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Abstract

There is a wide range of values reported in volumetric studies of
the amygdala. The use of single plane thick magnetic resonance
imaging (MRI) may prevent the correct visualization of anatomic
landmarks and yield imprecise results. To assess whether there is a
difference between volumetric analysis of the amygdala performed
with single plane MRI 3-mm slices and with multiplanar analysis of
MRI 1-mm slices, we studied healthy subjects and patients with
temporal lobe epilepsy. We performed manual delineation of the
amygdala on T1-weighted inversion recovery, 3-mm coronal slices
and manual delineation of the amygdala on three-dimensional volu-
metric T1-weighted images with 1-mm slice thickness. The data
were compared using a dependent 7-test. There was a significant
difference between the volumes obtained by the coronal plane-
based measurements and the volumes obtained by three-dimen-
sional analysis (P < 0.001). An incorrect estimate of the amygdala
volume may preclude a correct analysis of the biological effects of
alterations in amygdala volume. Three-dimensional analysis is pre-
ferred because it is based on more extensive anatomical assess-
ment and the results are similar to those obtained in post-mortem
studies.
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Introduction

The amygdala is responsible for defining
the intensity of emotional responses, for
determining targets to which responses are
directed and for promoting behavioral and
visceral alterations in response to emotion-
ally burdening stimuli. It also plays an impor-
tant role in autonomic responses, emotional
behavior, food intake, arousal, and sexual
and motor activity (1). Neuroimaging studies
have demonstrated the role of the amygdala
in emotional recognition concerning memory

(2,3), fear conditioning (4), facial expression
(5,6), and auditory stimuli (2,7). This is
believed to be a consequence of its function
of formation of long-term memory associ-
ated with emotionally arousing events (2,3).

In vivo assessment of the amygdala vol-
ume by magnetic resonance imaging (MRI)
has demonstrated some alterations in certain
subsets of clinical populations. Reduction of
the volume of the amygdala has been shown
to be able to lateralize patients with temporal
lobe epilepsy (8,9), and has also been shown
to occur in recurrent depression (10), obses-

Braz ) Med Biol Res 38(3) 2005



410

Braz ) Med Biol Res 38(3) 2005

sive-compulsive disorder (11), Alzheimer
disease (12), and in male subjects with schizo-
phrenia (13). Conversely, patients with au-
tism (14), bipolar-affective disorder and fe-
male patients with schizophrenia show an
increased amygdala volume (13). Some of
these results, however, have not been con-
firmed and are still far from definitive.

A striking feature of studies that have
addressed the measurement of the amygdala
is the wide range of volumes encountered,
with reports of volumes ranging from 1 to
almost 4 cm? in normal subjects (15,16).
Another striking finding is the number of
discrepancies concerning the landmarks
adopted for manual segmentation alongside
with different MRI scanning protocols. Pre-
sumably the volumetric assessment of such
a small structure may be impaired by the use
of a low-resolution image based on a thick
section or by an unfavorable section orienta-
tion. Moreover, the gray matter composing
the amygdaloid complex usually merges with
the gray matter of the striatum, further chal-
lenging accurate segmentation. Therefore, it
is believed that many volumetric studies of
the amygdala have overestimated its volume
(17), since it is known from post-mortem
studies that the average amygdala volume
ranges from 1.1 to 1.6 cm? (7).

To test the hypothesis of whether there is
any significant difference between volumet-
ric studies performed with different imaging
quality and different accuracy of anatomic
visualization, we compared the data obtained
with two different methods using the same
landmarks for the amygdala boundaries.

Material and Methods
Subject assessment

We studied 15 healthy subjects (13
women). All subjects had an unremarkable
previous medical history, without any neuro-
logical or psychiatric events.

We also studied 15 patients (9 women)
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with drug-refractory temporal lobe epilepsy
(TLE) without any other co-morbid condi-
tion. The patients with TLE had unilateral
hippocampal atrophy, with seizure onset being
recorded on the side of atrophy.

The Ethics Committee of our institution
approved the study and all subjects signed an
informed written consent to participate in the
study.

Magnetic resonance imaging

The subjects underwent a standardized
MRI protocol (18) consisting of coronal 3-
mm T1 and volumetric T1 with isotropic
voxel acquisition.

The coronal images were acquired per-
pendicular to the long axis of the hippocam-
pus, defined by the sagittal images (T1-
weighted inversion recovery (IR), 3-mm
thick, flip angle =200°, TR = 2,800 ms, TE
= 14 ms, inversion time = 840 ms, matrix =
130x 256, FOV =16 x 18 cm). The sequence
acquisition time was approximately 10 min.

The volumetric T1-weighted images with
1-mm isotropic voxel were obtained using a
three-dimensional (3-D) spoiled gradient-echo
acquisition with sagittal volume excitation
(TR =18, TE = 10, flip angle = 30°, FOV =
256 x 204, 1-mm sagittal slices). This se-
quence acquisition time was approximately
14 min. The images were submitted to post-
acquisition processing; the raw images were
first converted to MINC format and then
corrected for field non-homogeneity using
N3 (19). Finally, the images underwent linear
stereotaxic transformation into a standard
space (20).

Volumetric analysis

The anatomic landmarks used for seg-
mentation of 3-mm coronal images and volu-
metric 1-mm images were identical (Table
1). The segmentation steps for each method
are outlined below.

Coronal plane-based segmentation. We
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used the NIH Image software package which
allows image visualization and magnifica-
tion, with the possibility of manual delinea- Limits of the amygdala
tion of regions of interest. The quantitative
analysis was performed on T1-weighted IR,
3-mm coronal planes.

A single observer (E. Kobayashi) deter-

Table 1. Anatomical landmarks adopted for amygdala segmentation.

Anterior Starts at the level of the lateral sulcus closure

Lateral Lateral portion (the most lateral pixels) of the semi-circle drawn on
the axial plane

mined the volumes in this protocol. We Medial Located one rgw of pllxels lateral to the plgl surface chated inferiorly
. . from the semiannularis sulcus. In the sections posterior to the
referred to previous MRI-based studies for hippocampal fissure, it is located on the pial surface, and at the
anatomic boundaries (21) (Figure 1A). posterior end, in the mesial protuberance of the hippocampus head
The anterior limit of the amygdala was Superior Defined by a line between the endorhinal sulcus and the fundus of
defined in the anteriormost slices containing the inferior portion of the circular sulcus of the insula
the temporal ¥Obe stem. The inferior limit was Inferior Defined by a line between the fundus of the semiannularis sulcus
set at the white matter of the angular bundle (or the mid-point of the pial surface between the uncal cleft and the
in more rostral sections. In more caudal endorhinal sulcus) and the inferior horn of the lateral ventricle, or

defined by the intersection of the pia with the line that forms a

sections, the pOSterO-lnferlor limit was de- continuum with the white matter of the angular bundle

fined by the presence of the hippocampus,
which appears as a gray matter mass inferior
and lateral to the amygdala. The alveus or the
uncal recess of the lateral ventricle was used
for separation of the amygdala from the
hippocampal head. The lateral limit was con-
sidered to be the transition of the gray matter
and the white matter of the temporal lobe
stem; the mesial limit was defined on the pial
surface, superior to the gyrus semiannularis
and the angular bundle, inferior to the gyrus
semiannularis. The superior limit was de-
fined as an arbitrary line from the quad-
rigeminal cistern to the inferior limit of the
circular sulcus of the insula. The volumes
obtained were further corrected for the total
intracranial volume (22).

3-D segmentation. We used the DIS-
PLAY software package developed at the
Brain Imaging Centre of the Montreal Neuro-
logical Institute, which creates electronically
linked reformatted images on the coronal and
axial plane, displays the three planes to-
gether, and also permits regions of interest
enlargement. Delineating anatomical bound-
aries is also facilitated by contrast adjustment
and the possibility for navigation through an
isotropic voxel of 1 mm in different orienta-

tions with the same resolution. The software _ _ ) _ _ _

icall leulates th 1 £1 Figure 1. A, The amygdala delineated in 3-mm T1-inversion recovery magnetic resonance
automatically calcula e.s € volumes of la- imaging (MRI) in its rostrocaudal extension. B, The amygdala delineated in 1-mm T1 MRI
beled structures. In this protocol the vol-  on the coronal, axial and sagittal planes, respectively.

Posterior Ends at the point where gray matter first started to appear superior
to the alveus and lateral to the hippocampal head
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Figure 2. Box and whisker plots
of the volumes of the right and
left amygdala of control sub-
jects (A) and patients with TLE
(B), for each method of seg-
mentation. 3 mm = coronal
plane-based analysis; T mm =
multiplanar analysis; L-TLE, R-
TLE = left and right temporal
lobe epilepsy, respectively.
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umes were determined by a single observer
(L. Bonilha). We used as reference a previ-
ously described 3-D-based method for hip-
pocampus and amygdala segmentation (15),
as well as reviewed temporal lobe functional
and structural studies (23) (Figure 1B).
Different from the coronal plane segmen-
tation, the horizontal plane was the mainstay
for the segmentation of the amygdala in 3-D
images. The sagittal and coronal planes were
used for constant reference, but we felt that
the best way to define the postero-inferior
limits of the amygdala was to visualize the
alveus and the lateral ventricle on the hori-
zontal plane by image magnification. When-
ever there was difficulty with the definition
of the alveus, we referred to the region of the

A Right amygdala (3 mm)
F =0.979, P> 0.05
Tukey test: Control = L-TLE = R-TLE
2500 T T T

2000

mm3

1500

1000 - - -
Control  L-TLE R-TLE

Right amygdala (1 mm)
F =0.862, P > 0.05
B Tukey test: Control = L-TLE = R-TLE

1680

1460

mm3

1240

1020

800 L
Control
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head of the hippocampus displayed on the
sagittal plane. One row of pixels was added
to the hippocampus in the alveus region.
After the definition of the postero-inferior
limits, the anterior limits were defined by a
semi-circle drawn anteriorly with its radius
defined at the midpoint of the line drawn over
the alveus in the posterior border. Special
care was taken not to involve the entorhinal
cortex by avoiding the inclusion of the most
anterior and medial row of pixels, or by
segmenting the entorhinal cortex in advance.
Finally, after segmentation on the horizontal
plane, a thorough rostrocaudal analysis was
made, with particular attention paid to the
superior limit, defined as a horizontal line
passing by the most lateral portion of the

Left amygdala (3 mm)
F =0.981, P> 0.05
Tukey test: Control = L-TLE = R-TLE

2500 T T T
o
2000
odo
o ¢
£ 000
1500 |-
1000 1 1 1
Control L-TLE R-TLE
Left amygdala (1 mm)
F = 0.463, P > 0.05
Tukey test: Control = L-TLE = R-TLE
1900 T T T
1680 |- —
1460
[e]
€
=
1240
1020 —
800 | | |

Control L-TLE  R-TLE
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quadrigeminal cistern. The rostral end of the
hippocampus started to appear infero-lateral
to the amygdala in more caudal sections, and
served as a landmark.

Reliability assessment

Intraobserver reliability was evaluated by
random selection of 5 subjects and by repeat-
ing the segmentation of all structures twice.
Inter-rater reliability was assessed by com-
parison of the volumes of the amygdala of
five randomly chosen subjects obtained by
3-D segmentation by the two observers (L.
Bonilha and E. Kobayashi) who were not
aware of each other’s results. Reliability was
assessed using the repeatability coefficient
adopted by The British Standards Institution
(24).

Statistical analysis

The volumes of the structures analyzed
are reported as means + SD for TLE patients
and for the control group. The group of TLE
patients was subdivided according to the side
of hippocampal atrophy. Data were assessed
for normal distribution by the Kolmogorov-
Smirnov test. For comparison of the vol-
umes obtained by the two different forms of
analysis we used a dependent #-test. We also
performed analysis of variance (ANOVA)
with Tukey post hoc comparison for the
evaluation of putative differences between
the volume of the right and left amygdala
among controls and patients with right and
left TLE, for each form of measurement.
The level of significance was set at P < 0.05
in all analyses.

Results

We evaluated 15 patients with chronic
drug-refractory TLE (6 men) and 15 normal
subjects (2 men). All patients with TLE
presented unilateral hippocampal atrophy and
lateralization of seizures based on ictal re-

cording that was concordant with the side of
the hippocampal atrophy. Nine patients had
left TLE and 6 had right TLE. The volumes
obtained by coronal plane segmentation and
by 3-D segmentation followed normal distri-
bution according to the Kolmogorov-Smirnov
test (P > 0.05).

Coronal plane-based segmentation

The mean volume and standard deviation
(SD) of the right amygdala of the control
subjects was 1742 + 151 mm?, and the mean
volume and SD of the left amygdala was
1703 + 146 mm?. Among the TLE patients,
the mean volumes and SD obtained for pa-
tients with right TLE were: right amygdala =
1875 £ 323 mm? and left amygdala = 1829 +
245 mm?, and for patients with left TLE the
values were: right amygdala = 1842 + 225
mm? and left amygdala = 1733 £ 258 mm’.
Dependent ¢-tests applied to the values of the
coronal-based segmentation did not indicate
asymmetry between controls (t(14) = 1.316,
P > 0.05), patients with left TLE (t(8) =
1.244, P > 0.05) and patients with right TLE
(t(5) = 0.768, P > 0.05). ANOVA did not
show a significant difference in amygdala
volume between controls and patients with
TLE (Figure 2A), with >95% power. The
asymmetry index (=[100 - (R - L))/[(R+ L)/
2]) also did not differ between patients and
controls, with >95% power.

Three-dimensional segmentation

For the controls, the mean volume and
SD was 1459 + 229 mm? for the left amyg-
dala and 1413 + 199 mm? for the right
amygdala. Among the TLE patients, the mean
volumes and SD obtained for right TLE
subjects were 1410 = 167 mm? for the left
amygdala and 1473 £ 189 mm? for right
amygdala, and the values obtained for left
TLE patients were 1422 + 141 mm? for the
left amygdala and 1349 + 188 mm? for the
right amygdala. Dependent #-tests applied to
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the values of 3-D segmentation did not show
asymmetry between the controls (t(14) =
1.731, P> 0.05), patients with left TLE (t(8)
= 0.839, P > 0.05) and patients with right
TLE ((5) = -0.584, P > 0.05). ANOVA did
not show a significant difference in the
volume of the amygdala between controls
and patients with TLE, with >95% power
(Figure 2B). The asymmetry index also did
not differ between patients and controls,
with >95% power.

Reliability assessment

There was no significant difference be-
tween the two measurements performed by
one rater or by two raters, since the differ-
ences between the two measurements were
less than 2 SD (intraobserver assessment,
left amygdala repeatability coefficient =366;
right amygdala repeatability coefficient =
538; intraobserver assessment, left amygda-
larepeatability coefficient=486; right amyg-
dala repeatability coefficient = 240).

Comparison between coronal plane-based
segmentation and 3-D analysis (Figure 3)

The dependent ¢-test showed difference
between the volumes obtained by the coronal
plane-based measurements and the volumes
obtained by the 3-D analysis of the right and
left amygdala among controls (right amyg-
dala: t(14)=6.832, P <0.001; left amygdala:
t(14)=4.814,P <0.001); of the right and left
amygdala among patients with right TLE
(right amygdala: t(5) = 2.668, P < 0.05; left
amygdala: t(5) = 3.328, P <0.05), and of the
right and left amygdala among patients with
left TLE (right amygdala: t(8) = 5.756, P <
0.001; left amygdala: t(8) =2.956, P <0.05).

Discussion
We compared the results obtained by

manual segmentation of the amygdala per-
formed with 3-D analysis of I-mm T1

L. Bonilhaetal.

weighted MRI slices and performed with
analysis of coronal 3-mm TI-IR-weighted
MRI slices and observed a significant differ-
ence in the volumes obtained from these two
methods of analysis.

The volumetric analysis of the amygdala
is a difficult task. It is difficult to accurately
separate the amygdaloid nuclei from the
surrounding gray matter, particularly to ex-
clude the entorhinal cortex, the perirhinal
cortex and the hippocampal head from the
region of interest (15).

Most of the MRI volumetric studies of
the amygdala were performed on coronal
plane images. In order to overcome the
difficulties of anatomical visualization posed
by the indistinct borders of the amygdala, a
number of different segmentation protocols
have been developed to increase the accu-
racy of delineation and to exclude the hippo-
campal formation, the entorhinal cortex, the
tail of the caudate nucleus, and the claustrum
in the region ascribed to the amygdala.

The methods developed for the definition
of the anatomic boundaries of the amygdala
on the coronal plane can be enumerated and
summarized as follows (17): first - perform-
ing the manual delineation of the amygdala in
a pre-set number of slices in order to exclude
the hippocampal head; second - defining the
boundaries of the amygdala based on mesial
temporal lobe landmarks or extratemporal
landmarks; third - joint analysis of digital
reformatted planes other than the coronal
plane for constant reference of anatomic
landmarks.

The quantitative MRI studies of the amyg-
dala performed to date have shown different
values. It is believed that the studies per-
formed using coronal plane MRI have over-
estimated the actual size of the amygdala.
Post-mortem studies have reported that the
amygdala volume ranges from 1.1 to 1.6 cm?
after correction for fixation-related shrink-
age, but different (25-27) volumetric MRI
analyses have reported values ranging from
1 to near 4 cm? (15,17-28).
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Figure 3. Box and whisker plots
of amygdala volumes of con-
trols (A), right TLE (B) and left
TLE (C) measure on coronal
plane-based segmentation and
multiplanar analysis. Legend: 3
mm - coronal plane based anal-
ysis, T mm - multiplanar analy-
sis. TLE = temporal lobe epi-
lepsy; NIH = NIH image, Na-
tional Institutes of Health soft-
ware package.
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The accuracy of the volumetric MRI
study of the amygdala is influenced by some
factors. First: the possibility of unequivocal
definition of anatomic landmarks; second:
the partial volume effect generated by thick
MRI slices; third: the image post-processing
linear transformation to the stereotaxic space.

It is possible to follow a strict anatomic
protocol for analysis of the volume of the
amygdala on coronal slices, but the concur-
rent 3-D analysis of the sagittal, coronal and
axial planes facilitates the definition of ana-
tomic boundaries and allows the visualization
of discrete landmarks. Therefore, 3-D stud-
ies performed on reformatted images are
considered to be more accurate, especially
those with emphasis on the axial plane, where
the separation of the hippocampus and the
amygdala is performed by the visualization of
the alveus and the lateral ventricle (15).
Analysis of the axial plane also prevents
underestimation of the anterior and mesial
portion of the amygdala because it allows the
discrimination of the perirhinal and entorhin-
al cortex. Therefore, the possibility of accu-
rate visualization of the anatomical land-
marks is possibly the key technical variable
influencing the results obtained in the mor-
phometric analysis of the amygdala.

The volumes observed in the 3-D study
are closer to those observed in post-mortem
histological studies, which have been pro-
posed as a benchmark for evaluating the
validity of MRI-derived volume estimates
(17). The smaller volumes obtained with the
3-D method may reflect a more accurate
definition of the transition between the hip-
pocampus and the amygdala, and the exclu-
sion of the region considered to belong to the
entorhinal cortex. Conversely, the superior
limit set as an arbitrary line from the quad-
rigeminal cistern to the inferior limit of the
circular sulcus of the insula in order to
prevent the inclusion of the basal nuclei in the
region of interest can underestimate the amyg-
daloid volume by an incomplete inclusion of
the corticomedial nucleus. However, the

L. Bonilhaetal.

definition of the superior border was the
same for the two forms of measurement and
was not responsible for the differences ob-
tained. On the basis of the similar results
obtained by histological analysis and 3-D
evaluation, the straightforward definition of
the superior limit is an advantageous strategy
and the eventual exclusion of the corticome-
dial nucleus may be inexpressive.

The 3-D study is performed with images
linearly transformed to the stereotaxic space,
and this may be an additional factor account-
ing for the difference between the results,
since the coronal-based evaluation uses im-
ages that were not spatially normalized and
its volumes are corrected by the mean head
size. However, the spatial normalization and
volume correction by the intracranial volume
have been used interchangeably in the litera-
ture (22,29,30) and a difference between
them has not been formally assessed.

The partial volume effect is another tech-
nical variable that could explain the differ-
ences observed between the forms of meas-
urement, since each one is performed on
MRI of different thickness. It has been
shown that the partial volume effect signifi-
cantly influences the morphometric analysis
of small brain structures such as the ento-
rhinal cortex (31), but does not influence the
morphometric analysis of larger brain struc-
tures such as the hippocampus (32). Ac-
cordingly, the partial volume effect of the
morphometric analysis of the amygdala is
not particularly influential (33).

Since the volumes obtained by 3-D anal-
ysis are different from the values obtained by
thick MR coronal plane MRI, this may have
influenced the conclusions of previous clini-
cal studies carried out to investigate the
presence of amygdaloid volume alterations,
and may have caused misinterpretation of
amygdaloid changes by inaccurate analysis
of its boundaries.

Among the different technical aspects
that can explain the differences in morpho-
metric analysis of the amygdala, the anatomi-
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cal definition is the most important variable
(33). Hence, the differences observed in this
study are due to the different possibilities of
accurately defining anatomical landmarks.
3-D analysis is based on a thorough anatomi-
cal analysis of the mesial temporal lobe re-

gion with more accurate definition of ana-
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