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Abstract
The measurement of the volume of the human amygdala in vivo has received increasing attention
over the past decade, but existing methods face several challenges. First, due to the amorphous
appearance of the amygdala and the difficulties in interpreting its boundaries, it is common for
protocols to omit sizable sections of the rostral and dorsal regions of the amygdala comprising
parts of the basolateral complex (BL) and central nucleus (Ce), respectively. Second, segmentation
of the amgydaloid complex into separate subdivisions is challenging due to the resolution of
routinely acquired images and the lack of standard protocols. Recent advances in technology have
made ultra-high resolution MR images available, and in this study we provide a detailed
segmentation protocol for manually tracing the whole amygdala that incorporates a greater portion
of the rostral and dorsal sections with techniques illustrated in detail to maximize reproducibility.
In addition, we propose a geometrically-based protocol for segmenting the amygdala into four
component subregions of interest (sROI), which correspond largely to amygdala subnuclear
divisions: the BL sROI, centromedial (CM) sROI, basomedial (BM) sROI, and the amygdaloid
cortical (ACo) sROI. We performed an intra- and inter-rater reliability study of our methods in 10
adults (5 young adults and 5 older adults). The results indicate that both protocols can be
implemented with a high degree of reliability (the majority of intra-rater and inter-rater
correlations were >0.81). This protocol should aid further research into the alterations in amygdala
anatomy, connectivity, and function that accompany normal aging and pathology associated with
neuropsychiatric disorders.
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Introduction
The amygdala is an amorphous gray matter structure within the rostral medial temporal lobe.
It has been implicated in many psychological phenomena, including emotion and affect (e.g.
Adolphs et al., 1994; Barrett et al., 2007; Lanteaume et al., 2007; LeDoux et al., 1988;
Sharot et al., 2007), social behavior (e.g. Amaral, 2003; Machado et al., 2008; Rosvold et
al., 1954), attention (e.g. Pessoa et al., 2002a, 2002b; Ursin and Kaada, 1960), perception
(e.g. Sander and Scheich, 2001; Whalen et al., 1998), learning (e.g. Gaffan et al., 1989;
Hooker et al., 2006; Morris et al., 1998), and memory (e.g.Fadok et al., 2010; Packard et al.,
1994). This is not surprising given its dense connections with many regions of the brain (for
a review, see Swanson and Petrovich, 1998).

In living humans, investigations of amygdala function and dysfunction have primarily
employed structural and functional neuroimaging tools (in addition to studies of patients
with lesions). Although a number of studies have been performed on the relationship of
amygdala volume to specific behaviors and in aging and neuropsychiatric disorders (for
reviews, see Anand and Shekhar, 2003; Phelps and LeDoux, 2005; Wright, 2009),
heterogeneous results are present likely in part because of the variety of approaches to
volumetric measurement of the amygdala.

Over the past 20 years, a number of manual tracing protocols have been published that
provide methods for measuring human amygdalar volume (Achten et al., 1998; Bonilha et
al., 2004; Convit et al., 1999; Makris et al., 1999; Matsuoka et al., 2003; Pruessner et al.,
2000; Watson et al., 1992). Although these approaches have been very useful for identifying
a variety of interesting effects, we believe that they and automated segmentation protocols
based on similar manual tracings (e.g., Freesurfer’s automatic segmentation (Fischl et al.,
2002)) can be improved in a number of ways. First, the method for demarcating the dorsal
boundary of the caudal amygdala is not clearly described or illustrated, making reproduction
of published techniques challenging (Achten et al., 1998; Convit et al., 1999; Watson et al.,
1992). The borders of this region are typically difficult to see in structural MR imaging so a
heuristic conservative approach may be employed to interpolate a line along the ventral edge
of the optic tract. However, this means that the central nucleus (Ce)–a key visceromotor
regulation site that is considered to be a major “output” nucleus of the amygdala–is often
omitted (Price and Amaral, 1981). Similarly, the location of the anterior boundary of the
amygdala is not clearly described or illustrated in prior protocols. Finally, the resolution of
the images on which these prior protocols were based (typically about 1 mm isotropic
voxels) is a limiting factor, since at this resolution it is difficult to see much of the fine
structure of this region, including gray-white boundaries around the perimeter of the
amygdala.

Next, although there have been several prior attempts to subdivide the amygdala into
component parts (including the divisions into ventral vs. dorsal amygdala (Davis et al.,
2010; Whalen et al., 2001)), there is no published protocol for the manual segmentation of
amygdala subnuclei using structural MRI. The measurement of amygdala subnuclear
volume is of potential value given distinct functional roles proposed for these regions.
Although debate continues about the subdivisions of the amygdala at the histological level
(Swanson and Petrovich, 1998), one basic approach is to consider a macro-level
segmentation into the basolateral complex (BL), centromedial complex (encompassing the
Ce and medial nucleus), basomedial complex (BM), and the amygdaloid cortical complex
(ACo) (Paxinos and Mai, 2004).

Amunts and colleagues published the first study to match histological and MRI data in an
attempt to develop a histologically-based probabilistic atlas of subdivisions of the amygdala
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(Amunts et al., 2005). Their protocol involved generating 3D reconstructions of digital
photomicrographs of the histological samples from 10 post-mortem brains and manually
tracing three subdivisions (the CM group, the BL group, and the superficial group) directly
onto the photomicrograph images. The ten 3D-reconstructed images were registered to MNI
template space to produce probabilistic maps of the amygdala subregions. The application of
this protocol necessitates manipulation of individual subjects’ MRIs into standard template
(MNI) space, a process that can produce inaccuracies due to the deformations required
(Yassa and Stark, 2009). Moreover, the probabilistic nature of the method requires that the
user measures subnuclear volume in areas in which voxels of different subnuclei do not
overlap (e.g., > 50–75% probability), which underestimates the full extent of the volume of
each subnuclear region in any individual subject.

Newer methods using diffusion tensor imaging (DTI) to segment the amygdala have added a
perspective from connectional anatomy to parcellation endeavors (Bach et al., 2011; Saygin
et al., in press; Solano-Castiella et al., 2010). Solano-Castiella et al. (2010) identified two
primary diffusion directions of amygdala voxels and used this information to separate the
amygdala into medial and lateral subdivisions. Further work has shown that diffusion-based
segmentations correspond to anatomical connectivity (Bach et al., 2011). One challenge in
using DTI for amygdala subnuclear segmentation is its low spatial resolution (although the
data in Solano-Castiella et al., 2010 is relatively high resolution for DTI, at 1.7 mm in-plane
and 1.7 mm thickness). Similar resolution issues exist for resting-state fMRI-based
connectivity analysis (3 mm slice thickness in Roy et al., 2009).

Here we used the clarity of ultra high-resolution scans to create a detailed approach to the
segmentation of the amygdala using a widely available histological atlas as our guide. Such
high-resolution MR images have not been used before for amygdala segmentation, although
they have been used previously in a study of hippocampal subregions (Van Leemput et al.,
2009). These images provide a much higher level of visible detail than is typically present in
routine 1 mm scans. We used ultra-high resolution images from five young subjects and five
cognitively normal elderly subjects to trace both the whole amygdala and its major
subregions in living humans. Our first step was to create a new protocol for capturing more
of the dorsal and anterior portions of the whole amygdala. Next, we segmented the whole
amygdala into four separate geometrically-defined subregions. It is important to point out
that these geometrically-defined regions do not correspond exactly to specific amygdalar
subnuclei, but rather provide subregions of interest that approximate the major subdivisions
of the amygdala. We have chosen to use the following terms for these subregions:
basolateral subregion of interest (BL sROI), basomedial sROI (BM sROI), centromedial
sROI (CM sROI), and amygdaloid cortical sROI (ACo sROI).

After all tracings were completed, we examined the reproducibility of these operations by
comparing the intra- and inter-rater reliability of manual tracings of both the whole
amygdala and its subregions done by two operators as a function of voxel overlap and
intraclass correlation of volumes. Finally, we provide here a detailed set of images from our
own MRI data and also corresponding images reproduced from the Mai et al. (1997) atlas to
assist in the reproduction of this method or the comparison of this approach to others.

Methods
Participant information

For these experiments, we used scans of the brains of 10 human subjects (5 younger
individuals, 4/1 males/females, age range 22–25, mean/s.d.=23.8/1.3; and 5 older
cognitively normal individuals, 3/2 males/females, age range 72 to 78; mean/s.d.=74.8/2.6).
All younger subjects were screened and underwent a structured interview to determine that
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they had no history of neurologic or psychiatric disorders, including head injury or
substance abuse. All older subjects were evaluated clinically through structured interviews
and neurologic and cognitive examination and determined to be cognitively normal and
without history of neurologic or psychiatric disorders, including head injury or substance
abuse.

MRI scan acquisition
MRI scan data were collected using a prototype custom-built 32-channel head coil (Wiggins
et al., 2006) with 3.0 Tesla Siemens Total Imaging Matrix Trio system (Siemens Medical
Systems, Iselin, NJ). T1-weighted data were acquired using an anisotropic MPRAGE
sequence obtained in an oblique coronal orientation (perpendicular to the long axis of the
hippocampal formation) with 380 μm in-plane resolution with the following parameters:
TR//TI//TE=2530//1100//5.39 ms, FOV=170 mm, matrix=448, FA=7°, 208 slices acquired
coronally, thickness=0.8 mm, GRAPPA acceleration factor=2, acquisition time=7.34 min.
Five separate acquisitions were collected and averaged together with 6-parameter affine
registration to obtain a single high signal-to-noise ratio volume.

Whole amygdala segmentation protocol
Two independent raters used the Freeview tool in the Freesurfer software suite
(Massachusetts General Hospital, Boston, MA; Dale et al., 1999; Fischl et al., 1999a, 1999b,
2001; Fischl and Dale, 2000; Ségonne et al., 2004) (http://surfer.nmr.mgh.harvard.edu/) to
perform the manual tracing. Tracing began in the coronal plane starting with the first slice
rostral to the rostral tip of the hippocampal formation (Fig. 1Cii, asterisk). From this initial
slice located in the mid-portion of the amygdala, the amygdala was traced in sequential
slices moving to its most rostral border and then backward to its most caudal border (Fig. 1).
The rostral boundary of the amygdala is difficult to identify given the gradual transition
from cortex, but the high resolution of the images allowed both raters to identify the same
rostral boundary (same coronal slice) based on visual inspection; this is the most rostral slice
on which nuclear gray matter could be seen subjacent to the cortex (see Results). The caudal
boundary of the amygdala was similarly identified using a purely visual method. Moving
caudally, the whole amygdala was traced until it could no longer be seen as a distinct
nucleus after it ascended and became impossible to discern from the ventral striatum,
nucleus basalis, and stria terminalis (see Results for reliability analysis of this boundary).

Rostrally, the dorsal boundary of the amygdala could be seen within the white matter ventral
to the piriform cortex. Moving caudally, once the semilunar gyrus (SLG) appeared, the
dorsomedial border became the cerebrospinal fluid (CSF). At this point, the dorsolateral
edge was assigned by tracing a diagonal line from the most lateral point of the endorhinal
sulcus to the most lateral point of the anterior commissure (AC) (Fig. 1Cii, solid arrow and
Figs. 2.2, 2.3). As the amygdala extended caudally and the AC was positioned directly
ventral to the putamen, we drew this line from the endorhinal sulcus to the midpoint of the
AC (Fig. 1Ciii, solid arrow and Figs. 2.4, 2.5). Further caudally, the line was drawn to
intersect the medial edge of the AC when it connected to the white matter of the temporal
stem (Fig. 1Civ and 1Cv, solid arrow and Figs. 2.6, 2.7). When the AC was no longer
visible, the boundary was traced along the white matter band wrapping around the
dorsolateral amygdala (Fig. 1Cvi and Figs. 2.8, 2.9).

The dorsolateral and ventrolateral boundaries were the easiest to identify because the lateral
edge of the amygdala is bordered by white matter and/or CSF from the temporal horn. These
borders were extended until they connected with the dorsal and ventral boundaries,
respectively.
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The ventral boundary of the amygdala is initially white matter. Once the hippocampal
formation appeared, the ventral boundary was established by tracing from the most ventral
point of the amygdala along the white matter strand of the alveus toward the midpoint of the
optic tract in the most rostral slices (Fig. 1Cii, arrowhead and Fig. 2.1). Once the
semiannular sulcus (SAS) is visible, the ventromedial boundary was established by
interpolating a line from the medial tip of the gray matter of the amygdala up to the fundus
of the SAS (Figs. 2.2–2.4). Moving caudally as the hippocampus appears, the ventral
boundary of the amygdala is traced along the alveus to its medial tip (Fig. 1Civ, lower
arrowhead), and then a line is interpolated to the fundus of the SAS (Fig. 1Civ, upper
arrowhead and Figs. 2.5–2.8). This approach is useful for precision at the possible expense
of accuracy at the most rostral levels of amygdala, since it will include some piriform cortex
in a few slices.

The medial boundary of the amygdala is mostly defined by its adjacency to CSF. However,
on caudal slices the boundary was defined arbitrarily as the narrowest point along the
isthmus of the hippocampal–amygdalar transition area (Fig. 1Cvi).

Amygdala subregion protocol
We independently traced the amygdalar subregions of all five young and five elderly
subjects using the outlines of the whole amygdala tracings derived from one operator. The
amygdala was separated into four subnuclear divisions: the BL sROI (including both the
basolateral nucleus and the lateral nucleus), BM sROI, CM sROI (including both the central
nucleus and the medial nucleus), and the ACo sROI (including all superficial amygdalar
nuclei) (see Fig. 1).

Beginning from the rostral boundary of the whole amygdala, the entire structure was labeled
as BL sROI because the amygdala is primarily basolateral nucleus complex at this point.
Although there is a small section of BM sROI present at this level, it was not possible to
visualize (Fig. 3A). Once amygdalar tissue rose above the SAS, we began tracing the
subregions according to a geometric method (Fig. 3B). The first step in this process was to
identify three key points on the whole amygdala tracing. Point A was the medial tip of the
alveus (Fig. 1Civ, lower arrowhead labeled A). Point C was the most lateral point of the
endorhinal sulcus (Fig. 1Civ, upper arrowhead labeled C). Point B was determined by
drawing a line from Point C to the bottom of the circular sulcus (Fig. 1Civ, long arrow); the
point where this line intersected the dorsolateral boundary of the whole amygdala tracing
became Point B (Fig. 1Civ, intersection between long arrow and yellow region of interest
labeled B; see also Fig. 3). We chose these three points because they were easily observable
and provided a reliable landmarking system for segmenting the amygdala along internally
established axes.

After identifying these points, the next step was to draw straight lines connecting the three
points to each other. These lines divide the whole amygdala tracing into 4 quadrants (Fig. 3).
The four quadrants represent an approximation of the four subnuclear regions, including the
ACo sROI (medial), BL sROI (lateral), CM sROI (dorsal), and BM sROI (central). We used
this approach for the rostral portion of the protocol. Although some voxels from non-
amygdala structures are present in our designation of BM sROI (e.g. piriform cortex (PirT)),
we chose to be inclusive rather than to exclude a relatively large portion of the dorsal
amygdala.

The caudal portion of the protocol began with the first slice in which the isthmus of the
hippocampal–amygdalar transition area was visible with an open hippocampal sulcus (Fig.
3I). Beginning with this slice, the whole amygdala was then divided into three subregions:
the CM sROI, the BM sROI, and the BL sROI. At this point, the amygdala is quite small
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and it is necessary to measure the distance, voxel by voxel, on the vertical and horizontal
axes of the amygdala tracing. We visually divided the tracing into two halves using a
horizontal line, labeling the top half the CM sROI; if the number of voxels was odd, we
included the extra row of voxels in the CM sROI due to its greater size at this section of the
amygdala. We further subdivided the bottom half of the whole amygdala tracing with a
vertical line extending from the midpoint of the horizontal axis to the most ventral point of
the whole amygdala tracing: the medial section was labeled as the BM sROI and the lateral
section was labeled as the BL sROI (Fig. 3I). If there was an even number of voxels, we
allotted the extra column of voxels to the BL sROI because it is usually larger than the BM
sROI at this stage.

We calculated the total volume of the whole amygdala and subregions in each subset of
tracings in voxels and mm3 using tools in the Freesurfer software package. In addition to
examining absolute volumes of the structures, we also examined volumes adjusting for
intracranial volume by dividing each amygdalar volumetric measure by total intracranial
volume obtained from Freesurfer’s automated subcortical segmentation processing stream,
and multiplying by 1000.

Reliability analysis
The operators independently traced the entirety of the whole amygdala using the protocol
described above. To determine the rostral and caudal boundaries of the whole amygdala, two
operators independently selected the first and last slices in which they believed the amygdala
was visible. These selections were compared for reliability.

After tracing the whole amygdala, one set of tracings was chosen as a template to be
superimposed over the temporal lobe of each subject. Both operators subsequently divided
this template into the four subregions of the amygdala. This method was used to control for
inter-rater variation in the whole amygdala tracings.

We calculated the Model 2 intraclass correlation (ICC) (Shrout and Fleiss, 1979) of
volumetric measurements between the tracings of each structure by each operator using
SPSS 16.0 (Chicago, IL). The intra-class correlation analysis tested the similarity in the
absolute volumes of the whole amygdala and its subregions as determined by each
operator’s tracings. We followed the evaluative criteria set forth by Landis and Koch (1977),
in which agreement measures of correlation of 0.81–1.00 are ‘almost perfect’, 0.61–0.80 are
‘substantial’, and 0.41–0.60 are moderate.

As an additional test of reliability, we obtained the Dice coefficient of voxel overlap
between these two operator’s tracings, which is defined as the number of voxels overlapping
between two tracings divided by the mean number of voxels in the two tracings (Dice,
1945). This measure determines whether both operators were demarcating the same voxels
regardless of size of the structure.

Results
Whole amygdala

The two operators chose the most rostral slice with a visible amygdala subjacent to the
piriform cortex with an intraclass correlation (ICC) of 0.998 across the first five subjects.
The operators designated the most caudal slice with visible amygdala with an ICC of 0.998,
as well. Thus, the selection of the most rostral and most caudal slices was highly reliable.
The volumetric data for the whole amygdala are presented in Table 1.
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Intra-rater reliability and inter-rater reliability for the tracing of the whole amygdala
exceeded the ‘almost perfect’ (>0.81) range (Landis and Koch, 1977) for both ICC and Dice
coefficients.

The ICC and Dice coefficient measurements for intra-rater and inter-rater reliabilities are
presented in Table 2.

Amygdala subregions
While there were differences between subjects in relatively minor aspects of the size, shape,
and orientation of the geometric properties relevant for this protocol, there were no subjects
with substantially different anatomic features that would require the use of an alternative
variant protocol.

Intra-rater reliability results for the amygdala subregions in both hemispheres were strong.
The average Dice coefficient for the subregions was 0.90 for both the left and right
hemispheres. For ICC, the average was 0.94 for the left hemisphere and 0.92 for the right
hemisphere.

Inter-rater reliability was slightly lower than intra-rater stability. The average Dice
coefficient across all subregions was 0.87 for the left hemisphere and 0.86 for the right
hemisphere. The average ICC was 0.91 for the left hemisphere and 0.78 for the right
hemisphere.

Discussion
Using ultra-high resolution MRI images, we created two reliable segmentation protocols for
the human amygdala in vivo. First, we developed a modified approach to identifying whole
amygdala boundaries. The high level of detail visible in these images allowed us to easily
and reliably discern relevant anatomical landmarks–such as the alveus–that presented more
difficulty to past studies using lower-resolution MRIs (Achten et al., 1998; Pruessner et al.,
2000; Watson et al., 1992). The level of reliability for this protocol–as defined by the ICC
and dice overlap coefficient–is very high (for example, Pruessner et al., 2000 presents inter-
rater ICCs of .84 for the left amygdala and .83 for the right amygdala compared to our
ratings of 0.97 and 0.88, respectively). Importantly, we were also able to establish a more
detailed method for including the dorsal amygdala in its caudal portion–the location of the
caudal Ce–than has been documented previously. This reliable visualization of the fine
structure of the amygdala facilitated the second experiment, which was the creation of a
manual method for segmenting the amygdala into subregions.

We developed a novel method for manually segmenting amygdala subregions approximately
corresponding to subnuclei. A geometric approach based on specifically visible landmarks
was developed and determined to be reliable. The protocol allows for demarcation of the BL
sROI, the BM sROI, the CM sROI, and the ACo sROI. Although it would be ideal to be able
to trace fine white matter bands between amygdala subnuclei, these were not reliably visible
even in images of the present resolution.

For both of these experiments, we created a detailed visual atlas that presents histological
and MRI slices side by side, along with the tracings. We believe that this will have value for
future work in which investigators aim to reproduce or refine the present method. Past
studies on the whole amygdala have not published such detailed images and therefore it can
be difficult to determine the exact implementations of boundaries in previous protocols
(Achten et al., 1998; Chupin et al., 2007a, 2007b; Morey et al., 2009a, 2009b). We hope that
the level of detail in our second experiment will provide support for the growing interest in
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the amygdaloid complex as a collection of disparately organized nuclei with distinct
anatomical, connectional, and functional properties (Holland and Gallagher, 1999; Swanson
and Petrovich, 1998).

The names of the structures labeled in our segmentation protocol generally correspond to
those of Amunts et al. (2005), except for one major distinction: we further separated the
“basolateral region” into the basolateral subregion (BL SROI) and the basomedial subregion
(BM sROI). Traditionally, the nuclei have been analyzed together because of their
relatedness in anatomy and connectivity, such as with the visceromotor areas of the insula
(e.g. Barbas, 2000) and the subgenual anterior cingulate cortex (sgACC) (Vogt and Miller,
1983; Vogt and Pandya, 1987), as well as to heteromodal regions like the orbitofrontal
cortex (OFC) (for a review, see Price, 1999). Nonetheless, recent studies have revealed
specialized roles of BL and BM. For example, an anterograde and retrograde tracing study
in rats found that the temporal region of hippocampal subiculum/CA1 projects mainly to the
basomedial region while the septal portion of subiculum/CA1 sends efferents to the more
lateral portions of the amygdala, such as the basolateral nucleus (Kishi et al., 2006).
Furthermore, a study of nitric-oxide producing neurons in the basolateral complex of
developing mice found that the three regions of the BL complex (the basolateral, lateral, and
basomedial) had separate immunoreactive profiles (Olmos et al., 2005). The results of these
and other studies provide motivation to attempt to separate BL sROI and BM sROI from
each other in a protocol such as the present one.

Another focus of our design was to include a greater portion of the CM, which is particularly
unique as the main output hub of the amygdala (Price and Amaral, 1981). It alone has
cellular connections to the adjacent bed nucleus of the stria terminalis. The two structures
form an anatomical continuum termed the extended amygdala that receives input from but
does not include the BL (de Olmos and Heimer, 2006). In addition, the CM has specialized
projections to the paraventricular nucleus of the hypothalamus (Marcilhac and Siaud, 1997),
dorsal substantia innominata (Bourgeais et al., 2001), the basal nucleus of Meynert, the
medial pulvinar nucleus and central nucleus of the thalamus, the parabrachial region of the
pons and numerous cortical regions (Price and Amaral, 1981). Reliable measurement of the
CM separately from other nuclei is important because of what is thought to be its unique
role in attention processes (Holland and Gallagher, 1999; Wheeler and Holland, 2011),
social communication (Bamshad et al., 1997), pain processing (Bernard et al., 1992), stress
mediation (Yang et al., 2008), motivation (El-Amamy and Holland, 2007), and drug-related
behavior (Fu et al., 2007; Rezayof et al., 2007), to name a few.

The fourth amygdala subdivision in our model was the collection of superficial nuclei that
include the dorsal, ventral, medial and lateral portions of the ACo. This region has dense
connections to the olfactory and accessory olfactory bulb, mPFC, agranular insula, caudal
thalamus, perirhinal cortex, caudolateral hypothalamus, and hippocampus (Swanson and
Petrovich, 1998).

This study has several limitations. The first limitation is the need to acquire ultra-high
resolution data in order to visualize the amygdala and surrounding tissue sufficiently to see
the landmarks described; currently, about 35 min of scan time is required to obtain these
data. Although this may limit the types of individuals from which data such as this can be
acquired, we have managed to obtain these scans in many cognitively normal older
individuals as well as individuals with mild dementia. One way we accomplished this is to
acquire multiple shorter scans (6–7 min), each of which have relatively low signal-to-noise,
and then motion-correct and average them together. Thus, acquisitions corrupted by motion
can be discarded. Advances in data acquisition methods, such as parallel imaging (Wiggins
et al., 2007), on-line motion correction (van der Kouwe et al., 2005), and higher field
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strengths (Wiggins et al., 2006), should enable these types of data to be acquired more
efficiently. Second, even with this high-resolution data, it is challenging to visualize tissue
properties that correspond to subnuclei structure with adjacent white matter bands, which is
why we employed a geometric protocol for subregions. Other MR contrasts, such as T2-
weighted images or combinations of T1- and T2-weighted images may provide additional
information that could be used to visualize these structures more clearly (Solano-Castiella et
al., 2011). Given the relatively high content of iron in regions within the amygdala, a T2*-
weighted image or possibly the use of an off-resonance magnetization transfer prepulse
could be beneficial (Hu et al., 2011; Solano-Castiella et al., 2011; Zivadinov et al., 2012).
However, acquiring such data using three-dimensional sequences that are undistorted with
respect to each other is challenging, requiring the development of new sequences (e.g.,
multi-echo MPRAGE) (van der Kouwe et al., 2008). Next, the tracing protocol we have
described is time-consuming, taking a trained operator approximately 60 min per subject
(both hemispheres). We hope that an automated version of this protocol will be developed to
produce more expedient and highly reliable results, as has been done for the hippocampal
formation (Van Leemput et al., 2008). In addition, some voxels from structures that are not
part of the amygdala are included in our subdivisions (e.g. piriform cortex in the BM SROI
subregion). Similarly, some voxels from the ACo are occasionally labeled as BM SROI.
These errors are unavoidable in a geometrical protocol but they represent very small
fractions of the structural designations. Furthermore, reliability is not fully optimal in some
regions, but this limitation is common in published morphometric protocols including small
structures (Desikan et al., 2006). Finally, this protocol has not been validated against
cytoarchitecturally derived boundaries from post-mortem specimens, but this is a limitation
common to most similar studies in the field.

In summary, our novel approaches to defining the boundaries and subregions of the
amygdala offer high reliability for measuring these structures in living humans. The
protocols may be helpful for studying the anatomical, functional and connectional properties
of the amygdala and its subnuclei. Refined analyses of these regions are crucial for
understanding normal psychological function and how these functions change with age and
pathology.
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Refer to Web version on PubMed Central for supplementary material.
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Box 1

ac, anterior commissure; ACo, amygdaloid cortical nucleus; ACoD, anterior cortical
amygdaloid nucleus, dorsal part; ACoV, anterior cortical amygdaloid nucleus, ventral
part; AG, ambiens gyrus; Ai, amygdaloid island; alv, alveus; AStr, amygdalostriatal
transition area; BC, basal nucleus, compact part; BLD, basolateral amygdaloid nucleus,
dorsal (magnocellular) part; BLI, basolateral amygdaloid nucleus, intermediate part;
BLPL, basolateral amygdaloid nucleus, paralaminar part; BLVL, basolateral amygdaloid
nucleus, ventrolateral part; BLVM, basolateral amygdaloid nucleus, ventromedial part;
BM, basomedial amygdaloid nucleus; CA1, CA1 field of hippocampus; Ce, central
amygdaloid nucleus; CeL, central amygdaloid nucleus, lateral part; CeM, central
amygdaloid nucleus, medial part; CM, centromedial complex; DiCl, diffuse insular
claustrum; Ent, entorhinal cortex; HiH, hippocampal head; La, lateral amygdaloid
nucleus; LaDA, lateral amygdaloid nucleus, dorsal anterior part; LaDL, lateral
amygdaloid nucleus, dorsolateral part; LaDM, lateral amygdaloid nucleus, dorsomedial
part; Lal, lateral amygdaloid nucleus, intermediate part; LaV, lateral amygdaloid nucleus,
anterior part; LiCl, limitans claustrum; Me, medial amygdaloid nucleus; MeA, medial
amygdaloid nucleus, ant. part; opt, optic tract; PaCl, preamygdalar claustrum; PAM,
periamygdaloid cortex; PCo, post. cortical amygdaloid nucleus; PHA, parahippocampal–
amygdaloid transition area; PHG, parahippocampal gyrus; PirT, piriform cortex,
temporal area; Pu, putamen; PuV, ventral putamen; S, subiculum; sas, semiannular
sulcus; SEpS, subependymal stratum; SLG, semilunar gyrus; st, stria terminalis; TCl,
temporal claustrum; TLV, temporal horn of lateral ventricle; Un, uncus; unc, uncinate
fasciculus; us, uncal sulcus; VCl, ventral claustrum.
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Fig. 1.
Comparison of histological photographs from Mai atlas (Mai et al., 1997) with MR images
(380 μm in-plane voxel size) and tracings on one young subject at different levels, from
most rostral (row i) to most caudal (row vii) boundaries. Columns show A) histological
images; B) MRI slices; C) whole amygdala tracings in yellow; D) amygdalar subregion
tracings following the protocol illustrated in idealized terms in the next figure: amygdaloid
cortical complex (ACo sROI) is blue; basolateral complex (BL sROI) is purple; basomedial
complex (BM sROI) is green; centromedial complex (CM sROI) is red. Arrows and
arrowheads illustrate specific points described in the Methods section detailing the protocol.
Post-mortem histological sections are shown to provide a standard set of reference images to
illustrate the landmarks in our protocol. Note that there are multiple differences between the
two types of images in contrast properties. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
Images in column A are reproduced with permission from Elsevier Inc.
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Fig. 2.
Illustration of idealized boundaries manually drawn on Mai atlas figures (Mai et al., 1997),
from most rostral (1) to most caudal (9). Medial boundaries are in blue; dorsal and
dorsolateral boundaries are in red; ventral and ventro-lateral boundaries are in yellow. Red
arrows are shown to indicate direction of dorsal boundary toward anterior commissure;
arrows are not part of the tracing protocol. See Box 1 for abbreviations. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)
Images are reproduced with permission from Elsevier Inc.
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Fig. 3.
Detail of geometrically determined protocol for segmenting the amygdala, from most rostral
(A) to most caudal (I). See text for explanation of points A, B, and C. A is not segmented
because the whole amygdala tracing is labeled as BL at this level. Horizontal line from Point
C to Point B extends beyond boundaries of whole amygdala to indicate direction toward the
circular sulcus, but ends at Point B in the protocol. I is split evenly on the horizontal axis
and on the vertical axis below the level of the central nucleus. See Box 1 for abbreviations.
Images are reproduced with permission from Elsevier Inc.
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Table 1

Mean absolute (abs) and relative (rel) volumes and standard deviations of the whole amygdala and amygdala
subregions in the left and right hemispheres. All volumes are reported in mm3. Relative volumes were
calculated by dividing each amygdalar volumetric measure by total intracranial volume and multiplying by
1000. BL sROI = basolateral subregion of interest; BM sROI = basomedial sROI; CM sROI = centromedial
sROI; ACo sROI = amygdala corticoid sROI.

Operator PD Operator JE Operator JE (round 2)

L R L R L R

Whole amygdala

Mean abs. 1697.60 1707.78 1752.22 1766.82 1733.06 1776.38

SD 160.38 197.82 219.95 242.86 153.40 216.10

Mean rel. 1.068 1.111 1.099 1.097 1.115 1.080

SD 0.137 0.277 0.109 0.220 0.188 0.266

BL sROI

Mean abs. 1200.78 1061.32 1093.94 1027.92 1187.32 1076.46

SD 128.66 86.42 117.06 79.07 117.88 68.27

Mean rel. 0.666 0.694 0.646 0.758 0.678 0.762

SD 0.089 0.161 0.096 0.207 0.110 0.180

BM sROI

Mean abs. 286.94 313.86 317.12 352.82 294.32 328.52

SD 44.62 69.62 39.02 64.99 59.78 77.56

Mean rel. 0.195 0.202 0.219 0.184 0.202 0.182

SD 0.038 0.055 0.033 0.037 0.026 0.045

CM sROI

Mean abs. 145.34 179.74 191.38 180.90 149.22 163.60

SD 39.10 46.95 58.32 61.98 44.87 51.64

Mean rel. 0.114 0.120 0.113 0.093 0.101 0.092

SD 0.038 0.038 0.037 0.026 0.027 0.030

ACo sROI

Mean abs. 125.84 153.24 149.86 146.04 121.88 141.84

SD 35.74 75.09 25.52 59.62 31.63 42.46

Mean rel. 0.093 0.096 0.090 0.078 0.088 0.082

SD 0.034 0.034 0.027 0.027 0.025 0.040

Young subjects (N=5)

Whole amygdala

Mean abs. 1615.38 1483.58 1554.80 1523.34 1516.44 1469.00

SD 249.85 225.81 177.46 221.37 303.93 206.06

Mean rel. 1.076 0.992 1.035 1.007 1.016 0.979

SD 0.160 0.161 0.148 0.155 0.184 0.170

BL sROI

Mean abs. 1014.08 897.34 1006.34 942.30 1056.28 999.46

SD 106.27 153.72 67.98 135.88 118.78 161.62

Mean rel. 0.675 0.607 0.672 0.633 0.703 0.673
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Operator PD Operator JE Operator JE (round 2)

L R L R L R

SD 0.102 0.132 0.110 0.128 0.110 0.134

BM sROI

Mean abs. 232.14 312.98 280.42 342.56 269.28 310.80

SD 47.48 53.57 57.41 59.99 55.17 57.67

Mean rel. 0.209 0.185 0.228 0.180 0.208 0.155

SD 0.040 0.027 0.039 0.039 0.043 0.031

CM sROI

Mean abs. 147.38 156.02 178.26 132.04 160.38 117.24

SD 34.18 29.35 26.25 21.40 23.65 19.84

Mean rel. 0.104 0.119 0.088 0.107 0.078 0.098

SD 0.019 0.019 0.014 0.020 0.013 0.021

ACo sROI

Mean abs. 99.90 132.82 127.64 135.08 111.80 131.20

SD 35.74 27.81 42.47 31.58 34.02 23.72

Mean rel. 0.088 0.082 0.088 0.071 0.087 0.064

SD 0.017 0.017 0.013 0.010 0.011 0.007

Elderly subjects (N=5)
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Table 2

Correlation coefficients (ICC) and dice coefficients for left and right hemisphere whole amygdala and
subregions in all 10 subjects.

Intra-rater data
(operator JE) Inter-rater data

L R L R

Whole amygdala

Dice coefficient 0.864 0.883 0.873 0.875

ICC 0.964 0.957 0.966 0.881

BL sROI

Dice coefficient 0.968 0.969 0.965 0.958

ICC 0.941 0.969 0.964 0.898

BM sROI

Dice coefficient 0.828 0.820 0.810 0.756

ICC 0.921 0.889 0.902 0.780

CM sROI

Dice coefficient 0.907 0.925 0.868 0.880

ICC 0.948 0.934 0.831 0.807

ACo sROI

Dice coefficient 0.895 0.868 0.851 0.835

ICC 0.948 0.893 0.937 0.652
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