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Abstract: The amygdala and the hippocampus are two adjacent structures in the medial temporal lobe
that have been broadly investigated in functional and structural neuroimaging due to their central
importance in sensory perception, emotion, and memory. Exact demarcation of the amygdalo-
hippocampal border (AHB) is, however, difficult in conventional structural imaging. Recent evidence
suggests that, due to this difficulty, functional activation sites with high probability of being located in
the hippocampus may erroneously be assigned to the amygdala, and vice versa. In the present study, we
investigated the potential of ultra-high-field magnetic resonance imaging (MRI) in single sessions for
detecting the AHB in humans. We show for the first time the detailed structure of the AHB as it can be
visualized in T1-weighted 7T in vivo images at 0.5-mm? isotropic resolution. Compared to data acquired
at 3T, 7T images revealed considerably more structural detail in the AHB region. Thus, we observed a
striking inter-hemispheric and interindividual variability of the exact anatomical configuration of the
AHB that points to the necessity of individual imaging of the AHB as a prerequisite for accurate anatomi-
cal assignment in this region. The findings of the present study demonstrate the usefulness of ultra-high-
field structural MRI to resolve anatomical ambiguities of the human AHB. Highly accurate morphometric
and functional investigations in this region at 7T may allow addressing such hitherto unexplored issues
as whether the structural configuration of the AHB is related to functional differences in amygdalo-
hippocampal interaction. Hum Brain Mapp 35:4316—4329, 2014.  ©2014 Wiley Periodicals, Inc.
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INTRODUCTION

Exact demarcation of the amygdala from the adjacent
hippocampus is of great importance for studies addressing
volumetric and functional questions regarding these brain
structures. In the course of evolution, the morphology of
the amygdala changed differentially between different pri-
mate species and humans, which possibly relates to the
promotion of social behavior [Barger et al.,, 2007; Carlo
et al., 2010; Rilling et al., 2011]. Variation in the volume and
shape of the amygdala could therefore relate to the success
of interpersonal interaction. The size and complexity of
real-life and virtual social networks in adult humans have,
for example, been shown to correlate with the volume of
the amygdala [Bickart et al., 2011; Kanai et al., 2011]. Inter-
individual volumetric differences of this structure have
been shown to hold diagnostic value in a number of pathol-
ogies, such as in patients suffering from Alzheimer’s dis-
ease, in whom the volume of the amygdala is decreased
[Cuénod et al., 1993], or in autistic children, in whom it is,
on the contrary, enlarged [Schumann et al., 2004]. Also, the
shape of the amygdala may provide information on these
and other pathological states [Kim et al., 2011]. Accurate
delineation of the amygdalo-hippocampal border (AHB) is
hence crucial for studies addressing the shape and volume-
try of the amygdala, and new software tools have recently
been developed to derive the spatial extent of the amygdala
from magnetic resonance images (MRIs) [Collins and
Pruessner, 2009; Morey et al,, 2009]. An anatomical over-
view of the AHB region is given in Figure 1.

The amygdala has a fundamental role in emotional func-
tions [LeDoux, 2007], including the processing of emo-
tional memories [Adolphs et al., 1997]. Such processing
has been shown to rely on strong interactions with the
adjacent hippocampus [Bechara et al., 1995; Richardson
et al.,, 2004; Vlachos et al., 2011], a crucial structure for
explicit memory processing [Squire and Zola-Morgan,
1991]. For a better wunderstanding of amygdalo-
hippocampal interactions, many functional magnetic reso-
nance imaging (fMRI) studies recently investigated spa-
tially small-scaled differences of BOLD activation sites in
the amygdalo-hippocampal region [Murty et al., 2011].

Delineating the boundaries between the amygdala and
neighboring areas based on in vivo structural imaging of the
human brain is difficult at present. Particularly the borderline
between the amygdala and the hippocampal head has been a
major issue in previous fMRI studies [Brierley et al., 2002;
Malykhin et al., 2007; Pruessner et al., 2000; Watson et al.,
1992; Konrad et al., 2009 for a review]. Diverse anatomic pro-
tocols exist to define the AHB, many of which rely on exter-
nal landmarks (e.g., “arbitrary line linking the sulcus

semilunaris with the inferior horn of the lateral ventricle,” or
“appearance of the corpora mamillaria on coronal slices”)
when direct anatomical landmarks of the AHB are not avail-
able [Konrad et al., 2009]. Delineating the amygdala from the
hippocampus and other bordering areas using such indirect
criteria, however, may lead to inaccuracies. Indeed, a meta-
analysis [Ball et al., 2009a] using the probabilistic atlas system
by Eickhoff et al. [2006] to reanalyze functional imaging stud-
ies, showed that 10% of all activation peaks assigned to the
amygdala in the original studies actually lay with high prob-
ability in the hippocampus, and about 40% of all peaks were
presumably located outside the entire amygdalohippocampal
complex. This demonstrates the need for accurate and direct
in vivo imaging techniques for anatomical delineation of the
amygdala from surrounding brain structures in general, and
from the hippocampus in particular.

The method of choice for high-resolution structural
imaging in healthy subjects is magnetic resonance imaging
(MRI). In recent years, imaging at ultra-high-field strength
(7T and higher) has undergone rapid technical develop-
ment, and it is becoming increasingly established for use
in humans [Duyn, 2011]. 7T structural imaging has
recently been employed for detailed visualization of sev-
eral brain structures such as the hippocampus [Cho et al.,
2010; Prudent et al., 2010; Thomas et al., 2008], the amyg-
dala [Solano-Castiella et al., 2011], the visual cortex [Lee
et al, 2011], and the midbrain dopaminergic system
[Eapen et al., 2011]. Structural imaging at 7T has also pro-
ven beneficial over imaging at lower field strengths for
studying anatomical changes in pathologies such as epi-
lepsy [Madan and Grant, 2009], movement disorders
[Abosch et al., 2010], and Alzheimer’s disease [Kerchner
et al, 2010]. The main advantage of employing stronger
magnetic fields for structural imaging is that the level of
tissue magnetization increases approximately linearly with
magnetic field strength. This may permit better tissue
delineation by increasing spatial resolution, decreasing
scan time, or increasing the contrast-to-noise ratio. In addi-
tion, contrast-generating mechanisms such as susceptibility
contrast or phase-contrast increase at higher fields with a
supra-linear gain [Duyn, 2011]. Many high-field-related
challenges for structural imaging, such as radio-frequency
(RF)-field inhomogeneity and specific absorption rate
(SAR) limitations, have successfully been addressed, in
particular for brain imaging.

Here, we investigated the potential of 7T MRI to detect
the structural border between the amygdala and the hip-
pocampus by evaluating the visibility of both intra- (left
vs. right) and inter-individual variations of the anatomical
configuration of the AHB. We performed a comparison of
in vivo 3T and 7T data acquired at the same spatial
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Figure I.

Overview of the amygdalo-hippocampal border (AHB) based on
the maximum probability maps by Eickhoff et al. (2006). (a) Ana-
tomical orientation of the combined amygdalo—hippocampal com-
plex in relation to a standard brain. 40.21% of the right and
40.13% of the left total amygdalar surface directly border upon the
right and left hippocampi, respectively. Conversely, 13.93% and
13.81% of the respective right and left hippocampal surface border
upon the right and left amygdala. About 12.45% of the right and
6.9% of the left amygdalar surface and 2.45% and 4.03% of the right

resolution in the same subjects. To this end, we employed
single-session MRI data sets, which require shorter image
acquisition times than in previous 3T studies averaging
across multiple scans [Bonnici et al., 2012; Entis et al,,
2012; Konrad et al., 2009; Saygin et al., 2011]. Reduction of
imaging time is an important goal which may alleviate
patient time and effort in a clinical context [Entis et al.,
2012; Hennig et al., 1986; Tsao, 2010] and increase the
number of healthy subjects who can be imaged in a lim-
ited amount of experimental time.

MATERIALS AND METHODS
Subjects

Six male subjects between 24 and 28 years of age partici-
pated in this study. None of them had a history of neuro-
logical or psychiatric dysfunctions. All subjects were right-
handed and provided written informed consent.

and left hippocampus, respectively, directly adjoin the THLV. The
left amygdala in (a), marked by a black square, is magnified and dis-
played from a different viewing angle in (b). Parts of the amygdala
bordering upon the hippocampus and the THLV are color-coded
according to the legend in (a). The spatial extension of the border
areas are quantified in (c) as the percentage of the amygdala’s total
border area with the hippocampus and the THLV. See Supporting
Information for further details. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

MRI Acquisition and Visualization
TI

For the 7T in vivo images shown in Figures 2-7, whole-
head 3D volumes were acquired on a whole-body Siemens
7T system with T1-weighted MPRAGE (TR, 2,600 ms; TE,
3.27 ms; TI, 1,050 ms; flip angle, 5°; FOV, 224 X 224 mm?;
bandwidth, 130 Hz/Px; 320 slices; whole-brain acquisition
time, 17:08 min) and proton-density-weighted GE sequences
(TR, 2,290 ms; TE, 3.27 ms; flip angle, 5°; FOV, 224 X 224
mm?; bandwidth, 130 Hz/ Px) with an isotropic voxel reso-
lution of 0.5 mm?®. To account for the bias-field due to RE-
inhomogeneity and for residual T2* effects, the MPRAGE
images were divided by the GE images and thresholded
[Lisebrink et al.,, 2012; Van de Moortele et al., 2009].
Because of blood flow effects inside arteries, the correspond-
ing voxel values lie below threshold and thus appear as
black voids inside the vessels. This procedure was applied
for whole-brain visualization. Nevertheless, for the analyses

* 4318 ¢


http://wileyonlinelibrary.com

¢ Amygdalo-Hippocampal Border at 7T ¢

Figure 2.

The amygdala (Amg) and the hippocampus (Hi) in the medio-
temporal lobe of SI. (a) Tl-weighted in vivo MRI in the sagittal
plane. The amygdalo-hippocampal area, marked by a red square,
is magnified in (c). The corresponding axial view is displayed in
(b) and the magnified AHB area is shown in (d). The border

focusing on the amygdala and the AHB region, additional
GE images would not have been required.

For S1 and S2, we further acquired T1-weighted MRI vol-
umes at 3T with (i) an isotropic resolution of 1 mm?; (TR,
2,500 ms; TE, 4.77 ms; TI, 1,100 ms; flip angle, 7°; FOV, 256
X 256 mm?; bandwidth, 140 Hz/Px; 192 slices; whole-brain
acquisition time, 9:20 min) and (ii) 0.5-mm>; isotropic reso-
lution (TR, 2,540 ms; TE, 2.97 ms; TI, 1,050 ms; flip angle, 7°;
FOV, 224 X 224 mm? bandwidth, 172 Hz/Px; 288 slices;
whole-brain acquisition time, 14:16 min).

T2* and T2

The T2*-weighted image in Figure 8 was obtained from
S1 at 7T with a 32-channel head coil and a voxel resolution

between the amygdala and the hippocampus formed by the tem-
poral horn of the lateral ventricle (THLV) and the alveus (alv)
can be clearly seen. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

of 0.33 X 0.33 X 1 mm?>; in 2D multi-slice gradient echo
acquisition (TR, 875 ms; TE, 18 ms; flip angle, 45°; FOV,
212 X 212 mm?; bandwidth, 60 Hz/Px; 30 slices; acquisi-
tion time 7:53 min).

We further acquired T2-weighted MRI volumes with an
isotropic resolution of 0.4 X 0.4 X 1 mm? (TR, 8,000 ms;
TE, 86 ms; flip angle, 90°; FOV, 198 X 212 mm?; band-
width, 178 Hz/Px; 44 slices; acquisition time, 5:45 min)
and 0.4 X 0.4 X 2 mm?% (TR, 8,000 ms; TE, 83 ms; flip
angle, 90°; FOV, 198 X 212 mm?; bandwidth, 178 Hz/Px;
44 slices; acquisition time, 5:45 min) for S1 and S2. How-
ever, as these images did not reveal more detail on the
AHB than T1-weighted MRIs in the present study, we fur-
ther focused on the T1 images, which can readily be
acquired with a high isotropic resolution.
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Figure 3.

Comparison of Tl-weighted, normalized MRIs of the AHB
acquired at 3T with a |-mm? isotropic resolution (a,b), at 3T with
a 0.5-mm’ (c,d) and at 7T with a 0.5-mm? resolution (e,f). The
histograms below the MRIs show the distribution of the voxel
intensities in the part of the AHB highlighted by the white boxes.

MRI Visualization

Based on previous findings from volumetric studies on
the borders of the amygdala [Brierley et al., 2002; Konrad
et al., 2009; Pruessner et al., 2000; Schumann et al., 2004;
Watson et al., 1992] and the brain atlas by Mai et al.
[2007], MRIs were visually inspected for corresponding
anatomical septa in axial, sagittal, and coronal sectional
planes visualized using Matlab-based (R2009a, Math-
works) software developed in our lab.

The contrast of the MRIs was optimized for improved
figure quality using the ‘imadjust’ algorithm in Matlab
(R2009a, Mathworks). This step was however only used
for visualization, and it was not necessary/used for clear
and reliable recognition of the AHB or for the contrast-to-
noise analysis. To provide an anatomical point of reference

Although the shape of the alveus may be discernible in 3T [-mm
(b) and 0.5-mm (d) images, as is shown here for S1, it is consider-
ably more distinct in the 7T 0.5-mm images (f). While the AHB in
(c) at 0.5-mm 3T can be scarcely distinguished, if at all, it is clearly
visible in the corresponding 7T MRI (e).

for the visualization of the AHB, the temporal horns of the
lateral ventricles (THLV) were semiautomatically seg-
mented using a gray-value-threshold-based growth algo-
rithm (26 direction 3D flood-fill) and rendered in blue.

3T-7T Comparison

To determine the effects of magnetic field strength on
the imaging quality of the AHB, we compared T1-
weighted MRIs of the AHB with a 0.5-mm? isotropic reso-
lution acquired at 7T and 3T in S1 and S2 (acquisition
parameters are described in the previous paragraph).

For comparisons of the alveus contrast relative to the
adjacent gray matter in 3T and 7T data, we calculated the
contrast for the alvear part of the AHB (C,y) as
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Figure 4.

A 7T axial image sequence of the AHB region in steps of 0.5 mm and
with a 0.5-mm?® isotropic resolution (S1). The amygdala (Amg) is sepa-
rated from the hippocampus (Hi) by the temporal horn of the lateral
ventricle (THLY, blue) and by the white matter tracts forming the alveus
(alv). Above each panel, the distance to the inferior-most section is indi-
cated. The AHB can be well seen throughout all sections. In the axial
plane, the anterior border of the amygdala, formed by the white matter,

Calv _ (l:alv - lwm)

(lgm - iwm) '

)

where i, is the mean intensity of the alveus, i,y the mean
intensity of gray matter, and i, the mean intensity of

can be clearly delineated in the inferior part of the amygdala up to 5 mm
superior to the inferior amygdalar pole. As expected, the medial-most
parts of the AHB, where the amygdala directly borders the hippocampus
and the entorhinal cortex, were most difficult to discern. In several sli-
ces, the typical arcade-shaped course of the AHB can be seen (an exam-
ple is marked by a red line in the [0-mm panel). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

white matter. In this way, values of i.y, igm, and iym were
computed in 12 consecutive axial slices. Mean gray-matter
intensities were obtained by averaging voxel intensities
from 21 voxels (5.25 mm?) of the amygdala gray matter
close to the alveus. Likewise, mean white matter
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Figure 5.

Variability in the shape of the alveus and the THLV. (a) Sagittal the alveus becomes especially obvious in the first three panels
section through the AHB area of SI. (b) Axial images corre- of the second row in (b), where the alveus is marked in red.
sponding to the positions are marked by red dashed lines in (a). [Color figure can be viewed in the online issue, which is avail-
Images from the left hemisphere (S, first column and S3, fourth  able at wileyonlinelibrary.com.]

column) are mirrored for better comparison. The variability of
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Figure 6.
A 7T sagittal image sequence of the AHB region in steps of 0.5 mm and with a 0.5-mm? isotropic resolution
(SI). The amygdala and the hippocampus are separated by the THLYV (in blue) and by the adjacent white mat-
ter of the alveus. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

intensities were calculated from 21 voxel of white matter
from the medial temporal lobe close to the amygdala. The
alvear white matter strand was manually segmented both
in 3T and 7T data, and the mean, normalized voxel inten-
sity of the segmented alveus in each slice was calculated,
providing a measure of how close the voxel intensity of
the alveus was to white matter.

According to Eq. (1), the normalized data yields contrast
values of 1 for “pure” white-matter structures and values
of 0 for “pure” gray matter. Because the alveus is an axon
fiber bundle, voxel intensities in this structure should be
close to those of white matter. To address C,;, differences
in 7T 0.5-mm® and 3T 0.5-mm? isotropic images, we deter-
mined the mean and the standard deviation from the C,,
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Figure 7.
A 7T coronal image sequence of the AHB region in steps of 0.5 mm and with a 0.5-mm? iso-
tropic resolution (S1), showing also the optical tract (ot), the anterior commissure (ac), the sub-
amygdaloid white matter (WM), and the entorhinal cortex (EC). The arcade-shaped course of
the AHB can be seen in the more posterior slices (bottom row of the panels). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

values of the respective 12 sections in the 7T and 3T
images.

The signal contrast of the alveus C,, quantifies the alvear
voxel intensities without taking into account the image
noise level. C,, measures alone are hence not informative
about how robustly the alveus can be discerned from the
adjacent gray matter, and a measure of the contrast-to-noise
relation is required. Generally, the contrast-to-noise ratio
(CNR) quantifies the ratio of contrast, i.e., intensity differen-
ces between structures of interest and general image noise.
In a subsequent analysis, we assessed the CNR by relating
the contrast between alvear and gray-matter signal ampli-
tudes and background noise according to

(E[ialv} _E[ing])Z
Z(Vm’[ialv} + Var[igm} ) '

where E denotes the mean value and Var the variance.

CN Ralz} = (2)

RESULTS

Brain Structures of the AHB

In the present study, the anatomical extent of the AHB
was for the first time systematically documented in coro-
nal, axial, and sagittal planes.

The AHB is formed by the characteristic cerebrospi-
nal fluid (CSF) of the THLV and by the alveus, a sheet
of white matter which shows high signal intensity com-
pared to that of gray matter in the T1-weighted data.
As is illustrated in Figure 2, both structures can be
clearly visualized and distinguished in 7T MRI. In par-
ticular, the T1-weighted images of the AHB area have
revealed the alvear border between the amygdala and
the hippocampus, distinctly visible as a fine layer of
white matter in medial parts of the AHB (Figs. 2-7).
From there, the THLV extends laterally and appears
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Figure 8.
High-resolution T2* image of the AHB in a section parallel to the
hippocampal body of SI shown in an axial view. The inset com-
prises approximately the same section of the same subject in Tl-
weighted data. In-plane resolution of the T2* image is 0.2 X 0.2
mm? with a slice thickness of 2 mm. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

characteristically dark. Throughout all sections, the
alveus remains consistently visible as a sheet of white
matter, extending from the uncal gyrus towards the
ventral surface of the THLV. The increased topographic
detail of 7T imaging with a 0.5-mm resolution suits
well for imaging the alveus, which is only 1-3 voxels
(0.5-1.5 mm) thick.

Comparison of 3T and 7T Data

It can be seen from visual inspection that, as expected,
1-mm? isotropic imaging at 3T provided less detail of the
alveus than MRI with a 0.5-mm resolution (Fig. 3). With
high-resolution imaging at 0.5 mm, the shape and extent
of the alveus could be better traced in images acquired at
7T than 3T (compare second and third column in Fig. 3).
This is also reflected in the consistently higher alveus
contrasts C,jy of the 0.5-mm 7T than in 0.5-mm 3T MRIs
in both S1 and S2: on average, C,, of the 12 analyzed
sections of the AHB were 0.35 * 0.08/0.19 * 0.09 for the
7T/3T data in S1, and 0.40 * 0.06/0.18 = 0.07 for the
7T/3T data in S2. The alveus CNR,;, were also higher in
7T than in 3T images in both subjects: mean CNR,;, for
the 12 sections were 10.0 = 6.0/1.24 = 0.85 in 7T/3T

images in S1, and 2.58 * 1.32/048 = 0.38 in 7T/3T
images in S2.

Variability of the AHB

The appearance of the THLV varied from a small, pro-
longed cavity to a larger moon-shaped structure, depend-
ing on the axial position of the MRI section and the
individual anatomy, as could be observed both in in vivo
and post mortem brains (Fig. 5 and Supporting Informa-
tion Fig. 1). Similarly, the course of the alveus varied sub-
stantially, following the intrusions of the undulating
hippocampus and the outlines of the THLV. Differences
could be observed between the AHB in the right and left
hemisphere of individuals as well as between subjects.

Selection of Sectional Planes

Axial images were particularly well suited to determine
the AHB, as large parts of both the amygdala and the hip-
pocampus were visible throughout all layers (Fig. 4). Espe-
cially in the superior axial slices through the amygdala,
the arcade-shaped course of the AHB was clearly visible
in all subjects (examples marked by red lines in Figs. 4
and 5). In the axial images, it also became evident that the
shape and extent of the alveus and the THLV at the level
of detail revealed by 7T imaging is highly variable both
intra- (i.e., right vs. left hemisphere) and inter-individually
(Fig. 5 and Supporting Information Fig. 1). No uniform
standard map can therefore be expected to accurately fit to
the individual anatomy.

The sagittal sections were most informative for the lat-
eral part of the AHB, roughly to the level where the THLV
ended; see Figure 6 for a sequence of sagittal MRIs. The
coronal sections proved beneficial for delineating the lat-
eral and medial extensions of the amygdala including the
borders to the optical tract and the anterior commissure,
among many other structures (Fig. 7). The arcade-shaped
course of the AHB was, again, very clear in posterior coro-
nal images (Fig. 7, lower panels).

Other Amygdalar Borders and Subnuclei

Some other external borders of the amygdala, e.g., to
parts of the adjacent cortex, were clearly visible in the
single-scan MRIs. Other neighboring structures, such as
the basal ganglia, were difficult or impossible to visually
distinguish from the amygdala. Also the individual subnu-
clei of the amygdala, which is a topic of increasing interest
in recent human imaging [Bach et al., 2011; Ball et al,,
2007; Goossens et al., 2009], could not be clearly delineated
from each other. MRI optimized for these structures will
likely require averaging data from multiple sessions (see
Discussion). However, since the aim of the present study
was to delineate the AHB based on single-session MRI
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data, in the following we will exclusively focus on this
particular border of the amygdala.

T2*-Weighted MRI

T2*-weighted MRIs of the AHB area are shown in Fig-
ure 8 as an example of images with alternative tissue con-
trasts. These 2D images have a substantially higher in-
plane resolution than the T1-weighted 3D data (200 um vs.
500 pm; more than six times smaller in-plane voxel size),
albeit with a 4 times higher slice thickness. Like in the T1-
weighted images, the AHB can be seen very clearly in the
axial slices, where it is approximately perpendicular to
slice orientation.

DISCUSSION

This study addresses the question whether the AHB can
be reliably visualized in single-session T1 data sets at 7T,
as compared with previous 3T studies relying on averag-
ing across data sets from multiple sessions [Bonnici et al.,
2012; Entis et al., 2012; Konrad et al., 2009; Saygin et al.,
2011].

Anatomically, about 40% of the total surface of the
amygdala adjoins to the anterosuperior hippocampus in
the AHB region (Fig. 1). Medially, the AHB is formed by
the alveus, which divides the amygdala from the hippo-
campus. More laterally on the AHB appears the THLYV,
covered by the alveus on the hippocampal side (see Fig.
2). The alveus is a sheet-like band of white matter that
contains afferent and efferent projections to and from the
hippocampal formation. Alvear neurons of the hippocam-
pus and the subiculum form the main efferent path of
these structures, entering the fimbria hippocampi (forni-
cis), which arises at the uncus and merges into the crus
fornicis. An important source of afferent fibers is the sep-
tum [Duvernoy, 1987].

The alveus is a fine structure, and superior image qual-
ity and high spatial resolution are needed to discern it
from the surrounding gray matter. When comparing the
potential of structural MRI at different field strengths to
visualize the AHB, we found that ultra-high-field neuro-
imaging at 7T has marked advantages over 3T for discern-
ing the fine anatomical details of the AHB (Fig. 3).
Improved separation of the alvear white matter at 7T is
reflected in the image contrast and the CNR of the AHB
area, which were both higher in the 7T than in the 3T MRI
data. This is consistent with theoretical expectations and
experimental evidence that superior image contrast can be
achieved in high-field MRI [Duyn, 2011]. The amount of
topographical detail in 7T images in the present study is
in accordance with the recent findings on hippocampal
anatomy by Cho et al. [2010]. Precise and unambiguous
demarcation of the AHB is a prerequisite for accurate vol-
umetric and shape analyses, as well as for functional

imaging in the AHB area [Brierley et al., 2002; Konrad
et al., 2009; Malykhin et al., 2007].

Although quantitative volumetry of the amygdala and
the hippocampus was not the goal of the current work, it
suggests that volumetric differences can be expected in
volumes derived from segmentations of MRIs acquired at
7T with those acquired at lower field strengths. Future
work is required to quantify how the level of anatomical
clarity influences the outcome of automated and manual
segmentations, and whether and to what extent volumetric
measures are affected.

In the individual brain, distinctive delineation of the
AHB may help to improve volumetric studies and to
resolve current controversies, for example, regarding path-
ological volume alterations of the amygdala and the hip-
pocampus in depressive patients, as discussed in
Campbell et al. [2004] and Bellani et al. [2011]. Individual
in vivo imaging may also prevent wrong anatomical
assignments of hippocampal responses to the amygdala,
and wvice versa [Ball et al., 2009a]. In functional imaging of
individual brains, anatomical high-resolution T1-weighted
images constitute the basis for assigning BOLD activation
sites in lower-resolution functional T2* images to corre-
sponding anatomical structures. Clear delineation of the
individual AHB in the anatomical images acquired at 7T,
as was done in the present study, can therefore be
expected to increase the assignment accuracy of BOLD
responses in individuals. Furthermore, improved coregis-
tration procedures may be needed to gain more accuracy
in aligning the functional image with the corresponding
anatomical image [Ball et al., 2009b].

An important finding of the present study is that the
shape and extent of the AHB vary substantially between
subjects and hemispheres (Fig. 5 and Supporting Informa-
tion Fig. 1). These variations were present both in MRIs
from in vivo (Fig. 5) and post mortem (Supporting Infor-
mation Fig. 1) brains, the latter partly obtained from the
open-source datasets provided by Yushkevich et al. [2009].
Our results illustrate the great potential of post mortem
imaging for high-resolution anatomical studies (for an in-
depth discussion on imaging human post mortem brains,
see Yang et al., 2013). Macroscopic properties of the ana-
tomical interface between the amygdala and the hippo-
campus may have functional relevance for neural
communication between the two structures. For instance,
strong folding of the hippocampal gyri in the AHB area
and hence enlarged contact area of the gyral surface to the
amygdala may provide a broader anatomical communica-
tion channel between the amygdala and the hippocampus,
and possibly facilitate the interaction between the two.
Conversely, a larger THLV may constrain the available
area for reciprocal amygdalo-hippocampal fiber projec-
tions. Future studies are needed to clarify whether the
individual variability of the AHB as shown here correlates
with functional differences related to amygdalo-
hippocampal communication. To this purpose, the adapta-
tion of algorithms to the AHB that quantify the
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gyrification strength and that have been previously devel-
oped for the neocortex [e.g., Luders et al.,, 2006] would
allow for correlating gyrification measures with cognitive
and behavior parameters in healthy and pathological
conditions.

The large variability of the AHB also imposes limitations
on the accuracy in delineating the amygdala from the hip-
pocampus that can be achieved by standard atlas systems,
which do not take individual anatomy into account. As
the structure of any standard AHB cannot closely match
all individual variations in this region, individual imaging
is required whenever maximal anatomical accuracy is
desired. In addition, this variability, if not compensated
for by advanced normalization techniques, limits the accu-
racy in any structural or functional group analysis.

In addition to the hippocampus, the amygdala has close
spatial relations with several other neighboring gray-
matter structures. According to the brain atlas by Mai
et al. [2007], these include cortical areas, such as the ambi-
ens gyrus, the cortex of the enthorhinal area, parts of the
uncus hippocampi, the parahippocampal gyrus, the tem-
poral part of the piriform cortex, the perirhinal cortex,
parts of the semilunar gyrus, parts of the ventral insular
cortex and of the claustrum, and transitions towards basal
ganglia structures. The latter are especially hard to delin-
eate, since the centro-medial amygdala has a micro-
structure similar to that of the adjacent basal ganglia
[Swanson and Petrovich, 1998], i.e., the internal and exter-
nal globus pallidus and the putamen (all superior to the
amygdala). Evaluation of the potential of different MRI
techniques to distinguish the amygdala from these areas is
under way and clearly an important topic for further
research. In this context, averaging multiple 7T scans, sim-
ilar to previous 3T studies [Bonnici et al., 2012; Entis et al.,
2012; Konrad et al., 2009; Saygin et al., 2011], is a promis-
ing approach, as is exploitation of different structural
image contrasts [Hu et al., 2011] and optimized image
reslicing [Brierley et al., 2002]. Investigations on the role of
field strength for visualizing amygdalar borders in general
and of the AHB in particular is a further topic of practical
importance [Konrads et al. 2009].

The T1 images acquired in this study are not quantita-
tive T1 maps. However, they were mainly T1-weighted, as
other potential sources of image contrast were accounted
for by the correction (division) with the 3D GE data. The
T1-weighted (MPRAGE) and short TE 3D GE data share
identical sensitivity to Bl field inhomogeneity (same flip
angle), T2* (same TE), and proton density. Therefore, the
division of both data sets results in almost exclusively T1-
weighted images although no T1 quantification is avail-
able. Future studies may use methods such as MP2RAGE
to extend this acquisition to quantitative T1 maps. Apart
from T1, T2*-weighted images also unveiled much ana-
tomical information about the AHB region. The amount of
structural detail in T2* (Fig. 8) is comparable to what can
be observed in T1, as is discussed in earlier sections. The
good visibility of the AHB in T2* images may be due to

their strong sensitivity to iron [Anderson et al.,, 2001],
which is particularly abundant in the white matter of the
AHB region [Connor et al., 1990]. A crucial advantage of
T2* high-resolution functional imaging is that it would
allow solving the aforementioned problem of coregistra-
tion. A disadvantage, however, is the relatively long time
required to obtain such images, e.g., the acquisition of the
T2* MRIs in Figure 8 with a fast low-angle shot (FLASH)
technique took several minutes for a whole-brain data set.
Nevertheless, acquisition times can be reduced such as by
imaging smaller ROIs or using segmented echo-planar
imaging (EPI) techniques [Jesmanowicz et al., 1998; Menon
and Goodyear, 1999]. High-resolution single-shot EPI-
based fMRI at 7T has recently been demonstrated [Heide-
mann et al.,, 2012; Hoffmann et al., 2009; Polimeni et al.,
2010]. Alongside T2%*, quantitative susceptibility mapping
(QSM) is even more sensitive to detect local variations in
iron content, being thus a promising technique to facilitate
further improvements to visualization of the AHB.

CONCLUSIONS

In summary, we were able to visualize the structural bor-
der between the amygdala and the hippocampus and its
variability with great spatial detail using high-resolution
structural imaging at 7T. The present approach offers a solu-
tion to the problem of anatomical ambiguity in the AHB
region as it can be encountered at a lower resolution. A
practical limitation to widespread usage of 7T MRI to delin-
eate the details of the AHB region at present, however, is
that 7T scanners are not as widely available as 3T and 1.5T
MRI systems. Elucidating the subtleties of the AHB region
can still be of great value as researchers increasingly move
toward higher field strengths and advance the limits of
multi-modal imaging approaches which may benefit greatly
from the improved anatomical information derivable from
7T data, as described here for the AHB region. Imaging at
high field strengths thus is a promising tool to derive
detailed anatomical information about the human brain,
and it may be of value for neuroradiologic assessment of
disorders such as temporal lobe epilepsy and for structural
and functional studies in neurological patients as well as in
healthy subjects.
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