial temporal lobe [Arnold and Trojanowski,
1996; Kier et al., 1997; Okada et al., 2003; Seress, 2001].
One may expect this medial temporal lobe structure to be
particularly susceptible to the effects of very preterm birth
(VPT; <32 completed weeks of gestational age [GA]) given
the degree of hippocampal development in the perinatal
period. Infection, hypoxic-ischemia, lung disease, and
stress [Gadian et al., 2000a; Isaacs et al., 2000; Khwaja and
Volpe, 2008] are among the complications associated with
VPT birth that have been associated with hippocampal
pathology [Rees et al., 1999; Volpe, 2000]. Previous studies
have reported reduced hippocampal volume in VPT
infants [Thompson et al., 2008] and adolescents [Gimenez
et al., 2008; Nosarti et al., 2002] and altered hippocampal
shape in VPT infants [Thompson et al., 2013] compared
with their full-term (FT) peers. Although cross-sectional
evidence demonstrates compromised hippocampal devel-
opment as a result of prematurity, there is currently no
longitudinal information on hippocampal development in
VPT children.

Several cross-sectional studies have described typical
hippocampal growth through childhood. In a post-mortem
study, hippocampal volume increases were reported
between 1 and 2 years of age [Kretschmann et al., 1986].
Volumetric magnetic resonance imaging (MRI) studies
have demonstrated maximum hippocampal growth to
occur between 1 and 2 months of age, with continued
rapid growth up to 2 years of age [Knickmeyer et al., 2008;
Utsunomiya et al., 1999] and slowed growth up to 14 years
[Utsunomiya et al., 1999]. Uematsu et al. reported nonlin-
ear age-related hippocampal volume changes between 1
month and 25 years, again with most growth occurring
during the first few years of life and peaking at 9-11 years
of age [Uematsu et al., 2012]. The structural development
of the hippocampus may parallel functional development.

Functionally, the hippocampal formation is vitally
involved with memory and learning [Cabeza and Nyberg,
2000b; Nadel et al., 2000]. Memory involves the initial regis-
tration of information into a temporary storage system,
referred to as immediate memory, and the capacity to pro-
cess this information while in temporary storage is referred
to as working memory [Baddeley and Hitch, 1974]. Proc-

esses such as articulatory rehearsal [Baddeley, 1996] and
attentional refreshment [Barrouillet and Camos, 2001] are
used to transfer this material into long-term memory, where
it is stored for later retrieval. VPT children often show mem-
ory and learning impairments [Isaacs et al., 2000, 2003;
Omizzolo et al., 2013a; Rose et al., 2005; Woodward et al.,
2005], and reduced hippocampal volume has been associ-
ated with compromised working memory in VPT children
at 2 years of age [Beauchamp et al., 2008] and poorer every-
day memory in VPT adolescents [Isaacs et al., 2000, 2003].
Left hippocampal volume reduction has also been corre-
lated with reduced verbal recognition memory and learning
in preterm teenagers [Gimenez et al., 2004]. While we have
previously reported that hippocampal shape in VPT infants
is not associated with memory and learning performance at
7 years of age [Thompson et al., 2013], it remains unknown
whether hippocampal shape at 7 years, or the change in
shape or volume between infancy and 7 years of age relates
to memory and learning.

This study aims to: (1) compare the shape of the hippocam-
pus between VPT and full-term (FT) children at 7 years of
age, and determine if hippocampal shape of VPT children is
associated with memory and learning impairment at age 7
years, and (2) compare change in (a) shape and (b) volume of
the hippocampi from term-equivalent to 7 years of age
between VPT and FT children, and determine if change in
the shape or volume of the hippocampus are associated with
memory and learning impairment at 7 years in VPT children.

MATERIALS AND METHODS
Participants

Participants were prospectively recruited at birth from
the Royal Women’s Hospital in Melbourne, Australia from
July 2001 to December 2003 as part of the Victorian Infant
Brain Studies cohort. The VPT group consisted of 227
infants with either a GA of <30 weeks or a birth weight of
<1,250 g. Subjects with congenital abnormalities that
would impair neurological function were excluded. A con-
current control group was also recruited from the Royal
Women’s Hospital, and consisted of 46 FT (37—42 weeks’
GA) and normal birth weight (>2,500 g) infants. All
infants underwent an MRI brain scan at term equivalent
age (40 weeks =2 weeks). A total of 184 VPT and 32 FT
infant scans (79% of the original sample) were suitable for
hippocampal analysis. Of the remaining subjects, some
were unable to be scanned within the term equivalent age
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range (38-42 weeks” GA; n = 14), and some were excluded
due to imaging artefact (n = 43).

At 7 years corrected age, all participants underwent a
brain MRI and neuropsychological assessment, with
follow-up rates (from the original sample) of 88% for the
VPT group (n =198) and 93% for the FT group (n = 43). Of
these, 145 VPT and 34 FT children had MRI and outcome
data at 7 years; the remainder were unable to be scanned
(n=45), or scans were excluded due to image artefacts
(n=17). A total of 125 VPT and 25 FT children had MR
images able to be analyzed at both time points (term-
equivalent and 7 years), which is the sample used in the
current study.

This research complied with the Code of Ethics of the
World Medical Association (Declaration of Helsinki), and
the Human Research Ethics Committee of the Royal Wom-
en’s Hospital and the Royal Children’s Hospital granted
approval for the study. Written informed consent was
obtained from parents.

Imaging

Infant scanning (GA range 38-42 weeks) took place at
the Royal Children’s Hospital, Melbourne. T, / proton den-
sity weighted MR images (1.7-3.0 mm coronal slices; repe-
tition time 4,000 ms; echo time 60/160 ms; flip angle 90°;
field of view 22 X 16 cm?; matrix 256 X 192, interpolated
512 X 512) were acquired with a 1.5 Tesla General Electric
MRI scanner.

MRI scanning was repeated at 7 years of age at the Royal
Children’s Hospital, Melbourne. Prior to the scan, children
underwent a mock MRI scanning session to familiarize each
child with the scanning environment and procedure. Scans
were conducted without sedation, and T; weighted (0.85
mm sagittal slices, flip angle 9°, repetition time 1,900 ms,
echo time 2.27 ms, field of view 210 X 210 mm, matrix 256 X
256) structural images were obtained using a 3Tesla Trio
Siemens MRI machine (Siemens, Erlangen, Germany).

Hippocampal Segmentation

Hippocampal segmentation was conducted on MRI
scans at both term equivalent age and at 7 years of age.
Hippocampal formations in the term equivalent data were
manually outlined by a single operator (D.K.T) in the coro-
nal view on the combined raw T,- and proton density—
weighted image volumes (obtained by volume addition) to
increase contrast for optimal visualization of hippocampal
boundaries [Thompson et al., 2008, 2012]. Infant hippo-
campal segmentation was performed with the 3Dslicer 2.5
software (http://slicer.org/), with reference to anatomical
atlases [Duvernoy, 1988; Mai et al.,, 1997]. The tracing
scheme has been previously described in detail [Thompson
et al., 2008, 2012]. Hippocampal volumes were delineated
a second time on 15 randomly chosen images for intra-
rater reliability analyses. Intra-class correlation coefficients
were 0.97 for the right and 0.96 for the left hippocampus.

At 7 years, the hippocampi were manually delineated
by operator C.O. The structure was manually outlined in
the coronal view of the T; scan using ITK-SNAP 2.2.0.
Again, anatomical boundaries generally followed
those proposed by Watson et al. and Pruessner et al.
[Pruessner et al., 2000; Watson et al., 1992], with reference
to an anatomical atlas [Woolsey et al., 2008]. While tracing
occurred in the coronal view, reference was made to the
sagittal and axial views in order to provide more
reliable identification of structural boundaries. The dentate
gyrus, four cornu ammonis regions, alveus and the
fimbria were included within the hippocampal formation
measurement. Boundary definition has been previously
described in detail [Omizzolo et al., 2013b]. Repeat seg-
mentations to assess intra-rater reliability were conducted
on 10 subjects. Intra-class correlation coefficients were
0.97 for the right and 0.96 for the left hippocampal
formations.

Because of the longitudinal nature of this study, all 7
year hippocampal segmentations were reviewed and
edited by D.K.T to match boundary definitions used at
term equivalent. This required deleting several slices of
the hippocampal tail in 7-year segmentations when they
extended posterior to the point where the crus of the for-
nix fused with the pulvinar nucleus. This was necessary
because this section of the tail was not included in infant
segmentations, as it was not able to be consistently
delineated. Inter-rater reliability was carried out between
operators D.K.T and C.O on 10 subjects, and intra-class
correlation coefficients were 0.96 for the right and 0.97 for
the left hippocampus.

Hippocampal Shape Analysis

Morphological analysis of the delineated neonatal hip-
pocampal formations was conducted using the spherical
harmonics-point distribution model (SPHARM-PDM) [Shi
et al.,, 2007; Styner et al., 2003]. This model characterizes
both global and local shape [Gerig et al., 2001; Styner
et al., 2006]. This technique has been previously described
in detail [Thompson et al., 2013]. In brief, both infant and
7 year hippocampal masks were resampled to isotropic
resolution and minimally smoothed. Boundaries were con-
verted to triangular surface meshes [Lorensen and Cline,
1987] which were deformed to spheres [Brechbuehler
et al., 1995], thereby creating spherical parameterizations.
Smoothed PDM shape representations of segmentation
boundaries were subsequently registered by Procrustes
alignment [Styner et al., 2006].

For the longitudinal morphometric analysis, the 7 year
hippocampal surfaces were aligned to the infant surfaces
by Procrustes alignment, including a scaling component in
order for the 7-year-old hippocampi to match the infant
hippocampi. Vectors and magnitudes of the difference
between infant and 7 year surfaces were created by sub-
tracting the infant meshes from the 7 year hippocampal
meshes.
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Neonatal Brain Abnormality Score

At term-equivalent age, data were collected on brain
abnormality. Cerebral abnormality was scored by a neona-
tal neurologist on infant Ty and T, structural scans using a
previously described system [Kidokoro et al., 2013]. Pres-
ence and severity of white matter abnormality (cystic
lesions, signal abnormality, myelination delay, callosal
thinning, lateral ventricular volume, white matter volume),
cortical grey matter abnormality (extracerebral space, sig-
nal abnormality, gyral maturation), deep grey matter
abnormality (signal abnormality, deep grey matter vol-
ume), and cerebellar abnormality (signal abnormality, cere-
bellar volume) was rated and combined to give an overall
abnormality score from 0 to 17.

Neuropsychological Assessment

At 7 years of age, corrected for prematurity, tests from
widely used memory and learning test batteries were
administered. Full-scale intelligence quotient (IQ) was esti-
mated using the four-subset version of the Wechsler abbre-
viated scale of intelligence (WASI) [Wechsler, 1999].

Three subsets from the working memory test battery for
children (WMTB-C) [Pickering and Gathercole, 2001] were
administered to assess immediate and working memory:
(1) Forward digit recall which assesses verbal immediate
memory; (2) Backward digit recall which assesses verbal
working memory; and (3) Block recall which assesses spa-
tial immediate memory. A total score for each subtest
reflects the number of trials completed correctly.

The California verbal learning test (CVLT)—Children’s
Version [Delis et al., 1994] was used to assess verbal mem-
ory and learning, and involves the presentation of a list of
15 words over five trials. Variables of interest included
verbal learning (total number of words recalled over five
trials) and long delay recall. The dot locations test from
the children’s memory scale (CMS) [Cohen, 1997] was
used to assess visual-spatial memory and learning, and
involves learning the spatial location of dots over three tri-
als. Variables of interest were visual-spatial learning (total
number of correct locations recalled over three trials) and
long delay recall.

Due to the restricted age range of the children (6.6-8.1
years), raw rather than standardized data were used for
analyses. Scores were reported as “missing” when children
were too impaired to complete tasks, refused to participate
in tasks, or there was a problem with the testing equipment
(e.g., missing components of a task). Impairment was
defined as performance <1 standard deviation (SD) below
the FT group mean for all memory and learning tasks.

Statistical Analyses

For group-wise morphometric comparisons at 7 years of
age, group-specific PDMs were generated. For each vertex,
the signed distance from the mean surface for each PDM

was evaluated for evidence of differences (defined as
P <0.05, Bonferroni corrected), indicating areas of local
expansion or contraction. Univariate Hotelling T statistical
testing was used on the corresponding boundary points
across all subjects, with permutation testing to correct for
multiple comparisons. Intracranial volume was included
in the analyses as a scaling factor, to correct for the effect
of head size. The analysis was repeated including neonatal
brain abnormality score as a covariate. The associations
between hippocampal shape at 7 years and memory and
learning outcomes were assessed by comparing hippocam-
pal shape at 7 years between VPT children with and with-
out memory and learning impairments using univariate
Hotelling T? tests. This analysis was repeated covarying
for neonatal brain abnormality score using multivariate
analysis of covariance (ANCOVA).

To determine longitudinal morphometric change in the
hippocampus between term-equivalent and 7 years of age, ¢
tests were used to determine whether the signed distances
were different from zero for each vertex separately for the
VPT and FT groups. To compare the morphological change
over time between VPT and FT children, ANCOVA was car-
ried out on the morphometric change from term to age 7
years. The association between change in hippocampal
shape and memory and learning outcomes was assessed by
comparing the change in hippocampus shape from term to
7 years between impaired and non-impaired VPT children
using ANCOVA. This analysis was repeated covarying for
neonatal brain abnormality score wusing multivariate
ANCOVA. All morphometric analyses were corrected for
multiple comparisons using Bonferroni correction.

The change in hippocampal volume from birth to 7
years in the VPT and FT groups was compared using Stata
12. A single mixed regression model was fitted to the left
and right hippocampi measurements at term and 7 years,
including time as a covariate and using a random effect to
allow for the correlations between observations within an
individual. Group differences (VPT vs. FT) in change in
hippocampal volume were assessed by allowing the effect
of time to vary by group (group-by-time interaction), and
allowing the effect of time and group to vary by hemi-
sphere (three-way interaction). Secondary analyses
adjusted for change in intracranial volume and neonatal
brain abnormality score. Finally, the association between
change in hippocampal volume and memory and learning
impairment at age 7 years in the VPT group was assessed
using separate logistic regression models for each hippo-
campal volume (left and right) and outcome combination.
Secondary analyses adjusted for change in intracranial vol-
ume and neonatal brain abnormality score.

RESULTS

Sample Characteristics

Characteristics of the VPT and FT cohorts are described
in Table I. As expected GA at birth (P <0.001) and birth
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TABLE I. Perinatal and 7 year characteristics of the very preterm and full-term cohorts

Very preterm (1 = 125) Full-term (n = 25)

Perinatal characteristics

GA (weeks), M (SD)

Birth weight (g), M (SD)

Small for gestational age, 1 (%)

Singleton, 1 (%)

Intracranial volume (cc), M (SD)

Neonatal brain abnormality score, M (SD)
Male sex, 1 (%)

Antenatal corticosteroids, 1 (%)

Postnatal corticosteroids?®, n (%)
Bronchopulmonary dysplasia, 1 (%)

Cystic periventricular leukomalacia, 1 (%)
Intraventricular haemorhage grades 3/4, n (%)
7 year characteristics

Age at assessment (years), M (SD)
Intracranial volume (cc), M (SD)

Full scale IQ, M (SD)

Impaired verbal immediate memory?, 1 (%)
Impaired verbal working memory®, 1 (%)
Impaired spatial immediate memory®, n (%)
Impaired verbal learning, 1 (%)

Impaired verbal long delay recall?, n (%)
Impaired spatial learning?, n (%)

Impaired spatial long delay recall®, 1 (%)

275 (1.9) 38.7 (1.3)
968 (223) 3255 (517)
13 (10) 1(4)

68 (54) 24 (96)
447.3 (72.7) 456.3 (54.6)
53 (3.1) 1.5 (1.3)
62 (50) 14 (56)

108 (86) 0 (0)
7 (6) 0 (0)
37 (30) 0 (0)
5 (4) 0 (0)

5 (4) 0 (0)
75 (0.2) 7.6 (0.2)
1332.6 (119.7) 1435.3 (125.7)
98.1 (13.4) 108.9 (11.9)
29 (23) 2 (8)
60 (48) 4 (16)
52 (42) 3 (12)
24 (19) 5 (20)
32 (26) 3 (12)
50 (40) 6 (24)
31 (25) 3(12)

GA = gestational age, M = mean, SD = standard deviation. Impairment defined as <1 SD from mean of full-term children.

“Missing one subject.
PMissing nine subjects.
“Missing three subjects.
IMissing two subjects.

weight (P <0.001) were lower in the VPT subjects, while
brain abnormality score (P <0.001), and the incidence of
multiple births (P <0.001), bronchopulmonary dysplasia
(P=0.002), and antenatal corticosteroids (P < 0.001) were
higher in VPT subjects compared with FT subjects. The
VPT sample had lower IQ (P <0.001) and higher rates of
memory and learning impairment compared with the FT
group at 7 years of age, with strong evidence of group dif-
ferences for the verbal working memory (P =0.002) and
immediate spatial memory (P = 0.004) domains.

Hippocampal Shape at 7 years of Age

At 7 years of age VPT children’s hippocampi were more
outwardly displaced (greater expansion) in the anterior—
posterior direction and less inwardly displaced (more con-
tracted) along the medial border (Fig. 1a) than FT children.
There were several scattered regions where there was
strong statistical evidence for group-wise shape differen-
ces, particularly for the right side, which mainly corre-
sponded to areas of expansion in the VPT children (Fig.
1b). The pattern of shape differentiation was explained by
greater infolding, or “curling up” of the FT hippocampus,
while the VPT hippocampus remained straighter (Fig. 1c).

Most regions where there was statistical evidence of
expansion in the VPT hippocampus remained after adjust-
ing for neonatal brain abnormality score (Fig. 1d).

There was little evidence of an association between
hippocampal shape and impairment on memory and
learning measures in VPT 7-year olds (data not
shown).

Longitudinal Hippocampal Shape

Between infancy and 7 years of age, the morphological
change in the hippocampus was similar for VPT and FT
children. In general, both VPT and FT children’s hippo-
campi “curled up” more by 7 years of age. There were
several areas of expansion from infancy to 7 years into the
inner medial border of the hippocampus, and a corre-
sponding contraction along the lateral border in both
groups (Fig. 2a). There was evidence of lateral contraction
between time points in all major zones, as well as zones of
medial expansion in the VPT population (Fig. 2b). The
overlay of the 7 year hippocampus onto the infant hippo-
campus further demonstrated hippocampal infolding
between time-points for both groups (Fig. 2c). There were
some regions where the medial expansion and lateral con-
traction between time-points appeared greater in VPT
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0.00

Figure 1.

Shape differences for very preterm (VPT) vs. full-term (FT) chil-
dren at 7 years, displayed for the right and left hippocampi. (a)
Displacement map with areas of positive expansion (red) or nega-
tive contraction (blue) of the VPT hippocampal surface from the
mean surface, overlaid on mean of all hippocampi. (b) Statistical P
value map of shape difference after permutation testing overlaid

children (Fig. 2d). There were only small portions of the
hippocampi where there was statistical evidence that the
longitudinal shape change differed between VPT and FT
children. These regions mainly corresponded to greater
medial expansion and lateral contraction of the VPT hip-
pocampal surface, particularly for the right side (Fig. 2e),
and remained after adjusting for neonatal brain abnormal-
ity score (data not shown).

There was little evidence that change in hippocampal
shape between infancy and 7 years in VPT children was asso-
ciated with impairment on memory and learning measures
(data not shown).

Longitudinal Hippocampal Volume

The average change in hippocampal volume from the
neonatal period to 7 years of age was smaller for VPT chil-
dren than for FT children (Table II, interaction: —0.22, 95%
CI —0.29 to —0.14, P <0.001). This difference remained fol-
lowing adjustment for change in intracranial volume and
neonatal brain abnormality score (interaction: —0.14, 95%

on mean of all hippocampi. (c) Mean overlay of VPT (blue) and FT
(red) hippocampi. (d) Bonferroni corrected statistical maps of
shape differences for VPT vs. FT children’s hippocampi after cor-
recting for brain abnormality score. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

CI -0.21 to —0.07, P <0.001). Overall the change in vol-
ume was greater for the right hippocampus compared
with the left hippocampus (main effect P = 0.001), however
there was little evidence that the effect of group varied by
hemisphere (interaction P = 0.82).

In the VPT group, there was little evidence for a rela-
tionship between change in hippocampal volumes
between infancy and 7 years and memory and learning
impairment, on both unadjusted analyses (Fig. 3) or analy-
ses adjusted for intracranial volume and neonatal brain
abnormality (data not shown).

DISCUSSION

Despite VPT hippocampi showing more immature
shape at 7 years than FT hippocampi (less infolded), the
morphological change over time was similar between
groups, indicating that shape differences present in
infancy [Thompson et al., 2013] persisted but the trajec-
tory was relatively typical thereafter in VPT children.
Volumetrically, FT children’s hippocampi grew more
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Figure 2.

Shape differences between infancy and 7 years for full-term (FT)
and very preterm (VPT) children. (a) Displacement map with
areas of expansion (red) and contraction (blue), overlaid on mean
of all hippocampi. (b) Statistical P value map of shape difference
between time-points, after Bonferroni correction. (c) Mean over-
lay of infant (blue) and 7 year (red) hippocampi, where the 7 year
surface is scaled to match the infant surface. (d) Displacement

between infancy and 7 years of age than VPT children,
with more growth in the right than the left hippocam-
pus for both groups. There was little evidence that hip-
pocampal shape at age 7 or either volumetric or
morphological changes from term to 7 years were asso-
ciated with memory and learning impairments in the
VPT group at 7 years.

At 7 years, VPT hippocampi were less infolded than
those of FT children. We have previously shown that this
cohort of VPT subjects displayed straighter hippocampi
than FT infants at term-equivalent age [Thompson et al.,
2013]. This suggests that the alterations in hippocampal

map with areas of expansion (red) or contraction (green) greater
in VPT children, or expansion (blue) or contraction (orange)
greater in FT children, between term and 7 years. (e) Statistical P
value map demonstrating the evidence for differences in longitudi-
nal shape change between FT and VPT children, after Bonferroni
correction. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

shape that occurred in the perinatal period persist into
childhood, and therefore hippocampal development did
not catch up. Altered hippocampal shape in the VPT child
may result from exposures and injury shortly after birth,
a period in which the hippocampus undergoes rapid syn-
aptic, dendriticc and oligodendroglial ~development
[Insausti et al., 2010], and is actively establishing cortical-
hippocampal connections [Hevner and Kinney, 1996]. The
VPT infant hippocampus is vulnerable to a range of com-
plications following birth which may alter the normal pro-
gression of these developmental processes such as
neuronal or white matter damage [Ramenghi et al., 2007],
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TABLE Il. Left and right hippocampal volume (cc) at term and 7 years, and change in volume from term to 7 years
for very preterm and full-term children®

Very preterm

Full-term

Hippocampal volume,

mean (95% CI) Right Left Right Left

Neonatal 1.14 (1.10) 1.12 (1.08, 1.17) 1.21 (1.11, 1.31) 1.18 (1.08, 1.28)
7-year 2.85 (2.80, 2.89) 2.74 (2.70, 2.77) 3.15 (3.05, 3.25) 3.00 (2.90, 3.10)
Change 1.71 (1.67, 1.75) 1.62 (1.58, 1.66) 1.97 (1.88, 2.06) 1.82 (1.73, 1.91)

*Results from a single model including measurements from the left and right hemisphere at both time points, allowing the effect of
time and hemisphere to be different in the two groups, and allowing for a three way interaction between group, hemisphere and time.

which may result in alterations of hippocampal shape
[Qiu et al., 2010].

Shape changes in the hippocampus from term to 7 years
were similar for the VPT and FT children with both show-
ing more infolding at 7 years. Considering shape altera-
tions are present at term equivalent age in VPT infants
[Thompson et al., 2013], the period within the neonatal
intensive care unit is likely the period of greatest vulner-
ability for the hippocampus. It should be noted that this
study is the first to show that further hippocampal infold-
ing occurs during childhood, even in healthy FT popula-
tions. Previously, hippocampal inversion was thought to
be complete by around 25 weeks of gestation [Bajic et al.,
2010].

Hippocampal growth is compromised in the neonatal
period following VPT birth [Thompson et al., 2008]. Find-
ings from the current study showed that hippocampal
growth between term-equivalent and 7 years of age was
slower in VPT children, even after taking into account
change in overall brain size. This indicates that the hippo-
campus continues to be specifically vulnerable in VPT chil-
dren well after infancy, and into childhood. A major
hippocampal growth spurt occurs between infancy and 2
years of age [Utsunomiya et al, 1999], which may be
altered in those born VPT. This may explain why, in the
same cohort, we found a 3.4% lower hippocampal volume
in VPT compared with FT subjects in infancy [Thompson
et al., 2008], which had increased to a 6.3% difference by 7
years of age [Omizzolo et al., 2013b]. Furthermore, others
have reported even larger differences of around 15%
between VPT adolescents and FT controls [Gimenez et al.,
2004; Nosarti et al., 2002]. Together these results suggest
that the VPT hippocampal volumes do not catch up with
those of term-born peers, and indeed the gap may widen.
Altered hippocampal growth in VPT children is likely due
to the susceptibility of the hippocampus to complications
associated with VPT birth [Gadian et al., 2000b; Khwaja
and Volpe, 2008], in particular white matter injury and the
subsequent associated neurological sequelae [Volpe, 2009].
However, the slower growth of the hippocampi in VPT
children appears to be independent of brain injury, as VPT
children still had a slower hippocampal growth rate after
adjusting for the neonatal brain abnormality score. Dis-

turbingly, the full impact of prematurity on hippocampal
growth may not be apparent until around 9-11 years of
age, when hippocampal growth peaks [Uematsu et al.,
2012]. On the other hand, our results suggest that there
may be a window of time early in development where it
may be possible to intervene in order to improve hippo-
campal growth in VPT populations.

Though hippocampal asymmetry develops in utero
[Thompson et al., 2009], we confirmed that asymmetrical
development of the hippocampi continues into childhood.
The greater growth of the right compared with the left
hippocampus during childhood seen in this study is con-
sistent with previous research reporting rightward asym-
metry in children [Giedd et al., 1996; Pfluger et al., 1999;
Utsunomiya et al., 1999] and adults [Uematsu et al., 2012;
Watson et al.,, 1992]. Given there was little evidence of
group by hemisphere interactions, it would appear that
VPT children showed similar growth in each hemisphere
during childhood as FT children, despite the fact that they
have altered hippocampal asymmetry in infancy [Thomp-
son et al., 2009].

Within VPT children, there was little evidence that hip-
pocampal shape at age 7 years, or hippocampal growth
from term to 7 years (volumetric or morphological change)
were associated with memory and learning impairment at
7 years of age. We conducted additional analyses where
we related hippocampal measurements to continuous
memory and learning scores, rather than dichotomous
impairment variables, which also failed to find evidence of
any such associations (data not shown). We were sur-
prised that our hippocampal growth measures were not
related to functional impairments in these domains, espe-
cially considering we have shown positive associations
between infant hippocampal volume and memory func-
tioning at 7 years [Thompson et al., 2013]. However the
current results are consistent with our previous findings
that hippocampal volume at 7 years is not related to mem-
ory and learning performance [Omizzolo et al., 2013b]. In
contrast, previous research in populations with memory
and learning difficulties has demonstrated an association
between hippocampal volume and performance on the
CVLT [Riggins et al.,, 2012; Willoughby et al., 2008]. It
could be that the measures of memory and learning
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Association between change in hippocampal volume and memory and learning impairment at age
7 years. Results are the odds ratios and 95% confidence intervals (Cl) for an impairment per
unit difference in the change in hippocampal volume from separate unadjusted logistic regression

models.

employed in this study were not sensitive to subtle volu-
metric and morphological changes in the VPT hippocam-
pus. An alternative explanation is that memory and
learning impairment in the VPT group reflects pathology
in other components of the neural memory network,
which includes but is not limited to prefrontal and parietal
regions [Cabeza and Nyberg, 2000a], as well as the thala-
mus and basal ganglia [Omizzolo et al., 2013a]. It is com-
monly accepted that memory and learning functions
continue to mature well after 7 years of age [Gathercole,
1998; Gathercole et al., 2004], and given that the hippocam-
pus continues to mature into adolescence [Insausti et al.,
2010], the full effects of impaired hippocampal growth and
development on memory and learning function may not
be apparent until later in development. Although no previ-
ous study has examined the relationship between longitu-
dinal hippocampal development and memory and
learning in VPT cohorts, a few studies have linked
reduced hippocampal volume to everyday memory
impairment [Isaacs et al., 2000, 2003] and verbal learning
and recognition memory impairment [Gimenez et al.,
2004] during adolescence.

Despite the fact that the current study assessed multiple
components of memory and learning in both visual and
verbal modalities, it is possible that altered hippocampal
development in this VPT group would have been related
to performance on other memory and learning measures
such as those assessing paired associative learning and
everyday memory functioning. Furthermore, the hippo-

campus may be involved in other cognitive and behavioral
processes altered in VPT children, such as affective regula-
tion and both full-scale [Lodygensky et al., 2005] and per-
formance IQ [Isaacs et al., 2004], which were not explored
in the current study. Another limitation to this study is
that manual segmentation is prone to human error, and
there are many different protocols for hippocampal seg-
mentation reported in the literature. The current study
employed a common method of hippocampal segmenta-
tion based on the protocol put forward by Watson et al.
[1992], and both intra- and inter-rater reliability were high.
Furthermore, the morphological analysis assumes perfect
registration of all hippocampi into a common reference
space. As this is not always possible, the accuracy of our
results may be affected by alignment error. All alignments
were qualitatively assessed for accuracy to minimize this
risk.

In conclusion, hippocampal shape is less mature in VPT
children at 7 years of age than in FT children, which corre-
sponds with similar morphological differences observed at
term equivalent age. The findings from the current study
provide unique insight into the developmental trajectory
of the human hippocampus from the neonatal period to 7
years of age in children born VPT and at term. These find-
ings are the first to show that the hippocampus undergoes
further infolding between infancy and 7 years of age in
both VPT and FT children. We also show that the VPT
hippocampus does not undergo typical volumetric devel-
opment throughout childhood, with delayed growth
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between infancy and 7 years. The relationship between
delayed hippocampal growth as a result of VPT birth and
cognitive deficits still remains unclear. Further research is
required to examine this association later in development,
ideally during adolescence. Future studies may wish to
examine whether early intervention can close the gap
between VPT and FT hippocampal development, which
will likely improve later cognitive functioning.
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