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Abstract

The objective of this study was to develop a reliable method for the shape analysis of the
amygdala, a structure that is important in gaining a better understanding of the limbic system in
the human brain. The goal of this study was threefold; to develop (1) a robust method for aligning
the contour of the amygdala; (2) a reproducible method for extracting surface parameters of the
amygdala using a spherical mapping technique; and (3) a standardized approach for statistical
assessment and visualization of shape alterations by applying the probabilistic maps of amygdalar
subregions. This technique was validated by conducting an artificial phantom study and by
assessing sex-related amygdalar shape differences using T1-weighted images from healthy
volunteers. In the phantom study, the region with atrophy was detected successfully through the
shape analysis process. In the human study, the average radii of the centromedial (CM) subregion
in the left amygdala and laterobasal (LB), superficial (SF) and CM subregions in the right
amygdala were different between sexes (£tests, p=0.02,0.04,0.04, and 0.002, respectively). In
addition, focal regions with larger radii in amygdalae of men than those of women were found
predominantly on the surfaces of bilateral SF and bilateral CM subregions, after the volumes of
the amygdala had been scaled to the unit volume (1000mm3) (Mann-Whitney (-test, false
discovery rate corrected p<0.05, clustered vertex points > 25). Regions with smaller radii in
amygdalae of men were found predominantly on the anterior surfaces of the right LB and SF
subregions (Mann-Whitney U-test, false discovery rate corrected p < 0.05, clustered vertex points
> 25). This is generally in agreement with previous findings from animal studies. The current
method may be used for measuring subtle local shape changes of the amygdala in various
psychiatric or neurologic disorders.
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Since the amygdala constitutes an important part of the emotional system in the brain [1],
studies that investigated the structural abnormalities in the amygdala have been conducted in
patients with psychiatric disorders which are associated with emotional disturbances
[8,16,22—24,31]. These amygdalar morphometric studies have primarily used region-of-
interest (ROI) based volumetric methods [16,22-24]. Structural focal differences, which
may represent subregional changes of the amygdala, may have not sufficiently been
reflected in general ROI-based volume measurement methods used in these studies. With
this regard, the amygdalar shape analysis method would provide valuable information
regarding subtle structural changes in the amygdala. Considering the differential arrays of
connections of each amygdalar subregion to other cortical and subcortical structures
[1,7,38], subregions of the amygdala have been reported to subserve different functions of
the amygdala [1,38]. In this context, detection of local specificity of structural changes in
subregions of the amygdala would also provide functional implications of the structural
changes [34].

Multiple nuclei comprising the amygdala can be divided into three subregions including the
laterobasal (LB), centromedial (CM), and superficial (SF) subregions, which have been
known to have different functional roles and connectivity with other brain regions [2,3,7].
The LB subregion which includes the lateral, basolateral, basomedial and paralaminar nuclei
[1,7,21], mediates motor response to fearful stimuli and processes emotional memory [1].
The CM subregion which includes the central and medial nuclei [1,7,21], mediates the
autonomic and endocrine response to fearful stimuli and is involved in reproductive behavior
via connections with the hypothalamus [1]. The SF subregion, which includes the anterior
amygdaloid nucleus, the amygdalopyriform transition area, the amygdaloid-hippocampal
area and the ventral and posterior cortical nuclei [1,7,21], is involved in the olfactory system
and affective processing [3,11,18,33]. Human amygdalar subregions were named after those
of the rat considering similar functions and comparable cytoarchitectonic characteristics
[1,34]. Although 90° rotations occurred around the anterior-posterior axis in the amygdala of
the humans compared to that of the rat, relative positions of the subregions between species
are known to be generally preserved [3]. However, proportions of each subregion can be
different across species. For example, the LB subregion is particularly larger in humans than
other mammals [1,38]. This may be related to the larger portion of the prefrontal cortex in
humans, since LB subregion has particularly strong connections with the prefrontal cortex

[1].

Although there have been postmortem studies that investigated the abnormalities in the
amygdala at a subregional level using a histological method, results may not be readily
applicable to in vivo human studies [3,6,30]. Therefore, a method for characterizing the
shape variability in subregions of the amygdala of the live human brain would be useful in
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understanding the roles of the amygdalar subregions in the emotional system in healthy
subjects and patients with psychiatric disorders.

Shape analysis techniques have been used to assess local deformations in several subcortical
structures of patients with psychiatric or neurologic disorders [8,11,15,26,30]. Amygdalar
shape analysis techniques have also been developed and used in previous studies
[10,24,26,36]. However, there have not been, to our best knowledge, any amygdalar shape
analysis methods that applied the probabilistic maps for the subregioning of the amygdala
that may provide important information for locating and interpreting the results of local
shape differences [3,40].

Probabilistic maps for amygdalar subregioning have been developed by Amunts et al. [3]. In
recent functional neuroimaging studies, activations in the amygdala were examined at a
subregional level using these probabilistic maps as reference [5,27]. By applying these
probabilistic maps to our template amygdala [3] with the steps of amygdalar alignment,
spherical mapping, parameter extraction and parametric visualization with high accuracyand
reliability, we aimed to develop a shape analysis method for the amygdala that contains the
information for the amygdalar subregions.

Forty healthy volunteers (20 men and 20 women) were recruited through advertisements in
local newspapers. All of them were without any axis | psychiatric disorders, any personality
disorders, or family history of psychiatric disorders in first-degree relatives. Written
informed consent was obtained from each participant. Participants were matched in terms of
age, handedness and educational level between 20 male and 20 female subjects.

Brain magnetic resonance imaging (MRI) scans were obtained on a 3.0 T whole body
imaging system (Signa Excite, General Electric Medical Systems, Milwaukee, W1, USA).
T1-weighted sagittal volume images were acquired using the inversion recovery-prepared
three-dimensional (3D) spoiled gradient echo (IR-SPGR) pulse sequence with the following
parameters: 1.4 ms echo time (TE), 5.7 ms repetition time (TR), 400 ms inversion time (T1),
256 x 256 matrix, 22 cm field of view (FOV), 20° flip angle (FA), 1 number of excitation
(NEX), and 248 contiguous sections with 0.7 mm thick slices. In- and through-plane spatial
resolution matrix, zero-fill interpolation processing (ZIP) was used to reconstruct images
ina512 x 512 matrix with half thickness.

All T1-weighted images were realigned so that the anterior-posterior axis of the brain was
parallel to the intercommissural line and the other two axes along the interhemispheric
fissure. Manual segmentation of the amygdala was then performed by an experienced rater
(H.J.K.), who was blind to the subjects’ age and sex.

The inferior and posterior border was delineated in the sagittal plane, where the
hippocampal head was separated from the amygdala [39]. The anterior border was drawn in
the sagittal plane, where the gyrus ambiens was separated from the anterior amygdala [34].
In coronal view, the superior part of the medial border was delimited by ambient cistern and
the inferior part of the medial border by entorhinal cortex. The lateral border was delimited
by the inferior horn of the lateral ventricle. The superior border was delimited by the
entorhinal sulcus and white matter and the inferior border by the lateral ventricle and the
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white matter tract [7,17]. The intraclass correlation coefficient for intra- and inter-rater
reliabilities was 0.88 and 0.85 for amygdalar segmentation, respectively. Brain parenchymal
volumes were calculated by summing gray and white matter volumes segmented using a
modified mixture model cluster analysis technique implemented in Statistical Parametric
Mapping 2 (SPM2) [4].

The binary-segmented images of the amygdala were processed into the 3D surface models
by the marching cubes algorithm [19]. For the smoothness of reconstructed amygdalar
surfaces, a 3D Laplacian smoothing algorithm was employed. Then, 40 amygdalae were
aligned using axes calculated from the principal component analysis (PCA), and one
thousand points were distributed evenly on reconstructed spherical amygdalar surface. The
radius between each surface point and the center of inertia (COI) was extracted from the
amygdalar surface. Then, averaged radii of each point from 40 subjects were calculated and
amygdalar template could be produced based on the averaged radii from the COI.

To determine corresponding points on the amygdalar surfaces with more enhanced accuracy,
two steps of registration were applied. Rotation using the PCA and translation using the COI
were employed for global alignment and an iterative closest point (ICP) registration was
applied for a finer alignment. Volumes of all amygdalae were normalized to a unit volume
(1000 mm?3) to compensate for amygdalar volume differences among individuals. The
amygdala before and after this PCA-ICP registration is shown in Supplementary Fig. 1.
Validation of this method was performed in a phantom study.

The spatial distances from the COI to spherically evenly distributed surface points were
measured. For each surface point p;in subject S, the distance vector from the COI of subject
Sj (coi)) to the subject surface point pj; was calculated in the following Eq. (1):

di=L(py — coij) (1)

where L is the Euclidean length from p;;to col;. These measurements were mapped on the
amygdalar surface.

The probabilistic maps based on the cytoarchitectonic maps [3,13] were downloaded from
the statistical parametric mapping (SPM) anatomy toolbox (http://www.fz-juelich.de/inm//
spm_anatomy_toolbox). 50% probabilistic masks of each subregion were reconstructed
from the probabilistic maps and then 50% amygdalar mask for the whole amygdala was
generated [5,27]. This amygdalar mask was then aligned to the template amygdala. Using
the same matrix as was used in the alignment of the whole amygdalar mask, its subregional
masks were translated and rotated. Three subregional probabilistic maps were realigned to
the template with the 2-step PCA-ICP registration. Hence, any specific point on the template
corresponded with the points of the registered probabilistic maps, and had the probabilities
belonging to the LB, SF or CM subregions. These probabilities were color-coded on every
point in the combination of red, green and blue (RGB) colors (Supplementary Fig. 2). The
mixture of these colors would be painted on the average amygdala, visualizing subregional
probabilities.
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For calculating measures that represent subregional volumes of the amygdala, the mean
radius of each subregion can be calculated from radii of each surface point and probabilities
of this surface point to belong to a certain subregion. For each surface point p;and a subject
s, the mean radius of the LB subregion in a subject s (77 gmean) Was calculated in the
following Eq. (2):

1000 .
T _Zi:1 i Py
LBmean <1000
2P ()

where djis the Euclidean length from p;to the COIl, and p, g;is the probability of belonging
to the LB subregion of the point p; The mean radii of the SF, and CM subregions in a
subject scan also be calculated in the same way. The overall procedure of the shape analysis
and subregional mapping is illustrated in Supplementary Fig. 3.

The artificial phantoms were generated using the amygdalar template generated from 40
healthy volunteers. The lengths of axes of the template amygdala were 15.68,12.46 and 7.20
mm for 3 axes, respectively. In an effort to validate this shape analysis method, two groups
of artificial phantoms were generated. For the experimental group, 20 amygdalar phantoms
with an atrophy lesion on the same location of their posterior part in the LB subregion were
generated (Supplementary Fig. 4). The atrophy lesion was modeled by a half-ellipsoid
(radius of ellipsoid: 1.5 mm x 1.5 mm x 2 mm). The region of the half-ellipsoidal solid was
excluded out of the amygdala phantom for the atrophy lesion, and the center of the ellipsoid
was located on the point of the surface of the template amygdala in the LB subregion. After
this process, translation (X, Y, Zcoordination; units: mm), and rotation (X-, Y-, Z-axes;
units: degree) of each artificial phantom were randomly and independently performed based
on the following Gaussian distributions (3) and (4):

Ty, Ty, T. <= N(0,10) (3)

R,,R,,R. < N (0, 5) ()

where 7 means translation on each axis, /s rotation on each axis and N(, &) represents a
normalized Gaussian distribution with mean g and standard deviation &. In addition, the
random surface noise was added.

Finally, 20 artificial phantoms with atrophy lesions as the experimental group and 20
artificial phantoms without atrophy lesions as the control group were generated to simulate
amygdalae of patients and healthy subjects, respectively.

Independent £tests were used to assess amygdalar volume differences in the phantom study
and in the /n vivo study. When the normality of the data distribution cannot be assumed,
Mann-Whitney U-tests were used instead of #tests.
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Linear regression analysis was used to adjust each amygdalar volume by brain parenchymal
volume. The adjusted amygdalar volume was calculated using the following Eq. (5):

‘/i,:Vori — VVirain X (‘/7, - Vavg) (5)

where V;is the adjusted th amygdala volume, V,,;is the original volume of the amygdala,
Vijis the individual ith brain parenchymal volume, V;,, is the mean brain parenchymal
volume and V4 is the slope of the regression line between V,;and Vi

An analysis of variance (ANOVA) and mean square expectations for two-way random
effects were used to measure intra-class correlation coefficients. Statistical significance was
defined at an alpha level less than 0.05, unless otherwise noted. All statistical analyses were
performed using Stata SE version 5.0 (StataCorp, College Station, TX, USA).

The volumes of the control phantoms were larger than those of the experimental phantoms
(1091 + 1.7 mm3 vs. 1078 + 1.1 mm3, independent #test, p < 0.001), which was due to the
half-ellipsoidal atrophy lesion of the experimental group. After the PCA-ICP registration,
and the spherical mapping method, quantitative 3D shape parameters were generated. In
Supplementary Fig. 4, the regions which had significant differences of radii (independent #
test, false discovery rate [FDR]-corrected, clustered vertex points >25) between the
experimental group with atrophy (Supplementary Fig. 4A) and the control group without
atrophy (Supplementary Fig. 4B) were depicted in the red circle. These regions were
detected in the posterior part of the LB subregion, corresponding to the location of the
artificial lesion, which shows that the current method was successful in finding the artificial
atrophy lesion.

Supplementary Table 1 shows the demographic information of our study subjects. There
were no differences in age, handedness or educational level between 20 male and 20 female
volunteers.

Detailed values and statistics for the comparisons of the brain and amygdalar volumes are
presented in Supplementary Table 2. The volume comparison revealed smaller amygdalar
volumes of women bilaterally, relative to those of men (p=0.02 and p = 0.007 for the left
and right amygdalar volumes, respectively). In addition, women had smaller brain
parenchymal volumes than men (p < 0.001). After adjustment for brain parenchymal
volumes, there was no significant difference in amygdalar volumes between sexes (p= 0.94
and p = 0.92 for the left and right amygdalar adjusted volumes).

The average radii of subregions calculated from unadjusted amygdalae and their statistics
are also presented in Supplementary Table 2. The average radius of the CM subregion of the
left amygdala was significantly different between men and women, men having larger
average CM radius than women (p = 0.02). For the right amygdala, there were differences
between men and women in the average radii of all 3 subregions, men having larger radii
than women (p = 0.04, p=0.04 and p = 0.002 for the LB, SF, and the CM subregions,
respectively).
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Shape analysis, for finding local shape differences after scaling the amygdalae to a unit
volume (1000 mm3), revealed that there were surface areas with significantly larger radii of
the right and left amygdalae in men than women, within the SF and CM sub-regions (Mann-
Whitney U-test, FDR-corrected p <0.05, clustered vertex points > 25) (Fig. 1). There was
also a surface area with significantly smaller radii in men than women on the anterior
surface of the right amygdala encompassing the border of the LB and SF subregions. This
shape analysis procedure was repeated with radii from unscaled amygdalae (Supplementary
Fig. 5).

The amygdala is composed of multiple subnuclei that have distinctive functions and
different cytoarchitecture. Since manual segmentation of amygdalar subregions is not
possible on MR images that are obtained for regular clinical and research purposes, there has
been a need for the development of the method that can provide information at a subregional
level. The current method, which adopted the probabilistic maps of the amygdala, for which
information has been derived from the postmortem brains with combined histological and
brain MRI data [3], has been validated using the phantom data and in vivo human MRI data
sets. This method may make a potential contribution to a handful of previous amygdalar
shape analysis methods [12,29,32], in that this method enhanced the average template with
probabilistic subregion information [3].

In general, amygdalar volumes of men are larger than those of women [25]. Our results
suggest that these differences may primarily have stemmed from difference in the CM
subregion of the left amygdala and all 3 subregions of the right amygdala. On the other
hand, shape analysis method applied after scaling amygdalae to the unit volume (1000
mm?3), may provide information for the ‘shape’ differences of the amygdala. When focusing
shape variations between groups, it might help to take the volume differences of amygdalae
into consideration (Fig. 1 and Supplementary Fig. 5) [25].

In the current study, regions with larger radii in men were found mainly on the surfaces of
the bilateral SF and the CM subregions (Fig. 1). Previous rodent studies reported that the
volume of the posterodorsal medial nucleus in the amygdala of the male rodents was larger
than that of the female [14], which may have been affected by androgen [11]. The
posteromedial cortical nucleus was greater in the male rat [37] while there was no difference
in basolateral nucleus [28]. Results of our shape analysis are generally in line with these
prior animal studies on sex differences [14,28,37]. Men and women are different in
cognition and emotional event processing and have a different neural basis for these
processes [9,20,35]. These differences might be related to differences in amygdalar
subregional morphology, though further studies may be needed to verify this.

There are limitations of this study. The small sample size of the in vivo study may have
resulted in type Il errors. The phantom study had simplified structures with little volume
variations across individual amygdalae. More sophisticated and complicated phantom
studies would be needed for more solid verification.

In conclusion, a 3D amygdalar shape analysis method based on subregional probabilistic
segmentation was developed with systemic statistical assessment and visualization of
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parametric local shape alterations. Validation was done using a phantom study and an /7 vivo
study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CM centromedial

COl center of inertia

LB laterobasal

SF superficial

ICA iterative closest algorithm
PCA principal component analysis
ROI region of interest
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Fig. 1.
Surface regions of the amygdala with shape differences between sexes. Regions of shape

differences are displayed on the template amygdala. Red color represents the regions of
increased radii and blue color, region of decreased radii (Mann-Whitney U-test, FDR-
corrected p < 0.05, clustered vertex points > 25). Radii were calculated after the volumes of
the amygdala had been scaled to the unit volume (1000 mms3). Abbreviations: A, anterior;
CM, centromedial subregion; I, inferior; L, left; LB, laterobasal subregion; P, posterior; R,
right; S, superior; SF, superficial sub-region. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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