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Abstract

Development of the fetal hippocampal formation has been difficult to fully describe because of
rapid changes in its shape during the fetal period. The aims of this study were to: (1) segment the
fetal hippocampal formation using 7.0 T MR images from 41 specimens with gestational ages
ranging from 14 to 22 weeks and (2) reveal the developmental course of the fetal hippocampal
formation using volume and shape analyses. Differences in hemispheric volume were observed,
with the right hippocampi being larger than the left. Absolute volume changes showed a linear
increase, while relative volume changes demonstrated an inverted-U shape trend during this
period. Together these exhibited a variable developmental rate among different regions of the fetal
brain. Different sub-regional growth of the fetal hippocampal formation was specifically observed
using shape analysis. The fetal hippocampal formation possessed a prominent medial—lateral
bidirectional shape growth pattern during its rotation process. Our results provide additional
insight into 3D hippocampal morphology in the assessment of fetal brain development and can be
used as a reference for future hippocampal studies.
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Introduction

The hippocampal formation (HF), a critical brain structure in the limbic system, is involved
in cognition, learning and memory functions (Hassabis et al., 2007; Yanike et al., 2004;
Zaidel, 1995; Bohbot et al., 2000; Arleo and Gerstner, 2000; Bird et al., 2010; Cimadevilla
et al., 2014). Abnormalities in HF have been associated with congenital cerebral
malformations such as lissencephaly, holoprosencephaly and agenesis of the corpus
callosum (Baker and Barkovich, 1992; Atlas et al., 1986), as well as neurological and
neuropsychiatric disorders including epilepsy (Bernasconi et al., 2005; Gamss et al., 2009),
depression (Tae et al., 2011), Alzheimer's disease (Thompson et al., 2004), Parkinson's
disease (Ibarretxe-Bilbao et al., 2008) and schizophrenia (Schobel et al., 2009).

Development of the human fetal HF is a subject of increasing interest as hippocampal injury
or deviation of the HF from its normal development trajectory may be a contributor to the
neurodevelopmental burden of affected individuals (Sizonenko et al., 2006; Abernethy et al.,
2002; Jacob et al., 2011). The human HF comprises a considerable number of complex
substructures, including the dentate gyrus, the Cornu Ammonis, the subiculum, and the
associated white matter tracts, such as the fimbria and the alveus (Naidich et al., 198743;
Insausti et al., 2010; Amaral, 1999; Bronen, 1992). It is therefore difficult to observe small
volumetric or shape changes and changes that occur within the substructure because of the
limited resolution of the images obtained with 1.5 T or 3.0 T MR in vivo. In addition, in
utero MRI is susceptible to frequent fetal movement and pulsatile motion from maternal
arteries.

The hippocampal primordium firstly arises at the dorsal part of the lamina terminalis and
can be identified histologically as early as in the 9th GW (Humphrey, 1967; Rakic and
Yakovlev, 1968). The HF then undergoes a progressive rotation, as well as many other
critical changes in the second trimester (Kier et al., 1997; Insausti et al., 2010; Adamsbaum,
2001; Prayer et al., 2006). The dentate gyrus and Cornu Ammonis progressively fold into
the temporal lobe, together with the gradually closing hippocampal sulcus (hippocampal
fissure) (Kier et al., 1997; Insausti et al., 2010). By 18 to 20 GW, the fetal HF begins to
resemble the adult HF (Kier et al., 1997). However, to date there are no quantitative studies
on fetal hippocampal development, especially on the sub-regional changes during its
rotational process. Hemispheric or gender differences of the fetal HF during this period also
are not well understood.

With the help of high-resolution MRI and postmortem specimens, it is feasible to conduct
quantitative studies using volume and shape analyses on the human fetal HF to reveal its
developmental course directly. Volumetric studies of the HF have been performed in adult
populations and progressively in neonates and fetuses (Jacob et al., 2011; Pruessner et al.,
2000; Thompson et al., 2008, 2009). A linear trajectory of hippocampal volume increase
was found in healthy fetuses (Jacob et al., 2011) and preterm and full-term infants were
found to have larger right hippocampi (Thompson et al., 2009). Shape analysis, on the other
hand, has the potential of identifying local surface changes or developmental states of brain
(sub) regions, such as hippocampi (Thompson et al., 2004; Tae et al., 2011). Deformation-
based or voxel-based morphometric analysis of brain structure has provided new
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information previously unavailable using only conventional volumetric measurements
(Joseph et al., 2014; Wright et al., 1995; Gerig et al., 2001).

In this study, we aimed to observe the development of the human HF using 7.0 T high-
resolution MR images of fetal specimens ex vivo. We analyzed volumetric changes as well
as performed shape analysis using our novel surface mapping tools with intrinsic geometry
and metric optimization (Shi et al., 2014). Hemispheric differences and the developmental
course of the fetal HF were measured. Our results provide useful information concerning the
interpretation of MRI signals and the developmental changes of the fetal HF visualized in
vitro. The observed growth patterns may improve our understanding and classification of
hippocampal abnormalities, which can be used as reference for future hippocampal studies.

Materials and methods

Specimen

41 human fetuses (13 males and 28 females) with a gestational age (GA) of 14 to 22 weeks,
which were partially used to study brain development characteristics at the 20th gestational
week (GW), subcortical brain structures, cortical folding, and the fetal brain template in
previous publications (Zhang et al., 2010, 2011; Meng et al., 2012; Zhan et al., 2013), were
included in the study. All fetuses were collected in hospitals of Shandong Province, China.
24 specimens were obtained after medically indicated abortions caused by fetal
chromosomal abnormality, teratogenesis infection, stressful intrauterine conditions, or
unknown reasons of malformation outside of the brain (such as incurable heart, renal
malformations, or osseous dysplasia). 17 specimens were obtained after spontaneous
abortions attributed to pregnancy-induced hypertension syndrome, severe uterine traumas
caused by accident, too thin endometrium, uterine myoma (TUrtscher et al., 1999), or
incompetence of internal orifice of the uterus. We also ensured that the maternal pregnancy
records were absent of a documented history of excessive alcohol intake, smoking, and
severe under-nutrition (Bergsjg and Villar, 1997), as well as seizures in the case of
eclampsia (Villar and Bergsjg, 1997). 3.0 T MR pre-scanning was conducted to ensure that
the developmental status of the brain structures (such as the cerebrum, cerebral cortex,
lateral ventricle, and corpus callosum) was anatomically normal. The GA of the fetuses was
determined by the crown-rump length, head circumference, and foot length and/or
pregnancy records and was expressed in weeks from the last menstrual period (Guihard-
Costa et al., 2002). The specimens were immersed in 10% formalin for preservation without
extracting the brain. This study was conducted on the basis of approval from the Internal
Review Board of the Ethical Committee at the School of Medicine, Shandong University.
Written consent was obtained from the parents after explaining the purpose of the study.

Demographic information of the fetal specimens is listed in Table 1.

MRI data acquisition

All fetuses were scanned with a 7.0 T Micro-MR scanner with a maximum gradient of 360
mT (70/16 PharmaScan, Bruker Biospin GmbH, Germany) in Department of Radiology,
Zhong Da Hospital, Southeast University School of Clinical Medicine (Jiangsu Provincial
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Key Laboratory of Molecular and Functional Imaging). A rat body coil with an inner
diameter of 60 mm was chosen and the axial 2D T2-weighted slice images were acquired
with the following parameters: slice thickness, 0.5 mm with no gap; field of view (FOV), 4.0
x 4.0 cm/5.0 x 5.0 cm/6.0 x 6.0 cm; matrix, 256 x 256; TR/TE, 12,000/50 ms; and NEX, 4.
The time interval between the collection of specimens and scanning was within two months.

Segmentation protocol of the fetal hippocampal formation

The adult HF was considered to be comprised of the dentate gyrus, the hippocampus (Cornu
Ammonis), the subiculum, the small subsplenial, supracallosal, and paraterminal gyri, and
the associated white matter tracts — the alveus, the fimbria, and the fornix (Naidich et al.,
1987a). Others also defined the HF as comprised of a variety of cytoarchitectonic fields
including the dentate gyrus, the hippocampus (Cornu Ammonis), the subiculum,
presubiculum, and parasubiculum and the entorhinal cortex (Amaral, 1999; Insausti et al.,
2010). In consideration of the fetal MR imaging and prior studies (Amaral and Insausti,
1990; Naidich et al., 1987a, 1987b; Adamsbaum, 2001; Jacob et al., 2011; Mdiller and
O'Rahilly, 1994), as well as the study ‘Hippocampal and Limbic Terminology’ (Bronen,
1992), the term“Hippocampal formation” was defined to include the dentate gyrus, the
Cornu Ammonis, the subiculum, the fimbria and the alveus in this study. We also use the
term “‘Cornu Ammonis’ to replace the above ‘Hippocampus’ to avoid confusion in
nomenclature.

Segmentation of the HF was performed manually using Amira software, which can read the
native DICOM imaging data directly and show the 3D results within the segmentation. The
left HF was always segmented before the right. The anatomical borders used for
segmentation of the HF were based on prior studies (Kier et al., 1997; Amaral, 1999;
Naidich et al., 1987a, 1987b; Malykhin et al., 2007; Watson et al., 1992; Jacob et al., 2011)
and the ‘Atlas of Human Central Nervous System Development’ (Bayer and Altman, 2004,
2005) and were traced from the anterior head to the posterior tail using both axial and
sagittal planes. Note that although the HF in this paper was comprised of the dentate gyrus
(DG), Cornu Ammonis (CA), fimbria, alveus, and subiculum, these structures were
indistinguishable (or partly distinguishable) by fetal MR imaging and thus were roughly
sampled as a whole complex.

Hippocampal head

In the axial plane, medial border of the hippocampal head is defined by the ambient cistern,
while the lateral border is demarcated by the cerebrospinal fluid of the temporal horn of the
lateral ventricle (Fig. 1A). The amygdala and hippocampal head are separated by the
cerebrospinal fluid of the uncal recess of the temporal horn of the lateral ventricle (Watson
et al., 1992; Jacob et al., 2011), which is more clear in the sagittal plane (Figs. 2A, B). The
inferior border of the hippocampal head is demarcated by the gray/white matter junction in
the axial plane (Jacob et al., 2011). The subiculum, facing the dentate gyrus over the
hippocampal fissure, is not prominent in head sections.

In the sagittal plane, the amygdala is clearly seen and adjacent to the hippocampal head by
the cerebrospinal fluid of the uncal recess of the temporal horn of the lateral ventricle (Figs.
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2A and B). The posterior border of the hippocampal head in the section that passes through
the brainstem is the cerebral peduncle and ambient cistern (Fig. 2B).

Hippocampal body

The most inferior section of the hippocampal body is the first section where the uncal recess
cannot be seen in the axial plane (Malykhin et al., 2007; Pruessner et al., 2000) and its
borders are similar to those used for the head of the HF (Jacob et al., 2011). The
hippocampal fissure is also clearly seen in these sections. Differently, the superior border of
the body is determined by the adjacent germinal matrix, which lies in the roof and lateral
wall of the temporal horn and is a special structure in the fetal brain (Fig. 1B). The alveus
that overlies the Cornu Ammonis and the contiguous fimbria are clearly seen in the axial
plane and both composed in the body segmentation. The subiculum is prominently
characterized by its thick superficial medullary lamina (SML) and lies along the medial and
superior curvature of the parahippocampal gyrus (Naidich et al., 1987a; Fig. 1B). It
comprises the parasubiculum, presubiculum, and subiculum, and the prosubiculum and
overlaps with the border of the Cornu Ammonis. In our paper, the subiculum is simply
segmented to include the most medial portion of the SML (as far as to the ambient cistern)
because of its undiscerned subdivisions with MR imaging (Naidich et al., 1987a; Fig. 1B).

Hippocampal tail

The most inferior section of the hippocampal tail is the first section where the fornix can be
seen in full profile in the axial plane (Malykhin et al., 2007; Pruessner et al., 2000) and its
borders are similar to those used for the body (Jacob et al., 2011). Differently, the superior
border becomes the fornix and the medial border is the thalamus (Fig. 1C).

In the sagittal plane, the hippocampal tail first appears in the paramedian section that passes
through the splenium of the corpus callosum, and presents a wedge of gray matter in the
angle between the splenium of the corpus callosum and the isthmus of the cingulate gyrus
(Naidich et al., 1987b; Fig. 2C). The hippocampal fissure is clearly observed between the
fasciolar/dentate gyrus and retrosplenial cortex. In general, the fasciolar and dentate gyri lie
above the hippocampal fissure and merge superiously with the indusium griseum behind the
splenium of the corpus callosum. They are hard to distinguish using fetal MRI and are both
composed in hippocampal segmentation (labeled DG in Fig. 2C) (Naidich et al., 1987b). The
fornix, in this section, lies far away from the hippocampal tail.

Lateral to the splenium section, the posterior margin of the hippocampal fissure becomes the
subiculum while the anterior margin is still the dentate gyrus (Fig. 2B). The
parahippocampal gyrus and the isthmus of the cingulate gyrus are separated by the anterior
calcarine sulcus (ACS). The fornix is well seen in this section and lies anterior to the
hippocampal tail.

More laterally, the straight hippocampal fissure has been a line between the subiculum and
the dentate gyrus (Fig. 2A). The fimbria presents more clearly and the lateral border of the
hippocampal formation becomes the cerebrospinal fluid of the temporal horn as turning
medially.
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Some brains may have one or two transition sections where the borders of the HF were
difficult to identify. In these cases it was necessary to navigate one section forward or
backward from this transition section to compare the shape and position of the structures
where the borders were clear, and to extrapolate these borders onto the difficult section.

To assess the reliability of this segmentation protocol, ten of the scans were selected
randomly two months later and re-segmented. Intra-rater consistency between the two
segmentations was calculated using Dice's coefficient:

g 2*
b+c

where a is the number of voxels in both the initial and re-tested segmentation, and b and ¢
are the number of voxels solely in the initial and re-tested segmentation, respectively. The
higher the d values, the more reliable our segmentation.

Volume analysis

Prior to volumetric analyses, the intracranial volumes (ICVs) of all subjects were measured
manually.

The 41 postmortem fetal specimens of 14 to 22 GW in this study were partially used to build
a spatial-temporal template described in our previous publication (Zhan et al., 2013).
Acquisition of the ICV was performed using BrainSuite similar to Zhan's methodology.

Binary masks of hippocampi generated from the segmented volumes of each brain and the
ICVs were used to compute the absolute and relative (Vgjative = Vabsolute / ICV) volumes of
the HF, respectively.

Shape analysis

The binary masks representing the 3D shapes of the HF were subsequently used to
reconstruct surface meshes via outlier detection and boundary deformation (Shi et al., 2010).
The localized spurious features caused by manual segmentation were automatically detected
using the metric distortion during the Laplace—Beltrami (LB) eigen-projection and were fed
to a well-composed and topology-preserving deformation. This process was iterated and the
final surface, which had the correct topology and provided accurate and smooth
representation of the boundary geometry, was generated (Shi et al., 2010). It was constructed
of triangular elements that contain the vertices and faces of the binary mask, which
represented the true geometry of the HF (Fig. 3). The number of vertices and faces varied
with the size and shape of the HF.

To perform shape analysis, one randomly selected surface mesh was re-meshed to have
1000 uniformly distributed vertices. It was used as the template and then projected onto the
rest of the surfaces via an intrinsic surface mapping in the high dimensional LB embedding
space (Shi et al., 2014). A conformal map between surfaces with highly uniform metric
distortion and the ability of aligning salient geometric features was generated directly by
minimizing the distance measure in the embedding space with metric optimization (Shi et
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al., 2014). All surfaces were represented with the same triangulation and one-to-one
correspondence across vertices. To quantify the growth rate of the local HF, a thickness
measure at each vertex of the mapped surfaces was computed as the distance from the
corresponding vertex to the medial core of the HF was defined (Shi et al., 2009). Distance
fields thus indexed local expansions and contractions in HF surface morphology, and were
used for statistical analysis at equivalent HF surface points in 3D.

Statistical analysis

Results

The paired T test was used to examine the volume differences between the left and right
hippocampi. Absolute and relative volume trends with increasing gestational age were
calculated.

To compute the sub-regional development of the fetal HF, linear regression analysis was
performed on the corresponding thicknesses with increasing gestational age. Significance
was set to p < 0.05.

Segmentation reliability

Our segmentation provided high intra-rater reliability with the average Dice's coefficients
for the left and right hippocampi 0.9648 and 0.9692, respectively.

Volume analysis

T test showed that the volume of the right HF was larger than the left (t (40) =5.813, p <
0.05).

As shown in Figs. 4A and B, the absolute volumes of both the left and right hippocampi
increased almost linearly with increased gestational age. However, the rate of increase
decreased after about 18 GW.

As shown in Figs. 4C and D, the relative volumes of both the left and right hippocampi
exhibited an inverted-U shape trajectory. The rates of increase went up slowly from GW14
to 17. From GW17 to 22, we observed that the relative volume decreased while the absolute
volume still increased. This curve implicated that the HF grew slightly faster than the other
brain regions from 14 GW to 17 GW, but more slowly than the other brain regions after that
time.

Shape analysis

The mean shape of the HF in both hemispheres computed from the set of registered surface
images is shown in Figs. 5 and 6. The regression coefficients that represent the growth rate
of the sub-regional HF and p-values calculated from linear regression of the corresponding
thicknesses were plotted on the mean shapes.

Thickness increased significantly throughout almost the whole left HF. The degree of
increase for superior and inferior regions of the hippocampal body was lower than the other
regions. Part of the hippocampal head adjacent to the amygdala (AG), the medial part of the
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hippocampal body (approximate subiculum), and the posterior part of the hippocampal tail
adjacent to the splenium of the corpus callosum also had a lower rate of increase. The
anterior part of the hippocampal head, and the medial (approximate dentate gyrus) and
lateral regions of the whole HF, on the other hand, increased faster than the other regions.

Fig. 5 shows the p-value map and regression coefficient map of the left HF.

Thickness increased significantly throughout almost the whole right HF. The rates of
increase for superior and inferior regions of the hippocampal head and body, and medial
regions of the hippocampal body were lower than the other regions. Part of the hippocampal
head adjacent to the amygdala and the posterior part of the hippocampal tail adjacent to the
splenium of the corpus callosum also had a lower rate of increase. In contrast, the anterior
and most medial parts of the hippocampal head and the lateral regions of the whole HF
increased faster than the other regions.

Fig. 6 shows the p-value map and regression coefficient map of the right HF.

Both the left and right HF showed differential sub-regional growth. Except for the region
adjacent to the amygdala, the hippocampal head and lateral and medial parts of the total HF
grew faster than the inferior and superior parts. Fetal hippocampi possessed a prominent
medial- lateral bidirectional shape growth pattern.

Discussion

We conducted quantitative research about human fetal hippocampal development.
Rightward volumetric asymmetry was found as early as in the second trimester. Absolute
volume of the fetal HF showed a linear trajectory while relative volume tendencies showed
an inverted-U shape, which suggested that the fetal HF grew steadily and faster than the
other brain regions in the early gestational stages during the time from 14 GW to 22 GW. In
the later gestational stages of this period, the fetal HF grew more slowly than the other brain
regions. Shape analysis, on the other hand, demonstrated a medial-lateral bidirectional
growth pattern of the fetal HF.

Hippocampal development

Hippocampal development is critical to many cognitive functions and several studies have
been reported in the recent years. Thompson et al., 2009 found rightward asymmetry with no
gender difference in full-term and preterm neonatal hippocampal volumes. Furthermore,
Jacob et al., 2011 observed the fetal hippocampal development during the period of 21.3
GW to 31.9 GW using volume analysis and found a linear increase in total hippocampal
volume with no hemispheric or gender difference. However, there are no prior volumetric or
shape studies of fetal hippocampal development during the period in which the HF is known
to rotate (10 GW to 24 GW). In addition, the segmentation in the aforementioned studies
was limited by the tissue contrast of the in vivo MRI, which was one of the reasons why
hemispheric and gender analyses have been difficult.

Kier et al., 1997 succeeded in identifying changes of the HF in the fetal period (13 GW to 24
GW) and viewed the rotation process using MRI, dissections, and histologic sections of
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specimens. However, only 6, 5, and 2 specimens were qualified to acquire MR images,
useful dissections, and histologic sections, respectively, which made the observation
discontinuous and inadequate for volumetric analysis. Bajic et al., 2012 observed the
development of the hippocampal sulcus using postmortem and in vivo MRI (17 GW to 36
GW). Asymmetry was observed, with the right HF developing faster than the left. However,
the image quality and resolution were insufficient for volumetric analysis.

In comparison, postmortem specimens are advantageous for acquiring high quality images
using high-field strength magnets, reduced slice thickness, smaller field of view and
increased acquisition time, which are sufficient for quantitative analysis (Bajic et al., 2012;
Zhan et al., 2013; Huang et al., 2006, 2009).

Segmentation protocol

Determination of hippocampal boundaries has been a long-standing debate in neuroscientific
and neurological domains. It is also the basis for volume or shape analysis and hard to
determine for the fetal HF (Watson et al., 1992; Chakeres et al., 2005; Pruessner et al., 2000;
Malykhin et al., 2007). We utilized Watson's, Naidich's, Amaral and Insausti's and Jacob's
research and the ‘Atlas of Human Central Nervous System Development’ as references but
with some modifications. While delineation of the hippocampal head from the amygdala
was difficult in the adult brain (Pruessner et al., 2000; Malykhin et al., 2007; Watson et al.,
1992), it was easier in the fetal brain, since the two structures were separated laterally by the
uncal recess of the lateral ventricle in the sagittal plane (Fig. 2B). For younger fetuses, the
hippocampal head was not completely embedded in the temporal lobe (Kier et al., 1995,
1997, Fig. 7), making the hippocampal head look smaller, however, the borders were nearly
the same as those of the older specimens (Fig. 7).

Subiculum segmentation of the hippocampal body was problematic, as the presubiculum, the
parasubiculum and the entorhinal cortex of the parahippocampus could not be distinguished
clearly. The entorhinal cortex is the anterior portion of the classically defined
parahippocampal gyrus and the parasubiculum ends at approximately the same level as the
entorhinal cortex. Amaral and Insausti in the book ‘The Human Nervous System’ used
thionin-stained brain sections to observe the adult HF (Amaral and Insausti, 1990). Only
subtle changes in the cytoarchitectonic characteristics of the presubiculum, the
parasubiculum and the entorhinal cortex can be identified. Therefore, the subiculum in this
paper is simply segmented to include the most medial portion of the SML (ambient cistern)
because of its undiscerned subdivisions with MR imaging. A fraction of the presubiculum
was included in the subiculum segmentation.

As to the hippocampal tail, Jacob et al., 2011 chose to terminate the posteriomedial extent of
hippocampal tail segmentation on the sagittal plane when the hippocampal head
disappeared. Part of the hippocampal tail was excluded in the total hippocampal volume
segmentation, which was not accurate enough for volumetric analysis. In our study, we can
clearly see the hippocampal fissure between the fasciolar/dentate gyrus and retrosplenial
cortex in the para-median section that passes through the splenium of the corpus callosum
on the 7.0 T images (Naidich et al., 1987b, Fig. 2C). The hippocampal tail was clearly
identified between the splenium of the corpus callosum and the isthmus of the cingulate
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gyrus. A fraction of the splenium of the corpus callosum was included in the hippocampal
tail segmentation due to the fact that the indusium griseum, which was the dorsal surface of
the splenium of the corpus callosum, was a remnant of the previous hippocampal formation
(Kier et al., 1995) and was difficult to distinguish from the hippocampal tail.

Hemispheric difference

Hemispheric asymmetries were noted in our study, with the right HF being larger than the
left. This is consistent with previous pediatric studies, which found larger right hippocampal
volumes as early as term (Pfluger et al., 1999; Utsunomiya et al., 1999). The same result was
also seen in preterm and neonatal studies (Thompson et al., 2009). Prior findings showed
that hemispheric differences were common in human brains beginning in utero (Bajic et al.,
2012), while our results showed that the hippocampal volume asymmetry was present as
early as the second trimester. It is known that verbal memory deficits are associated with
damage to the left HF, whereas deficits in nonverbal memory are associated with damage to
the right HF (Zaidel, 1995). Our results suggest that hippocampal asymmetry can be
detected as early as in the second trimester, possibly an early sign of functional differences.
Other studies have failed to identify significant differences in the left and right hippocampal
volumes from 21.3 GW to 31.9 GW (Jacob et al., 2011). This may be due to lower contrast
of the in utero MRI images used in their study, resulting in less accurate segmentation.
Another possibility is that the population in their study is different from ours. Hemispheric
differences were not significant in the early gestational stages in our study (t (11) =2.18,p =
0.0519, 14-17 GWs), compared to the later period (t (28) = 5.5692, p = 5.8681e-06, 18-22
GWs). This may be either due to inaccurate segmentation of the fetal HF during early GWs
because it is unclear, even with 7.0 T MRI or there may not be hemispheric differences in
the early stage.

Volume analysis

Volume analysis showed the overall development of the fetal HF. Linear and inverted-U
shape tendencies of the absolute and relative hippocampal volume development were
observed in our research, respectively.

Absolute volume development

From Kier's study, the development of the fetal HF was complex during the time from 13
GW to 24 GW (Kier et al., 1997). The rotation process began at about 14-15 GW and
finished at about 18-20 GW; the overall hippocampal structure then resembled that of the
adult. By the 24thGW, the HF was already relatively smaller in size in comparison to the
parahippocampal gyrus, indicating that the growth of the HF was slowing. In our research,
the absolute HF volume grew steadily during the early second trimester and then slowed,
which was consistent with Kier's findings. On a similar note, Jacob et al. (2011) found a
linear increase in total hippocampal volume from 21.3 GW to 31.9 GW. The nearly linear
volume increase in our results is consistent with his finding.
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Relative volume development

The human cerebral cortex has three types of architecture: archicortex, paleocortex, and
neocortex. The HF belongs to archicortex and develops earlier than the paleocortical and
neocortical regions. In addition, the hippocampal formation is the main part of the limbic
system, often called the ‘visceral brain’ and subserves olfaction and visceral activities. It is
fitting that the hippocampal formation may develop earlier than the other brain regions.

In another study by Kier, the hippocampal formation was the main structure visible on the
medial surface of the cerebral hemisphere at 13 GW, prior to the formation of the corpus
callosum (Kier et al., 1995). At 16 GW, the cingulate gyrus, parahippocampal gyrus and
corpus callosum began to grow while the HF underwent the rotation process. The
subcallosal area, cingulate gyrus, and parahippocampal gyrus and other temporal lobe
neocortical areas were more prominent after 18 GW when the rotation of the HF was nearly
complete. Rakic also found that the hippocampal primordium arose at the dorsal part of the
lamina terminalis and preceded the appearance of the definitive fornix, corpus callosum, and
hippocampal commissure (Rakic and Yakovlev, 1968). The hippocampal formation may
develop earlier than the other regions within or closely related to the limbic system.

Together with the inverted-U shape tendencies of the relative volume development in our
study, it is fitting that the fetal HF grew faster than the other brain regions from 14 GW to
17 GW, but more slowly than the other brain regions after that time.

Shape analysis

The second trimester is considered to be a very active neurogenesis and neuronal migration
period in which minor disruptions of fetal brain (sub)regions may vitally affect its
development (Miranda, 2012). Shape analysis, as confirmed by prior studies (Tae et al.,
2011; Joseph et al., 2014; Habas et al., 2012), is especially suitable for representing regional
alterations of critical structures such as the HF and may have the potential for monitoring
normal or abnormal sub-regional hippocampal development during this period. In this study,
we performed surface reconstruction via Laplace-Beltrami eigen-projection and boundary
deformation and used thickness measurements during the shape registration for statistical
analysis (Shi et al., 2014). This method is intrinsic enough as positioning changes of the
fetal HF have no effect on the statistical results (Fig. 7). Varying developments of fetal
hippocampal sub-regions were found at the anterior medial part of the hippocampal head
(adjacent to amygdala) and posterior part of hippocampal tail (adjacent to splenium of the
corpus callosum), which grew more slowly than the other regions. At the same time, the
whole fetal HF showed distinct positioning changes from 14 GW to 22 GW (Fig. 7). The
whole HF is becoming horizontal as the hippocampal head folds into the temporal lobe,
which is consistent with Kier's study (Kier et al., 1997). As mentioned in Rakic's study
(Rakic and Yakovlev, 1968), the rotation and enfolding into the temporal lobe of the
hippocampal formation were the results of the growth of the surrounding brain structures
such as the corpus callosum, amygdala, and thalamus. Our results confirmed his conclusion.

Additionally, we found that the medial and lateral parts of both the left and right hippocampi
grew faster than the superior and inferior parts, which meant that the total HF had a medial—-
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lateral bidirectional growth pattern. It was similar to Bajic's study (Bajic et al., 2012) which
found that the shape of the fully inverted HF was classified as oval with a horizontal long
axis. Occurrence of this growth pattern may be due to the closure of the hippocampal
fissure, as well as the inconsistent growth rate of different hippocampal sub-regions during
the second trimester. Moreover, Moser and Moser (1998) found that different portions of the
HF in the longitudinal axis had different functional roles, indicating the human HF was
functionally heterogeneous. In summary, different sub-regional growth of the fetal
hippocampal formation observed in our study is compatible with earlier work and may be
linked to functional differentiation.

Our sample size was insufficient for gender statistics by gestational week, unfortunately.
Gender differences of the adult HF have been confirmed in many studies (Geuze et al.,
2005; Gur et al., 2002; Giedd et al., 1997), while prenatal, neonatal, and fetal hippocampal
studies found no gender differences (Thompson et al., 2009; Jacob et al., 2011). One reason
may be that the gender differences emerge postpartum.

Fetal specimens with medically indicated abortions attributed to fetal chromosomal
abnormality, teratogenesis infection, or stressful intrauterine conditions were included in this
study. Teratogenesis infection such as genito-urinary infection may increase the neonatal
death rate (Patrick, 1967), while stressful intrauterine conditions such as polyhydramnios
was associated with adverse pregnancy outcomes and the risk of perinatal mortality (Sandlin
et al., 2013). However, samples with the aforementioned disorders that may injure the fetal
brain structures had been excluded (Waldorf and McAdams, 2013). Fetal chromosomal
abnormality, on the other hand, may cause significant congenital anomalies and mental
retardation in infant, if the pregnancy continues to term (Gaboon et al., 2015). However, 3.0
T MR pre-scanning had been conducted by pediatric neuro-radiologist to ensure that the
developmental status of the brain structures, such as the size of the cerebrum, developmental
status of cerebral cortex, lateral ventricle, and corpus callosum, was anatomically normal.
Several samples (4 in our research) with chromosomal abnormality just have minor effects
on the statistical results, even if we cannot find the tiny morphological differences with MR
pre-scanning. At the same time, the maternal pregnancy records of the included specimens
were all absent of a documented history of excessive alcohol intake, smoking, and severe
under-nutrition, as well as seizures in the case of eclampsia, the same inclusion criteria with
our previous publications (Zhang et al., 2010, 2011; Meng et al., 2012; Zhan et al., 2013).
Additionally, we need note that collection of fetal materials is an extremely difficult work,
especially for those with normal brain structures. It is hard to cover all of the gestational
weeks during the period from 14 GW to 22 GW if specimens with medically indicated
abortions were excluded.

A possible limitation associated with applying this postmortem study to in vivo clinical
observation is that one must be cautious to account for morphological differences between
the formalin-fixed brain and living samples. Tissue degradation during formalin fixation is
frequent in postmortem studies (Yushkevich et al., 2009; Stan et al., 2006; Chakeres et al.,
2005; Zhang et al., 2011). Nevertheless, MRI scanning in this work was performed with the
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brain in the skull and the time interval between the collection of the fetal specimen and MRI
scanning was less than two months. Slight tissue degradation has a minor effect on the
volume or shape statistical results. On the other hand, although the present results cannot be
used directly in a clinical setting, they provide certain information that is beneficial for
evaluating the fetal hippocampal development and interpreting MRI examinations
performed at lower field strengths (Lin et al., 2011). Clinical application of measurements
obtained on the basis of postmortem brain tissues has been reported by previous studies
(Torkildsen, 1934; Zhang et al., 2010; Takahashi et al., 2011).

The lack of histological sections of the developing fetal HF was another limitation of this
work. Such fetal material is extremely difficult to obtain and to date no perfect histological
section has been available. On the other hand, respective gold standard segmentation of the
fetal HF is also unavailable, especially for subfield segmentation. The parasubiculum, the
presubiculum and the entorhinal cortex and subfield of the fetal HF are difficult to precisely
distinguish using fetal MR imaging data. Nevertheless, our segmentation was performed on
the bases of adult and fetal hippocampal studies (Amaral, 1999; Watson et al., 1992; Jacob
et al., 2011) and hippocampal atlases (Winterburn et al., 2013; Chakeres et al., 2005;
Yushkevich et al., 2009), as well as anatomical studies (Kier et al., 1997; Naidich et al.,
1987a, 1987b; Bayer and Altman, 2005; Bayer and Altman, 2004) of fetal and adult HF. We
created consistent hippocampal segmentation protocol and got high intra-rater reliability in
this study. It is feasible to roughly segment the fetal HF with the help of 7.0 T MR images.
Actually, subfield segmentation of the fetal HF is challenging even with histological
sections (Amaral and Insausti, 1990). Identification of the brain structures by themselves
may not be sufficient for border delineation. Histological samples as references are needed
to improve segmentation accuracy in our future work.

Conclusions

This study charted the developmental process of human fetal hippocampal formation during
the early second trimester. Asymmetric volume differences of the fetal HF and variable
growth among regions of the fetal brain and sub-regions of the fetal HF were exhibited. The
human fetal HF develops earlier than the other brain regions and possesses a prominent
medial-lateral bidirectional shape growth pattern.
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Fig. 1.

Bgrders of the fetal hippocampal formation in the axial plane. The rows show different axial
levels of the hippocampal formation (HF): (A) hippocampal head (HH); (B) hippocampal
body (HB); and (C) hippocampal tail (HT). The parallel black lines on the left 3D sagittal
hippocampal renderings indicate where the corresponding axial slices are along the inferior—
superior axis. The parallel blue imaginary lines indicate the approximate ranges of the HH,
HB, and HT. The right two columns of T2 images show the axial view of the fetal
hippocampal formation and its segmentations. Abbreviations show different brain structures:
(AC) ambient cistern; (UL) uncal recess of the temporal horn of the lateral ventricle; (LV)
lateral ventricle; (PG) parahippocampal gyrus; (HF) hippocampal fissure; (G)
germinalmatrix; (F) fornix; (FM) fimbria; (SU) subiculum; (SLM) superficial medullary
lamina; (Th) thalamus; (DG) dentate gyrus; (A) alveus; and (AG) amygdala.
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Fig. 2.
Borders of the fetal hippocampal formation in the sagittal plane. The rows show different

sagittal levels of the hippocampal formation (HF). The vertical black lines on the left 3D
coronal hippocampal renderings indicate where the corresponding sagittal slices are along
the lateral-medial axis. The parallel blue imaginary lines indicate the approximate ranges of
the HH, HB, and HT. The right two columns of T2 images show the sagittal view of the fetal
hippocampal formation and its segmentations. Abbreviations show different brain structures:
(AC) ambient cistern; (UL) uncal recess of the temporal horn of the lateral ventricle; (ICi)
isthmus of the cingulate gyrus; (PG) parahippocampal gyrus; (HF) hippocampal fissure; (Sp)
splenium of the corpus callosum; (F) fornix; (R) retrosplenial cortex; (FM) fimbria; (SU)
subiculum; (P) cerebral peduncle; (Th) thalamus; (DG) dentate gyrus; (AG) amgydala; (CC)
corpus callosum; (ACS) anterior calcarine sulcus; (PO) parietooccipital sulcus; and (U)
uncus.
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Fig. 3.

Sugperior (left) and inferior (right) views of one 3D model of the right HF and its
corresponding surface meshes. (A and B) The 3D representation models reconstructed from
the segmented masks. (C and D) The corresponding mesh representations. The black arrows
in A show the hippocampal fissure.
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Scatterplots and tendencies between the left and right hippocampal absolute and relative
volumes and gestational age in weeks. (A) Tendency of the absolute left hippocampal
volume. (B) Tendency of the absolute right hippocampal volume. (C) Tendency of the
relative left hippocampal volume. (D) Tendency of the relative right hippocampal volume.
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Fig. 5.

p Salue map (left) and regression coefficient map (right) of the shape statistics of the left HF.
Superior, inferior, medial, and lateral views are shown, respectively. Abbreviations: (HH)
hippocampal head; (HB) hippocampal body; (HT) hippocampal tail. The black arrows in the
p value map indicate the regions adjacent to amygdala.
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Fig. 6.

p Salue map (left) and regression coefficient map (right) of the shape statistics of the right
HF. Inferior, superior, medial, and lateral views are shown, respectively. Abbreviations:
(HH) hippocampal head; (HB) hippocampal body; (HT) hippocampal tail. The black arrows
in the p value map indicate the regions adjacent to amygdala.

Neuroimage. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Geetal.

Page 24

C

Fig. 7.
Positioning changes of the fetal HF. The left 3Dmodels are the 3D representations of the

right HF reconstructed from the segmented masks (medial view, relative volume), and the
right sections are the same sagittal section passes through the germinal matrix (G). The
whole HF is becoming horizontal as its head folding into the temporal lobe. From top to
bottom: (A) 15 GW; (B) 18 GW; and (C) 21 GW.
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Table 1
The demographic information of the specimens.

Gestational age  Number Termination of pregnancy  Gender
(week) (total of 41) (male/female)
14 2 SA (2) 11

15 3 SA(2), T 112

16 2 SA, SIC 2/0

17 5 SA (2), SIC, TI, UNK 1/4

18 3 SA, Tl, UNK 3/0

19 5 SA (2), SIC (2), FCA 2/3

20 7 SA (3), SIC (2), FCA, UNK  1/6

21 9 SA (4), SIC (3), FCA, UNK  1/8

22 5 FCA, SIC (2), UNK (2) 14

Abbreviations: (FCA) fetal chromosomal abnormality; (T1) teratogenesis infection; (SA) spontaneous abortion; (SIC) stressful intrauterine
conditions; (UNK) unknown reasons of malformation (not brain) detected by MRI.
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