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Abstract
The hippocampal formation plays an important role in learning and memory, however data on its
development in utero in humans is limited. This study was performed to evaluate hippocampal
development in healthy fetuses using 3D reconstructed magnetic resonance imaging (MRI). A
cohort of 20 healthy pregnant women underwent prenatal MRI at a median gestational age of 24.9
weeks (range 21.3-31.9 weeks); 6 of the women also had a second fetal MRI performed at a 6
week interval. Routine 2D ultrafast T2-weighted images were used to reconstruct a 3D volume
image, which was then used to manually segment the right and left hippocampi. Total
hippocampal volume was calculated for each subject and compared against gestational age. There
was a linear increase in total hippocampal volume with increasing gestational age (P<0.001). For
subjects scanned twice, there was an increase in hippocampal size on the second fetal MRI
(P=0.0004). This represents the first volumetric study of fetal hippocampal development in vivo.
This normative volumetric data will be helpful for future comparison studies of suspected
developmental abnormalities of hippocampal structure and function.

Introduction
The hippocampal formation plays an important role in the cognitive function of learning and
memory (1). Development of the hippocampal formation occurs via the progressive
infolding of the fetal dentate gyrus, cornus ammonis, subiculum and parahippocampal gyrus
forming the hippocampal fissure (14). Abnormal hippocampal formation has been described
in numerous congenital cerebral malformations including agenesis of the corpus callosum,
cortical malformation, lissencephaly and holoprosencephaly (10-12), as well as in children
with epilepsy (13). During its development in utero, the hippocampal formation is
vulnerable to hypoxic-ischemic insult, stress, undernutrition and metabolic disturbance
(2-4). Injury or impairment of hippocampal development may be a contributor to the
neurodevelopmental burden of affected individuals. Indeed, reduction in hippocampal
volume has been associated with impaired memory and learning in older preterm children
(5-9).

Numerous hippocampal formation volumetric studies have been performed in the adult and
pediatric populations and, more recently, in neonates. However there is a lack of established
methodology to segment the hippocampus in the fetal population. Furthermore, there is a
lack of normative data on hippocampal volumes in living fetuses. There have been a few
magnetic resonance imaging (MRI) studies on the hippocampus in the fetal population,
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although these have been limited to two dimensional assessments in postmortem fetuses (12,
14) or in vivo fetuses (12, 14). With recent advances in image processing methods (15-17),
3D segmentation of the fetal hippocampus can now be performed using in utero MR
(magnetic resonance) images.

Prenatal MR volumetry of the hippocampal formation may provide additional insight into
normal in utero hippocampal development as well as developmental and acquired disorders
in which the hippocampus may play an important role.

The aims of this study are: (A) to develop a method for 3D segmentation of the fetal
hippocampus based on adaptations of established methodology in the pediatric and adult
populations; (B) to apply this methodology to healthy fetuses in the second and third
trimesters using 3D reconstructed magnetic resonance imaging and (C) to establish
normative volumetry data in this population and set a benchmark for future studies.

Methods
Subjects

A cohort of 20 healthy pregnant women underwent prenatal MRI without maternal or fetal
sedation. All patients had normal detailed ultrasound and normal fetal MR neuroimaging.
Twelve women underwent fetal MRI as volunteers for a larger fetal MRI study; 6 women
underwent fetal MRI because of a history of a prior child or fetus with brain abnormality;
and 2 women underwent fetal MRI for a questionable brain abnormality on outside
screening ultrasound with a subsequent normal detailed ultrasound. Median gestational age
at the time of fetal MRI was 24.9 weeks based on last menstrual period (range 21.3-31.9
weeks). Six patients also underwent a second fetal MRI, which was performed on average
6.1 weeks after the first MRI. This study was approved by University of California San
Francisco (UCSF) institutional review board and informed consent was obtained from all
subjects.

Data Acquisition and Image Processing
MR scanning was performed on 1.5 T magnet (General Electric, Milwaukee, WI) using a
torso phased array coil. The protocol consisted of 3mm thick (no skip) interleaved single
shot fast spin echo T2 weighted images (TR 3000-8000 mseconds, TE 90 mseconds),
obtained in the axial, sagittal, and coronal planes. The image stacks were then transferred
off-line and slice intersection motion correction was applied to estimate relative fetal motion
(18) between the acquisition of each MR slice using previous described methods (15, 19).
The motion parameters were then used to reconstruct a geometrically correct 3D volume
image on a regular voxel lattice using a previously described approach (15). The
reconstructed images had a voxel size of 0.5×0.5×05mm.

Hippocampal Segmentation
The 3D image volume was viewed and displayed in coronal, axial and sagittal planes using
the manual segmentation tool in the rView software (http://rview.colin-studholme.net)
version 9 running on MAC OS; and the right and left hippocampus were then manually
segmented. All hippocampal segmentations were performed by one of the authors (FDJ),
who remained blinded to the gestational age of the fetus. Segmentation was performed
initially in the sagittal plane, followed by the coronal plane, and confirmed in the axial
plane. For ease of tracing, the coronal sections were oriented perpendicular to the long axis
of the hippocampus, which was best achieved by locating the floor of the right anterior
lateral ventricle on a sagittal off midline image, and then orienting the coronal plane so that
it was perpendicular to the floor of the lateral ventricle. The right hippocampus was always
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segmented before the left. The anatomical landmarks and boundaries used for segmentation
of the hippocampus were based on prior anatomic and embryologic descriptions (20-22),
and prior hippocampal formation volumetric studies (23, 24). It is important to note that
although the term hippocampal formation refers to a constellation of anatomically distinct
structures including the subiculum, Ammon's Horn and the dentate gyrus, these structures
are indistinguishable by fetal MRI and thus were sampled as a whole complex. All
segmentations were reviewed by a pediatric neuroradiologist (OAG).

Anatomic boundaries used to segment the hippocampal head were as follows: anterior and
lateral borders were delineated by the temporal horn of the lateral ventricle, which is best
performed in the sagittal and axial plane; the medial border of the hippocampal head was
defined by the cerebrospinal fluid of the ambient cistern; the superior border was defined by
the cerebrospinal fluid of the uncal recess of the temporal horn of the lateral ventricle, which
overlies the head of the hippocampus laterally; while the inferior border was demarcated by
the grey/white matter junction. Delimitation of the hippocampal head from the amygdala
was best achieved in the sagittal plane, as the two structures are separated laterally by the
uncal reces of the lateral ventricle. In most cases this is easily identifiable. However the
more medial portion of the uncal recess is often obliterated by hippocampal digitations fused
to the amygdala across the ventricular cavity. In these cases a straight line from the inferior
horn of the lateral ventricle was drawn to the surface of the uncus as described by Watson
(24). The superior, medial and inferior borders of the hippocampal head were best
segmented using the coronal and sagittal planes.

Anatomic boundaries used to segment the hippocampal body were as follows: inferior,
lateral and superior borders of the body of the hippocampus were similar to the borders used
for the head of the hippocampus. The superior aspect of the medial border of the
hippocampal body was defined by the cerebrospinal fluid of the ambient cistern. For
younger fetuses, the superior border of the body was separated from the adjacent more
hypointense germinal matrix by changing the intensity of the image and by using the sagittal
plane. The medial border was defined by the cerebrospinal fluid of the uncal cleft. Inferiorly
the subiculum cannot be differentiated from the hippocampus, therefore the subicular
complex was included in the segmentation, similarly to the methodology by Watson (24).
The subiculum was segmented up to the most medial portion of the hippocampal head or
body.

Boundaries of the tail of the hippocampal formation were similar to those used for the body
of the hippocampus. Because the fornices are difficult do delineate in younger fetuses, we
chose to limit the posteriomedial extent of hippocampal tail segmentation in all subjects
based on sagittal plane that intersected both the medial margin of the hippocampal head and
the hippocampal tail; only portions of the tail that were lateral to this plane were included in
the total hippocampal volume segmentation.

Total hippocampal volume (THV) was calculated for each subject from the segmented data
as the summation of the right and left hippocampal volumes. Seven scans were also selected
randomly and the right and left hippocampi were resegmented by one of the authors (FDJ),
who was blinded to initial segmentations, two to four weeks after the initial segmentation in
order to assess intra-observer variability.

Data analysis
Right and left hippocampal volumes were compared using a paired t-test, using a
significance level of 0.05. Linear regression analysis was performed on THV with
increasing gestational age. THV for male and female fetuses were compared as a fixed
effect. For those fetuses with two fetal MR exams, the rates of increase in THV between the
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two time points were compared using linear regression model with mixed random effects.
Intraclass correlation coefficient was calculated for the repeat hippocampal segmentations.

Results
Sagittal, coronal, and axial hippocampal images are shown in Figure 1, illustrating
segmentations of the left and right hippocampus of a fetus at 28 weeks gestation. An axial
view of a 3D surface model based on the hippocampal segmentation is depicted in Figure 2.
There was a linear increase in THV between 21 and 31 gestational weeks with a slope of
0.0477 (P<0.0001) (R2=0.79) (see Figure 3). Mean THV at 21 gestational weeks was 0.177
ml, compared with 0.619 ml at 31 gestational weeks (Table 1). Based on the resultant
growth curve, total hippocampal volume can be estimated during 21-31 gestational weeks as
Total Hippocampal Volume (ml) = (0.0468 × gestational weeks) − 0.8034. Estimated THV
for different gestational ages are shown in Table 1.

For all subjects who underwent a second fetal MRI, there was an increase in size of the
hippocampus on the second fetal MRI. THV increased with age from first to second scan
with a slope of 0.0494 (P=0.0004) (see Figure 4).

In all subjects, there was no significant difference in left and right hippocampal volumes
(P=0.1) or in the slope of growth curve of left and right hippocampal volumes. Average left
and right hippocampal volumes were 0.202 ml and 0.200 ml, respectively. There was no
significant difference between THV in female and male fetuses (P=0.21), with mean THV of
0.422 ml in females and 0.382 ml in males, however, mean gestational age was greater for
females (26.7 gestational weeks) compared with males (24.9 gestational weeks). There was
no significant difference between the slope of the growth curve for female vs. male fetuses.
Intraclass correlation coefficient for the repeat segmentations was 0.995.

Discussion
In vivo prenatal MRI is a non-invasive technique that enables us to study the development of
the brain throughout gestation. Using the slice intersection motion correction algorithm (15),
we were able to reconstruct 3D images of the fetal brain. This allowed us to visualize and
segment the hippocampus in multiple planes and, for the first time, report on normal
hippocampal volumes in vivo. We observed a linear rate of growth of the volume of the
hippocampal formation in vivo during the period of 21 to 31 weeks gestation. Moreover,
even for those fetuses scanned at 2 separate time-points, there was a linear increase in THV.

MR derived hippocampal volumetric techniques have demonstrated good validity and
reproducibility in adult studies (24-26). However there have been numerous methodologies
used, which has led to discrepancy among research findings (27). We have based our
methodology on the most commonly used adult protocols, namely the methodology by
Watson (24) and Jack (23). This is possible since by 21 weeks gestation, the relationship of
the hippocampal sulcus to the surrounding structures is similar to the adult brain (22).
However, numerous adaptations were needed in order to segment the hippocampal
formation effectively in the fetus. The fetal brain consistently changes during the gestation,
which makes the choice of fixed landmarks difficult. Therefore we could not orient the
coronal section perpendicular to the plane of the Sylvian fissure, such as described by Jack
(23). In order to optimally segment the head of the hippocampus, we oriented the coronal
plane perpendicular to the plane of the floor of the lateral ventricle. This enabled effective
visualization of the head, body and tail of the hippocampus and their relationship to
neighboring structures such as the amygdala and thus allowed us to apply the methodologies
of Watson and Jack.
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In general the boundaries of the hippocampus used in our study were most similar to that of
Watson (24), with the exception of the posterior boundary. Previous adult and pediatric
studies have used the crus of the fornix as the endpoint of hippocampal tail segmentation.
This method allows measurement of 90-95% of the total hippocampal volume (24).
However, this structure cannot be consistently identified in fetuses. Therefore we opted to
segment the tail of the hippocampus as far medially as the hippocampal head was
segmented, based on the sagittal plane, although this may have resulted in an
underestimation of the hippocampal volume.

There have been several studies in children, which have shown a progressive increase in
hippocampal volume postnatally (28, 29). However, there are no prior volumetric studies of
the fetal hippocampus for comparison. Thus, our study provides initial data on fetal
hippocampal volume during the second and third trimesters of gestation. Interestingly, if we
assume a continued linear increase in THV during the gestational period of 31-40 weeks,
then THV in our study is lower than hippocampal volumes reported in two neonatal
hippocampal volumetric studies (30, 31). It is likely that this difference between fetal and
neonatal hippocampal volumes is, in part, due to adaptations that were needed in order to
deal with the unique features of the fetal brain and fetal MR images. Thus, the hippocampal
volumes in our study were obtained using different methodology. It also possible, however,
that the growth of the hippocampus in the late third trimester may be more rapid than the
growth that we observed between 21-31 gestational weeks. Because of this, our results can
only be applied to fetuses between 21 to 31 gestational weeks, and cannot be extrapolated
beyond 31 gestational weeks. Further studies in older fetuses are needed to determine the
growth rate of the hippocampus during later gestational ages.

In the current study, we did not observe a significant difference between THV and sex of the
fetus. This is consistent with the findings of Thompson et al. who did not observe a
significant difference between sexes in preterm neonates imaged at term. Interestingly,
several adult studies have shown that the volume of the hippocampus is larger in men than
in women (27), which suggests that these changes occur later. We also did not observe a
significant difference between left and right hippocampal volumes, which differs from
pediatric studies which have found larger hippocampal volumes on the right as early as term
equivalent age (28, 31-33). It may be that in the fetal population the difference in right and
left hippocampal volume is too small to be detected with the current technology or that this
difference occurs at a later stage of development.

Although we were able to successfully segment the hippocampus and demonstrate an
increase in hippocampal volume with increasing gestational age, our study has several
technical limitations. These include limitations inherent to fetal MRI such as fetal
movement, small size of imaged structures and the large distance between the fetus and the
receiver coil (34). Furthermore, we chose to segment the hippocampus based on
reconstructed 3D images rather than based on 2D images. Indeed, 2D images are variable in
their slice orientation due to the effects of normal fetal motion, and segmentation of
structures would be prone to significant errors. Using reconstructed 3D MR images, we were
able to reformat the brain in the sagittal, axial and coronal planes, and use these planes to
reliably segment the hippocampus in the same manner for all subjects.

Our study was also limited by tissue contrast. At times segmentation and discrimination of
two adjacent structures were limited by contrast resolution. This occurred, for example,
when trying to segment the hippocampal formation from the germinal matrix, which is
unique to the developing fetal brain. Involution of the germinal matrix begins late in the
second trimester and is almost complete by term (35). In the younger fetus the germinal
matrix is present and appears hypointense on T2 images. Below 28 weeks gestation in most
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cases it was indistinguishable from the hippocampus on coronal sections, however it could
be easily identified on sagittal sections and by following the wall of the ventricles. However,
in certain cases where differentiation was difficult, segmentation was achieved by changing
the intensity of the image, which usually revealed a demarcation between the two structures
with the germinal matrix being more hypointense than the hippocampal formation. When
any ambiguity still persisted, we chose to include the entire area in the segmentation, which
may have resulted in a slight overestimation in some cases. Using a different echo time may
better distinguish the boundary of the germinal matrix and adjacent hippocampus depending
on the gestational age, however, we were not able to vary echo times due to the inherent low
signal to noise nature fetal MR as well as scan time considerations.

Although we focused on a limited 10 week gestational period (between 21-31 weeks), our
study was limited by our small sample size which may have affected our ability to detect
differences in hippocampal volume by gender or sidedness. Although right and left
hippocampal segmentations were reviewed with a pediatric radiologist in a random order,
our ability to detect differences in hippocampal volume by sidedness may have also been
limited by the fact that we consistently segmented the right hippocampus first. Additional
studies, using a larger number of patients, with random order of hippocampal segmentation
is needed to further explore where there are indeed no differences in hippocampal sidedness
or gender volume during this gestational period.

In summary, using 3D reconstructed fetal MR images, we were able to adapt previous
hippocampal segmentation methodology to segment the fetal hippocampus. We observed a
progressive increase in the volume of the hippocampus during the second and third
trimesters. This normative data can now be used for comparative studies of conditions
suspected to affect in utero hippocampal development, such as intrauterine growth
retardation and congenital brain malformations, and can be correlated with
neurodevelopmental outcome measures such as learning and memory.
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Figure 1.
T2 weighted reconstructed images in the (A) coronal plane, (B) axial plane, and (C) sagittal
plane representing the segmentation of the right (blue) and left (green) hippocampus of a
fetus at 28 weeks gestation. (B) and (C) highlight the segmentation of the head, body and
tail of the hippocampal formation, while (A) highlights the segmentation of the hippocampal
head.
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Figure 2.
Axial view of a 3D surface model of the right (A) and left (B) hippocampus, based on
segmentation of the fetus shown in Figure 1.
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Figure 3.
Total hippocampal volume (THV) as a function of gestational age. A linear increase in THV
can be identified between 21 and 31 gestational weeks (P<0.001) (R2=0.79) with a
calculated equation of THV (mL) = (0.0468 × gestational weeks) − 0.8034.
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Figure 4.
Total hippocampal volume (THV) as a function of gestational age for the 6 subjects who
were scanned twice. A linear increase in THV is seen in all subjects scanned twice.
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Table 1

Estimated Total Hippocampal Volume based on gestational age.

Gestational Age (weeks) Average Volume (mL)

22 0.23

23 0.27

24 0.32

25 0.37

26 0.41

27 0.46

28 0.51

29 0.55

30 0.60
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