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The purpose of this study was to evaluate the capacity of high-resolution magnetic
resonance imaging (MRI) to visualize the normal anatomic features of the human
hippocampus in vitro, using high field imaging equipment, parameters, and acquisition
times appropriate for imaging human subjects in vivo. This research compared high field,
high-resolution MRI of formalin-fixed normal human hippocampus specimens to histo-
logic sectioning of the same hippocampus samples. Four specimens were evaluated using
an 8 Tesla (T), 80 cm bore whole-body MRI scanner equipped with a 12.7 cm single strut
transverse electromagnetic resonator (TEM) coil. Hahn spin echo images were acquired
with a repetition time (TR) of 800 msec, echo times (TE) of 20, 50, 90, and 134 msec,
and an acquisition time (TA) of 3.25 min. The image quality was superb with demon-
stration of most of the features of the hippocampus. High field, high-resolution MRI can
be used to depict multiple layers of the formalin-fixed human hippocampus in vitro using
an 8 T whole-body scanner, a TEM coil, and short acquisition times compatible with

human imaging in vivo. Clin. Anat. 18:88-91, 2005.
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INTRODUCTION

High field, high-resolution magnetic resonance im-
aging (MRI) at 7 and 8 Tesla (T) with increased
signal-to-noise ratio (SNR) has generated unique im-
aging information in vivo not available at lower field
strengths. The anatomic depiction of the microvascu-
lature of the brain and subtle functional changes in
blood flow during brain activation have been reported
(Burgess et al., 1999; Vaughan et al., 2001). High field
imaging has the potential to visualize the detailed
anatomic structures of the hippocampus and the me-
dial temporal lobe, which may lead to improved
means of evaluating patients with disorders such as
Alzheimer’s disease or temporal lobe epilepsy (Dun-
can et al., 1996; Miller et al., 1996; Oppenheim et al.,
1998; Benveniste et al., 1999; Mu et al., 1999; Killiany
et al., 2002).

Realization of this potential still has many hurdles
that need to be overcome including serious limitations
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related to increased magnetic susceptibility artifacts
and variable radio frequency (RF) head coil perfor-
mance at very high fields, as well as changes in both
T1 and T2 relaxation times that can lead to lower
contrast (Abduljalil and Robitaille, 1999; Ibrahim et
al., 2001). The RF volume coils used for high field
MRI of human subjects perform much differently
than routine birdcage head coils used at lower fields
and are referred to as transverse electromagnetic res-
onator (TTEM) coils. These coils have the property of
producing the best image quality centrally within the
head, but the region of optimal performance is not

*Correspondence to: Donald W. Chakeres, MD, Department of
Radiology, The Ohio State University Hospital, 630 Means Hall,
1654 Upham Drive, Columbus, OH 43210-1228.

E-mail: chakeres-1@medctr.osu.edu

Received 23 January 2003; Revised 3 July 2003

Published online in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/ca.10232



8 T Imaging of the Human Hippocampus 89
Alveus Dentaie
Eyrus
Polymorphic Hippocamysl
' sulcus
layer
Westigial
Pyramidal hippocampal
layer sulcus
Subiculum
Fig. 1. Coronal histologic section of the mid-hippocam- CAl
pus stained with Bielschowski stain. Labeled structures in-
clude the fimbria, alveus, hippocampal polymorphic layer, — Entorhinal

pyramidal layer, CA1-4, hippocampal molecular layer, den-
tate gyrus, hippocampal sulcus, vestigial hippocampal sulcus,
subiculum, entorhinal area, parahippocampal gyrus, dentate
polymorphic layer, granule layer, and the dentate molecular
layer.
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easily controlled, often leading to rather poor signal in
the region of the hippocampus (Ibrahim et al., 2001;
Vaughan et al., 2001).

Our goal was to evaluate formalin-fixed specimens
in vitro with an 8 T" whole-body MRI scanner
equipped with a single strut TEM coil. We used a
pulse sequence, imaging parameters, and a short ac-
quisition time that would be suitable for human stud-
ies in vivo. Most comparable studies at high field have
excellent image quality, but utilize techniques that
require multiple hours of acquisition time and are not
compatible with routine human imaging (Beuls et al.,
1993; Benveniste et al., 1999; Fatterpekar et al., 2002).
We hoped to better characterize the normal anatomy
visible at this field strength and develop optimal im-
aging techniques that may allow for the visualization
of these same anatomical structures in future whole
brain studies conducted on live human subjects.

MATERIALS AND METHODS

Four formalin-fixed coronal hippocampus speci-
mens from deceased elderly subjects (ages 65, 71, 73,
73) with normal brain anatomy at autopsy were im-
aged. Each of the specimens measured approximately
3.8 cm in diameter and 1.9 cm in thickness and was
stored in a small plastic discoid container (6.35 c¢cm
outer diameter by 5.08 cm height) filled with formalin.

The images were acquired with a Magnex-General
Electric (Abingdon, UK) 8 'T', 80 cm bore whole-body
MRI scanner equipped with a Bruker Avance (Bil-
lerica, MA, USA) console. A single strut 12.7 cm di-
ameter, asymmetrically shielded TEM coil was used.
The specimens were imaged using the following pa-
rameters: a Hahn spin echo (SE) pulse sequence with
repetition time (TR) = 800 msec, echo time (TE) =
20, 50, 90, and 134 msec, field of view (FOV) = 5.4
cm, matrix (MTX) = 256 X 256 pixels, number of
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excitations (NEX) = 1, receiver bandwidth (RBW) =
50 kHz, acquisition time (TA) = 3.25 min, and a
single 2-mm thick section with a final pixel size of
210 X 210 pm in-plane resolution. The MR image
quality was comparable between the different speci-
mens.

After MRI, the specimens were paraffin-embedded
and cut into 5-pm histologic sections. These sections
were then deparaffinized in xylene and graded alco-
hols, stained with H&E and Bielschowski stains, and
compared directly to the imaging data.

RESULTS

The histologic sections showed the basic anatomic
features of the hippocampal formation including re-
gions such as the fimbria, dentate gyrus, cornu Am-
monis, subiculum, and parahippocampal gyrus (Fig.
1). In addition, the hippocampal regions clearly dem-
onstrated the layered anatomic features of these struc-
tures. These layers from superficial to deep include
the alveus, hippocampal polymorphic layer (stratum
oriens), pyramidal layer (stratum lucidum and stratum
radiatum), cornu Ammonis (CA 1-4), hippocampal
molecular layer (stratum lacunosum), vestigial hip-
pocampal sulcus, dentate molecular layer, granule
layer, and dentate polymorphic layer. The vestigial
hippocampal sulcus is a potential space that may ex-
tend deeply into the hippocampus (Duvernoy et al.,
1998). It may contain a small residual fluid space that
was once continuous with the hippocampal sulcus.

The basic anatomic features of the hippocampal
formation were also well visualized in the MR images
(Fig. 2). The image quality was good with typical
SNR values for gray matter of 118, 50, 22, and 6 for
echo times of 20, 50, 90, and 134 msec, respectively
(Fig. 3). The image contrast demonstrated the lowest
relative signal intensity for the formalin on the shorter
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Fig. 2. MRI of the hippocampus. An 8 T coronal Hahn SE MR
image at a similar level from which the histologic shown in Figure 1
was made. The image was acquired with TR = 800 msec, TE = 50
msec, and TA = 3.25 min. Many of the same detailed structures of the
hippocampus are visible and labeled.

TE images. The formalin was iso-intense to the gray
matter on the TE 50 msec images and higher in signal
intensity on the longer TE images. Differentiation of
the anatomic features was best seen on the TE 50
msec images (Figs. 2,3). Gray matter structures (para-
hippocampal cortex, cornu Ammonis) generally had a
higher signal intensity compared to the white matter
structures (fimbria, alveus, white matter of the hip-
pocampal gyrus). The vestigial parahippocampal sul-
cus demonstrated a low signal intensity similar to the
white matter tracts. In general, there was good contrast
between the different layers of the hippocampal forma-
tion, yet a number of the thinnest layers were not dis-
tinguishable (e.g., the molecular and granule layers).

DISCUSSION

Magnetic resonance imaging of the hippocampal
region has been of particular importance in the eval-
uation of temporal lobe epilepsy and Alzheimer’s dis-
ease (Duncan et al., 1996; Miller et al., 1996; Oppen-
heim et al., 1998; Benveniste et al., 1999; Mu et al.,
1999; Killiany et al., 2002). Because of the compli-
cated anatomy of this region, the highest achievable
spatial resolution is an important advantage particu-
larly regarding quantitative studies of progressive
brain atrophy (Benveniste et al., 1999; Mu et al., 1999;
Killiany et al., 2002). Acquiring this type of high field,
high-resolution imaging in a human system is difficult,
but holds great potential. Most imaging of microscopic
specimens (voxels <200 pwm) has been completed in
small bore, high field magnets with very high gradient
strengths that are not suitable for human studies in
vivo (Beuls et al., 1993; Benveniste et al., 1999; Fat-

terpekar et al.,, 2002). In addition, the acquisition
times can be extremely long (up to 24 hr). Formalin-
fixed tissues are not ideal because there are significant
changes in the MRI appearance due to cross-linking
of the membrane molecules during fixation, which
leads to relaxation time changes. These specimens
were used, however, because they were the most
readily available. Future research will examine fresh
tissue specimens in vitro. Our long-term goal is to
image the whole human brain in vivo using ultra
high-resolution imaging (200 wm voxels).

Coronal MR imaging of the hippocampus is preferred
because of its advantage of being able to depict the
anatomic layers. Sagittal imaging could be used for vol-
ume measurements, but the coronal MR imaging better
displays the anatomic layers. Human coronal imaging
also allows for the comparison of both sides of the hip-
pocampus and the acquisition of quantitative volumetric
data. We acquired the specimen images in a similar
fashion centered in the mid-hippocampal region.

Imaging at 1.5 T has generated reasonable quality
images of this region and is routinely used for the
evaluation of hippocampal pathology. Formalin-fixed
hippocampal specimens have also been previously
evaluated with MR imaging (Wieshmann et al., 1999).
The hippocampal formation is highly complex and
routine 1.5 T' MR imaging is not capable of differen-
tiating many of the important normal internal ana-
tomic structures. For example, routine imaging dem-
onstrates the temporal horn, parahippocampal gyrus,
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Fig. 3. Four different 8 T coronal images of the same formalin-
fixed hippocampus specimen. The images are Hahn SE MR images
acquired with TR = 800 msec, TE = 20, 50, 90, and 134 msec, and
TA = 3.25 min. The formalin has a low signal intensity on the short
TE images and a high signal intensity on the long TE images. The SNR
decreased with increasing TE. The best differentiation of the various
components of the hippocampal formation is seen on the TE 50 msec
image. Note the magnetic susceptibility artifact related to a small
bubble of air visible beneath the fimbria.



dentate gyrus, and the alveus, but only limited infor-
mation related to the hippocampal layers. Identifica-
tion of pathology in specific layers is not possible. This
implies that extremely high-resolution imaging may
be needed to detect mild forms of pathology such as
those associated with early-stage Alzheimer’s disease
present in specific sub-regions of the hippocampal
structures.

"This study demonstrates that high field, high-resolu-
tion imaging utilizing a whole-body 8 T" MRI system
with a single strut TEM coil can visualize multiple layers
of the formalin-fixed hippocampus with reasonable ac-
quisition times (Fig. 2). The images of brain sections
acquired using a large bore TEM coil can demonstrate
quality similar to those obtained using small bore coils.
This raises the potential that quantitative ultra high-
resolution MR imaging of the medial temporal lobes in
vivo may be possible in the future.

"This study also demonstrates that the limiting fac-
tor in acquiring detailed high-resolution images of the
hippocampus in vivo is not the SNR at high fields.
High field MRI of the coronal hippocampus in human
subjects in vivo is presently limited by a combination
of artifacts related to magnetic susceptibility and RF
magnetic field (B;) inhomogeneities. These artifacts
manifest themselves as enlargements of the low signal
regions of the brain and make acquiring clear images
of these areas more challenging. This “blooming” of
the low signal regions is in part related to different
focal magnetic susceptibilities and is much greater at
8 'T' than at lower field strengths (Abduljalil and Ro-
bitaille, 1999). Recent measurements of the local vari-
ability indicate that much of these signal voids has to
be attributed to RF coil inhomogeneity (Mitchell et
al., 2003; Whitaker et al., 2003). Although it has been
demonstrated that imaging of the hippocampus and
temporal lobe is feasible at 8 T, improvements in
susceptibility correction methods and breakthroughs
in RF engineering are needed to achieve optimal
results. Overcoming some of these limitations is cur-
rently possible using a number of different tech-
niques, but most of the widely used techniques rely
on very long imaging times, which are prohibitive to
the imaging of live human subjects.
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