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Abstract: The nuclei of the human amygdala remain difficult to distinguish in individual subject struc-
tural magnetic resonance images. However, interpretation of the amygdala’s role in whole brain net-
works requires accurate localization of functional activity to a particular nucleus or subgroup of
nuclei. To address this, high spatial resolution, three-dimensional templates, using joint high accuracy
diffeomorphic registration of T1- and T2-weighted structural images from 168 typical adults between
22 and 35 years old released by the Human Connectome Project were constructed. Several internuclear
boundaries are clearly visible in these templates, which would otherwise be impossible to delineate in
individual subject data. A probabilistic atlas of major nuclei and nuclear groups was constructed in
this template space and mapped back to individual spaces by inversion of the individual diffeomor-
phisms. Group level analyses revealed a slight (�2%) bias toward larger total amygdala and nuclear
volumes in the right hemisphere. No substantial sex or age differences were found in amygdala vol-
umes normalized to total intracranial volume, or subdivision volumes normalized to amygdala vol-
ume. The current delineation provides a finer parcellation of the amygdala with more accurate
external boundary definition than current histology-based atlases when used in conjunction with high
accuracy registration methods, such as diffeomorphic warping. These templates and delineation are
intended to be an open and evolving resource for future functional and structural imaging studies of
the human amygdala. Hum Brain Mapp 37:3979–3998, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

The amygdaloid complex is a collection of nuclei and
associated transition regions in the medial temporal lobe,
immediately rostral of the hippocampal formation [Amaral
et al., 1992]. It plays a key role in emotion and motivation
[Aggleton, 2000; Whalen, 2009], and is roughly homolo-
gous across all amniotes [Moreno and Gon�zalez, 2007].
Although there is increasing interest in the role of the
amygdala in uniquely human psychological processes,
social behaviors and mental health [Adolphs, 2010; Savitz
et al., 2010], progress has been slowed by the challenges of
assigning task-related functional MRI (fMRI) activation to
amygdala nuclei. The amygdala is functionally heterogene-
ous [McDonald, 1998], but is often treated as a single
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region in many high-profile fMRI studies [Li et al., 2011;
Nikolova et al., 2014]. As the spatiotemporal resolution of
fMRI improves, the assignment of activity to amygdala
subregions becomes increasingly important in the context
of whole-brain networks.

In primates, the amygdaloid complex is conventionally
divided into thirteen nuclei [Amaral et al., 1992], many of
which can only be delineated ex vivo histologically using
a combination of Nissl, myelin, and acetylcholinesterase
stained sections [Garćıa-Amado and Prensa, 2012]. The
identification of internuclear boundaries in individual
human high-resolution structural MRI data is notoriously
difficult, motivating various strategies including spectral
clustering of the diffusion tensor data [Solano-Castiella
et al., 2010], bivariate clustering of structural image inten-
sity [Solano-Castiella et al., 2009], manual heuristic seg-
mentation based on the Mai [Mai et al., 2008] brain atlas
[Entis et al., 2012; P�revost et al., 2011], parcellation based
on cortical signal correlations [Bickart et al., 2012], diffu-
sion tractography-based parcellations [Bach et al., 2011;
Saygin et al., 2011], and mapping of histologically defined
subregions to an MRI template (the Juelich histological
atlas) [Amunts et al., 2005; Eickhoff et al., 2005, 2006].
None of these approaches have generated more than four
subdivisions of the amygdala, with the majority isolating
basolateral, superficial, and centromedial groups.

In this work, we create unbiased templates, using a joint
cost function over both T1-weighted (T1w) and T2-
weighted (T2w) imaging data [Avants et al., 2007, 2008b].
Unbiased templates, equivalent to minimum deformation
templates [Kochunov et al., 2001] or group mid-spaces
[Reuter et al., 2012; Smith et al., 2002], are generally

constructed by iterative registration of a set of images to a
template that in turn is updated after each iteration. Exam-
ples of unbiased structural MRI reference brain templates
include the MNI ICBM templates [Mazziotta et al., 2001]
widely used in fMRI analysis packages such as SPM and
FSL, and the Human Connectome Project (HCP) release
templates [Van Essen et al., 2013]. These templates are
unbiased in the sense that no individual’s brain influences
the shape or intensity of the template more than any other.
The advantage of using a joint cost function in this work
is that it calculates a weighted sum of the cost functions
for each image contrast, resulting in an individual-to-
template mapping that balances information from both
T1w and T2w image contrasts.

Our primary atlas reference is the 34-year-old adult ref-
erence atlas released by the Allen Brain Institute as part of
its wider human brain transcriptome [Amunts et al., 2005]
project [Hawrylycz et al., 2012]. This atlas was chosen for
its use of a standard, whole brain ontology, which
includes all major amygdala nuclei and subnuclear divi-
sions and its open availability online (www.brain-map.
org). Our secondary reference is the Mai, Paxinos, and
Voss Atlas (3rd Edition) [Mai et al., 2008], which in turn
cites two earlier parcellations of the amygdala [Brockhaus,
1939; Sanides, 1957] and uses a very similar nomenclature
to the Allen Brain Atlas. Several equally valid naming
schemes exist for the nuclei and subdivisions of the amyg-
daloid complex, for example, by [Amaral et al., 1992] (see
Table I). However the division boundaries are relatively
consistent amongst nomenclatures since they are all based
on microstructural, histological and immunohistochemical
classifications.

TABLE I. Summary of common nomenclatures used in the literature and reference atlases

Amygdala subdivision nomenclatures

Group Nucleus Amaral Mai Allen This Atlas

Deep or basolateral
nuclear group

Lateral L L AMY-BLN-La La
Basolateral B BL AMY-BLN-BL BLDI, (BLVP)
Accessory Basal AB BM AMY-BLN-BM BM
Paralaminar PL BLPL AMY-BLN-PL (BLVP)

Superficial or corticomedial
group

Medial M Me AMY-CMN-Me (CMN)
Cortical CO ACo/PCo AMY-CMN-Co (CMN)
Nucleus of the Lateral

Olfactory Tract
NLOT – Cx-ACx-NLOT (CMN)

Periamygdaloid Cortex PAC PAA/PHA ATA-ACTA (ATA)
Remaining nuclei Anterior Amygdaloid Area AAA AAA AMY-AAA AAA

Central CE Ce AMY-CEN CEN
Amygdalohippocampal Area AHA AHi AMY-CMN-AHA (CMN)
Intercalated Nuclei I – AMY-INA (AMY)

Transition areas Amygdalostriatal
Transition Area

ASA Astr ATA-ASTA ASTA

Subdivisions of the basolateral and corticomedial group nuclei can be difficult to identify, even in histological stained sections. The
amygdala divisions used in this atlas are determined primarily by which boundaries can be explicitly traced or implicitly defined from
other landmarks in the T1w and T2w MRI templates. Merged divisions in this atlas are indicated by their parent group in parentheses.
Nuclei not defined in a source but present in [Amaral et al., 1992] are indicated with a dash.
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To summarize, this work has four primary aims: (1) to
delineate more amygdala subregions than has been possi-
ble previously in group averaged in vivo human brain
images, (2) to bridge the gap between histological parcella-
tion of the amygdala and state-of-the-art non-invasive neu-
roimaging, (3) assess the impact of sex, hemisphere and
age on amygdala total and subdivision volumes in a
healthy adult population, and (4) release the resulting tem-
plates and probabilistic delineations as a research commu-
nity resource.

METHODS

Source Data

All structural imaging data were obtained from the
Human Connectome Project (HCP) Q1–Q6 500 subject
release, August 2014 [Van Essen et al., 2013], which
includes 526 MRI datasets from individual adult human
subjects, including 700 mm isotropic T1w and T2w whole
brain images. The only inclusion criterion applied was that
the T1w and T2w structural images were constructed by
simple averaging of two single-average images following
six-parameter rigid body alignment [Glasser et al., 2013],
which reduced the available sample to 208 subjects. Age
and sex unbiasing was performed by balancing the num-
ber of male and female subjects at each integer age
between 22 and 35 years old (inclusive), resulting in a final
sample of 168 individuals (84 males and 84 females,
mean 6 sd age in both groups 5 28.9 6 3.6 years). All struc-
tural images provided by the HCP500 data release were
gradient non-linearity and RF bias corrected, rigid-body
AC-PC aligned, and readout distortion corrected with
accurate co-registration of the individual T2w to T1w
imaging spaces [Glasser et al., 2013]. Sinc- and spline-
based interpolation was used throughout by the HCP pre-
processing pipeline to minimize cumulative smoothing
from repeated resampling. However, some residual blur-
ring and spatial noise correlation are inevitable in the final
individual T1w and T2w images used to construct the
templates below.

Group template construction

An unbiased template was constructed using diffeomor-
phic registration with a joint cost function over both T1w
and T2w high-resolution three-dimensional (3D) images
from all 168 retained subjects. All registrations were per-
formed using the bivariate symmetric normalization (SyN)
algorithm implemented by the Advanced Normalization
Toolbox (ANTs) [Avants et al., 2007]. Initial unbiased seed
templates were constructed for T1w and T2w volumes by
simple averaging across all subjects since all volumes were
already rigid-body AC-PC aligned (i.e., without linear scal-
ing) by the minimal HCP structural preprocessing
pipeline.

The initial unbiased bivariate template was refined itera-
tively by the concatenation of affine and diffeomorphic
registrations of individual T1w and T2w structural images
to their respective templates generated by the previous
iteration. A single diffeomorphic mapping was optimized
for each individual brain using a joint cross-correlation
similarity metric with equal weighting to the T1w and
T2w images [Avants et al., 2008b]. Only a single diffeo-
morphism is required since the individual T1w and T2w
images were accurately co-registered during HCP prepro-
cessing [Glasser et al., 2013]. The velocity field of the dif-
feomorphic transform was regularized using a local
Gaussian-weighted kernel with r 5 3.0 voxels to avoid
overfitting the warp field to image noise [Avants et al.,
2008a]. It should be noted that the ANTs template con-
struction pipeline includes normalization to the whole vol-
ume mean intensity and a Laplacian edge enhancement
filter by default. The purpose of the edge enhancement is
to compensate for blurring induced by intensity averaging
alone, and serves the same purpose as the blurring inver-
sion proposed by Avants et al. for the symmetric group
normalization (SyGN) algorithm in [Avants et al., 2010].
Both approaches result in edge enhanced templates that
emphasize both the shape and appearance of anatomical
structures. The template refinement was terminated after
four iterations, resulting in AC–PC aligned T1w and T2w
unbiased templates with 700 mm isotropic spatial resolu-
tion. These templates are subsequently referred to as the
CIT168 templates.

Probabilistic Atlas Construction

Amygdala subdivisions are difficult to delineate in indi-
vidual structural images from the HCP dataset. In contrast,
the internal divisions of the amygdala become sufficiently
well-defined to allow manual labeling in unbiased bivari-
ate templates generated from approximately 80 or more
registered individual structural images (see Supporting
Information). The final iteration of the joint template con-
struction results in 168 T1w and T2w image pairs warped
from individual spaces to the template space, which are
then averaged to generate the final T1w and T2w tem-
plates. Consequently, we constructed validation templates
from 84 T1w and T2w warped image pairs, selected ran-
domly from the full set of 168 image pairs in template
space. The unselected 84 image pairs were used to con-
struct complementary T1w and T2w templates, which
were also used for labeling validation. This process was
repeated with new random samples to generate eight (four
pairs of complementary) T1w and T2w templates for man-
ual labeling by two experienced observers, was considered
to be a reasonable balance between total labeling time
(typically 4–8 hours per template per observer) and the
need for intra-observer validation.

Both observers (JMT and WMP) labeled the left amyg-
dala in each of the eight validation templates using a pre-
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agreed upon, ordered approach, with the Allen Brain Atlas
as primary reference. The joint unbiased T1w and T2w
templates were viewed simultaneously in ITK-SNAP (ver-
sion 3.2.0) [Yushkevich et al., 2006] using a yoked 3D cur-
sor allowing tissue volumes to be defined by referencing
both contrasts. For most of the amygdala nuclei and sur-
rounding structures, the T2w template provided the high-
est tissue contrast, though in some structures, such as the
anterior commissure and optic tract, the T1w image was
the primary image contrast. Labeling was performed in
the left amygdala only, starting with delineation of the
entire amygdala [Amaral et al., 1992]. The most readily
defined nuclei with explicit boundaries, the lateral (La),
dorsal and intermediate basolateral (BLDI) and central
(CEN) divisions were then completed, constrained within
the previously defined whole-amygdala label. Parcellation
continued with the estimation of implicit boundaries for
remaining nuclear subdivisions using the approaches
reported in the Results section below. Any voxels assigned
to the entire amygdala but not to any specific subregion
were collected in the Amygdala (Other) label. Since each
of the eight validation templates were constructed in the
master CIT168 template space (see above), the probabilistic
labels for each division were constructed by simple aver-
aging over all manually labeled volumes.

Left amygdala labels for each observer and validation
template were mapped to the right amygdala using the
following approach. Each T1w and T2w validation tem-
plate was reflected about the mid-sagittal plane and
warped to its unreflected version using a joint cost func-
tion affine and diffeomorphic transform. The combination
of a reflection and affine then diffeomorphic transform
(reflection warp) results in an anatomically constrained,
high accuracy mapping of points in the left amygdala to
their homotopic counterparts in the right amygdala. The
reflection warp is then applied to the observer labels with
nearest neighbor interpolation to generate a bilateral
amygdala labeling. Each bilateral subregion label was then
averaged over all 16 label volumes (eight validation tem-
plates with two observers). This resulted in a bilateral
probabilistic amygdala atlas with minimal left–right
observer bias (any unique observer variations in the left
amygdala would be duplicated in the right amygdala).
Labeling only one hemisphere is not without precedence
in the subcortical atlas literature (Yushkevich et al., 2015;
Van Leemput et al., 2009]. The accuracy of reflection warp-
ing is addressed in the Supporting Information and total
amygdala volume bias is estimated by comparison to inde-
pendent results from the HCP (see “Comparison with
Existing Atlases” below).

Intra- and inter-observer labeling reliability between
equivalent labels was assessed using two similarity meas-
ures: (1) the Dice coefficient, D, (also known as the
S€orensen index) defined as a ratio of the intersection vol-
ume of two labels to the mean volume of the two labels,
in the range [0,1] [Dice, 1945]. (2) the Hausdorff distance,

H. To calculate H between two labeled regions, we first
determined for each voxel in the first image the minimum
Euclidean distance to any voxel of the same label in the
second image, and then determined the maximum of all
these distances. The Hausdorff distance has identical units
to the voxel dimensions, and is a measure of proximity
between two regions which takes account of shape and
orientation. It finds frequent application in machine vision
to locate a template object within a scene [Huttenlocher
et al., 1993].

It should be noted that the Dice coefficient is sensitive to
the average volume of the two regions being compared.
As the average volume decreases, small errors in overlap
begin to dominate, until in the extreme of a single voxel
label, a single voxel overlap error results in a Dice coeffi-
cient of zero. We, therefore, do not expect Dice coefficients
for small volume labels to approach those typically
encountered for large volume labels, such as brain masks,
which routinely exceed 0.95 [Eskildsen et al., 2012]. The
Hausdorff distance is sensitive to small outlier regions
present in one label only, so that even a single voxel at a
distance from the main label region can skew the final
metric if it is not present in the compared label volume.
Taken together, the two metrics provide complementary
information about label shape, positioning and overlap
similarities within and between observers and between
atlases.

Individual Variation in Amygdala Nuclear

Volumes

Total amygdala and subdivision volumes in individual
brains were estimated by inverting the spatial transform,
mapping individual brains to the unbiased template space
generated during the final iteration of template construc-
tion. The forward mapping from individual space to tem-
plate space was expressed as the concatenation of
optimized affine and symmetric image normalization
(SyN) diffeomorphic transforms [Avants et al., 2008a]. The
inverse mapping was similarly constructed from the indi-
vidual inverse affine and the inverse diffeomorphic trans-
form generated by the SyN algorithm. The inverse
transform was then used to map label probability maps
from the CIT168 template space to individual spaces,
where total label volume was estimated by integration of
the label probability over the whole volume.

Statistical Analysis

The impact of sex (male versus female), age, and hemi-
sphere (left versus right) on individual subdivision and
total amygdala volume were explored using Markov chain
Monte Carlo generalized linear mixed models (MCMC
GLMM) implemented by the MCMCglmm package (ver-
sion 2.21) in R (version 3.13) [Hadfield, 2010]. Sex, age,
and hemisphere were modeled as fixed effects on volume
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with a single random effect of individual subject. Model
selection for the fixed effects was performed using the
total amygdala volume data only, starting with a full
three-way interaction model. The deviance information cri-
terion (DIC), a generalization for hierarchical models of
the Aikaike and Bayesian information criteria, was used
for all model comparisons [Spiegelhalter et al., 2002]. All
full two-way and three-way interaction models were
found to have a higher DIC than the simple main effect
model, supporting the use of the simple main effect model
for all subsequent analyses. All amygdala subdivision vol-
umes and the total amygdala volume were modeled inde-
pendently in separate GLMMs. MCMC parameters were
as follows: 13,000 maximum iterations, 3,000 burn-in itera-
tions, thinning every 10 iterations (resulting in effective
sample sizes of approximately 1,000, and Gaussian trait
distributions.

Comparison with Existing Atlases

As an external validation, we compared the CIT168
amygdala atlas with two well-established probabilistic
atlases, namely the Harvard–Oxford atlas released with
FSL [Desikan et al., 2006; Frazier et al., 2005] and the Jue-
lich atlas released as an SPM toolbox [Eickhoff et al.,
2005]. Comparisons between the amygdala labels of these
atlases were performed in MNI152 space at 1 mm isotropic
spatial resolution to match the native resolution of the
Juelich and Harvard–Oxford atlases. A combination of

univariate SyN diffeomorphism and affine transform was
optimized to map the CIT168 T1w template to the MNI152
(FSL) or Colin27 (SPM) T1w templates with 1 mm iso-
tropic spatial resampling by sinc interpolation. The
Harvard-Oxford atlas provides a single, bilateral probabil-
istic label for the amygdala constructed by registration of
manually labeled individual in vivo structural images. The
Juelich atlas was constructed by elastic registration of
delineations performed in histological sections to an MRI
template, and provides three main subdivisions to the
amygdala, specifically laterobasal, centromedial, and
superficial groups. We chose to merge the medial nucleus
with the cortical nuclear group and label the central
nucleus separately (see “Results” below). Consequently, a
comparison was performed between the combination of
corticomedial and superficial groups in the Juelich atlas
and the combined CMN, CEN, AAA, and ATA labels in
the CIT168 atlas (see Table I for abbreviations). The baso-
lateral complex label, generated by merging La, BL, and
BM, could be compared directly between the two atlases.

All Dice coefficients and Hausdorff distances were cal-
culated for binarized labels of the probabilistic map where
P� 0.5. An additional comparison was performed with the
Juelich atlas labels binarized at P� 0.25, since the amygda-
lostriatal label (ASTR) did not survive binarization at
P� 0.5.

Finally, an independent validation of the total amygda-
loid complex volume was performed by comparing results
from a P� 0.5 thresholding and binarization of the CIT168

Figure 1.

Comparison of high resolution, bivariate whole-brain templates. (a) Single subject T1w and T2w

images from the adult Human Connectome Project HCP500 release. (b) Average HCP500

release templates created using FNIRT non-linear registration. (c) Unbiased bivariate templates

generated by diffeomorphic registration of 168 subjects’ data from the HCP500 release. (d)

High-resolution (500 mm, isotropic) templates from the MNI ICBM152 2009b atlas.
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atlas and the Freesurfer amygdala labels generated by the
HCP structural analysis pipeline. Dice coefficients and
Hausdorff distances were computed at the individual
level. An MCMC GLMM analysis was performed on the
total amygdala volume for the fixed effects of site (CIT vs.
HCP), hemisphere (Right vs. Left) and their interaction,
and the random effect of subject. MCMC parameters were
identical to those used above for analysis of sex, age, and
hemisphere effects.

RESULTS

Subdivisions of the amygdala complex are difficult to
delineate accurately at the individual subject level in the
HCP T1w and T2w data (Fig. 1a). Following unbiased

multivariate diffeomorphic registration, boundaries
between the largest nuclei, specifically, the lateral, basal,
and basomedial nuclei emerged and were more prominent
in the T2w template (Figs. 1c and 2).

We can compare the unbiased multivariate diffeomor-
phic templates to two other published templates, namely
the FNIRT registered templates provided by the HCP
based on a superset of the data used here, and the MNI
ICBM 2009b high resolution templates (Fig. 1b,d). The
HCP templates are qualitatively similar to those generated
for this study, but use the entire subject sample (n 5 500),
including both male and female subjects in a wider age
range and the unbiased template generation was based on
the FNIRT algorithm which has been demonstrated to pro-
vide lower local registration accuracy than the SyN algo-
rithm implemented by ANTs [Avants et al., 2008b; Klein

Figure 2.

General appearance of the left amygdala and neighboring struc-

tures in the CIT168 templates in (a) coronal, (b) sagittal, and (c)

axial sections. The approximate margin of the amygdala is indi-

cated by a dotted white contour. (a) Mid rostrocaudal coronal

section through the amygdala in T1w (left) and T2w (right) tem-

plates. The boundary between La and BL is apparent in both

contrasts. (b) Mid medial-lateral sagittal section locating the

amygdala with respect to the anterior commissure and hippo-

campus. The heavily myelinated stria terminalis is indicated by

black arrowheads in the T2w template. (c) Mid dorsal–ventral

axial section showing the myelinated fiber bands penetrating and

bounding the lateral nucleus (hyperintense in the T1w template).

(d) Mid rostrocaudal coronal section through the amygdaloid

complex from the Allen Brain Institute 34-year-old human refer-

ence atlas. Abbreviations: Amygdala subdivisions, Table I; Hi, hip-

pocampus; GP, globus pallidus; Pu, putamen; SI, substantia

innominata; cl, claustrum; ac, anterior commissure; ot, optic

tract.
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et al., 2009]. Consequently, subdivisions of the amygdala
and other midbrain structures in the HCP average tem-
plates are less pronounced, though the residual noise
texturing in deeper brain areas is less than that seen in
our templates due to the larger number of brains aver-
aged. The MNI ICBM152 2009b templates are sampled at
500 mm isotropically and were constructed by non-linear
iterative registration of images from 152 healthy adults
[Fonov et al., 2011]. The T1w ICBM template is very
comparable in quality to the T1w template constructed
here, with amygdala subdivisions such as the lateral
nucleus identifiable. However, the T2w template is
noticeably more blurred due to the use of two-
dimensional (2D) multislice images with a slice thickness
of 2 mm rather than 3D volumetric T2w source data
[Fonov et al., 2011] (Fig. 1d).

Amygdala Subdivisions

The amygdala complex is traditionally subdivided into
thirteen nuclei in three major groups, namely the deep,
superficial, and remaining nuclei [Whalen, 2009] (Table I).
The deep group or basolateral complex (BLA) is com-
prised of the lateral, basolateral, and basomedial nuclei.
The superficial group includes the medial nucleus, cortical
nuclei, the nucleus of the olfactory tract, and periamygda-
loid cortex, sometimes referred to as the cortical transition
area. The remaining nuclei include the anterior amygda-
loid area, central nucleus, amygdalohippocampal transi-
tion area, and intercalated nuclei. With the exception of
the central nucleus, the remaining nuclei have at least one
boundary that must be implicitly rather than explicitly
defined in the current templates (Fig. 3). For a more
detailed and complete review of the cytoarchitecture and
functional circuits of the primate amygdaloid complex, see
for example [McDonald, 1998; Whalen, 2009].

Completely and Partially Resolved Nuclei

Lateral nucleus (La)

The lateral nucleus is the primary recipient of neocorti-
cal input to the amygdaloid complex and can be divided
into four subdivisions histologically, none of which can be
differentiated currently by in vivo MRI, or in the templates
used here. The lateral nucleus is readily identified in both
T1w and T2w templates and is clearly bounded by more
heavily myelinated tissue medially and dorsally within the
amygdala, by the temporal horn of the lateral ventricle
ventrally and caudally and by temporal lobe white matter
laterally (Figs. 2 and 3).

Basolateral nucleus (BL)

The basolateral nucleus lies medial to the lateral nucleus
from which it receives strong projections. In turn, the
basolateral nucleus not only projects strongly to the central
and medial nuclei, but also to many cortical regions, clos-
ing the sensory information loop between neocortex and
amygdala [Whalen, 2009]. The basolateral nucleus is more
readily identified in the T2w template and is bounded lat-
erally by the lateral nucleus and medially by the basome-
dial nucleus and cortical transition area. Histologically, the
basolateral nucleus can be further divided into three sub-
nuclei: the magnocellular or dorsal (BLD), intermediate
(BLI), and parvocellular or ventral (BLV) divisions (Fig.
2d). The dorsal and intermediate divisions stain far more
strongly for acetylcholinesterase than does the ventral divi-
sion [Garćıa-Amado and Prensa, 2012]. A similar contrast
also appears in the T2w template and is more likely to be
driven by differences in microstructural organization,
including cell sizes between BLD, BLI, and BLV, than by
myelination level [Garćıa-Amado and Prensa, 2012]. Con-
sequently, the dorsal and intermediate divisions are

Figure 3.

Enlargements of mid rostrocaudal sections through the left

amygdala in (a) the T1w and (b) T2w templates. The general

approach to subregion delineation is outlined in (c) and (d). Ini-

tially, the entire amygdala is delineated (solid gray line) followed

by divisions with explicit boundaries (solid black lines), including

the lateral nucleus (La), central nucleus (CEN) and dorsal/inter-

mediate divisions of the basolateral nucleus (BLDI). Finally,

implicit boundaries such as the ventromedial margin of the baso-

medial (BM) nucleus, are estimated from a combination of

explicit superficial and internal boundary landmarks (d, dotted

lines). Regions of the amygdala unassigned to a specific subdivi-

sion or nucleus remained to be collected into the whole-

amygdala (AMY (Other)) label. All images have been resampled

to 200 mm isotropically and the intensity contrast increased rela-

tive to Figure 2 to highlight explicit boundaries within the amyg-

dala. For abbreviations, see Figure 2 and Table I.
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merged into a single BLDI division. No visible boundary
between BLV and the paralaminar nucleus (see below) can
be inferred in either the T1w or T2w template, so these
two divisions are merged into a single BLVPL label.

Basomedial Nucleus (BM)

The third and final nucleus of the deep group, the baso-
medial (or accessory basal) nucleus receives strong projec-
tions from the lateral nucleus and in turn projects strongly
to the neighboring central nucleus with moderate projec-
tions to a subset of the superficial nuclei. In the templates,
BM is slightly hyperintense relative to surrounding tissue
in the T2w template with a hypointense core (Figs. 2 and
3). The ventral boundary of BM with BLV is poorly
defined in both T1w and T2w contrasts. The dorsal medial
extent of BM coincides with a presumably more heavily
myelinated structure (possibly associated with the stria
terminalis) which appears as hypointense in the T2w tem-
plate and is used as a dorsomedial boundary in [Garćıa-
Amado and Prensa, 2012] (Fig. 3). The rostral and caudal
boundaries of BM are also poorly defined in both contrasts
and were inferred from comparison with the histological
atlases.

Cortical and Medial Nuclei (CMN)

The cortical and medial nuclei of the superficial group
lie along the dorsomedial surface of the amygdala. The
cortical nucleus receives projections from the BLA, central
nucleus, and medial nucleus with the anterior division of
the cortical nucleus (CoA) receiving strong direct projec-
tions from the olfactory bulb [Whalen, 2009]. Internal
boundaries between CoA, posterior cortical nucleus (CoP),
the amygdalohippocampal area (AHA), nucleus of the lat-
eral olfactory tract (NLOT), and the medial nucleus (Me)
cannot be identified in either the T1w or T2w template, so
for this atlas all these divisions are merged into a single
CoMe group (Fig. 3). The CoMe group is bounded medi-
ally by BM, ventrally by the amygdalocortical and amyg-
dalohippocampal transition areas (ATA), and dorsally by
the medial nucleus (Me). Only the dorsomedial border of
this nucleus, bounded by cerebrospinal fluid (CSF), is well
defined in the imaging templates (Figs. 2 and 3).

Central Nucleus (CEN)

The central nucleus is a primary recipient of intrinsic
connections within the primate amygdala and one of the
major output nuclei. It lies dorsally and caudally within
the complex and is hyperintense with relatively well-
defined borders in all directions in the T2w template (Figs.
2 and 3). The full rostral–caudal extent of this nucleus is
best appreciated in sagittal sections (Fig. 2b), where the
caudal tail extends over the anterior horn of the lateral
ventricle beyond the head of the hippocampal complex.

Anterior Amygdala Area (AAA)

The anterior amygdala area occupies a rostral and dor-
sal position within the amygdala complex and is separated
in part from the basolateral complex by a thin band of
myelinated fibers visible in T1w and T2w templates, par-
ticularly in sagittal and axial sections. The AAA is contigu-
ous with the periamygdaloid claustrum and this boundary
is invisible and therefore implicit in MR images. The AAA
is hypointense in the T1w template and is better
delineated in this contrast than in the T2w template (Fig.
2b,d).

Amygdala Transition Areas (ATA)

Three amygdala transition areas are identified in the
Allen Brain Atlas: the amygdalocortical, amygdalohipp-
campal, and amygdalostriatal. The amygdalocortical and
amygdalohippocampal areas are contiguous and together
form a band separating the entorhinal cortex from the cor-
ticalmedial group (CMN) of the amygdala. The amygda-
lostriatal transition area is anatomically distinct and
treated separately below. The absence of a visible bound-
ary between the first two transition areas forces their
merger in this atlas into a single ATA. The periamygda-
loid cortex described by [Pitk€anen and Amaral, 1998] is
similarly indistinguishable and is merged into ATA. This
combined transition area is delineated here in coronal sec-
tions using inferred boundaries supported by neighboring
anatomic features, specifically the semiannular sulcus and
the medial angle of the white matter separating the ventral
amygdala boundary from the dorsal surface of the entorhi-
nal cortex. The amygdalostriatal Transition (ASTA) lies
medial and ventral to the temporal branch of the anterior
commissure and is most easily delineated in coronal T1w
sections as a slightly hypointense band between the central
nucleus and the anterior commissure, ventral to the sub-
stantia innominata and contiguous with the ventral puta-
men with which it has an implicit boundary (Fig. 3).

Unresolved Nuclei

Paralaminar nucleus (PL)

The paralaminar nucleus (PL) is readily distinguished in
Nissl stained histological sections but is merged with the
BLV to form the BLVPL label in this delineation for rea-
sons outlined above. It should be noted that the contrast-
ing band (hypointense in T1w, hyperintense in T2w) seen
in coronal sections running the full length of the ventral
boundary of the amygdala (Fig. 3a,b) is unlikely to corre-
spond to the PL. Inspection of sagittal sections (Fig. 2b)
suggests that this is most probably a partial volume effect
from the thin layer of CSF separating the hippocampal
head from the ventrocaudal surface of the BLA.
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Intercalated Nuclei (I)

The intercalated nuclei are small cell masses found at
the boundaries between the basal, basomedial, and lateral
nuclei and ventral to the central nucleus [Whalen, 2009].
Although functionally important in mediating interactions
between lateral and central nuclei, they are unresolvable
by MRI and are omitted from this atlas, without assign-
ment to other nuclei.

Neighboring Structures

The amygdala is surrounded by a variety of heterogene-
ous tissue structures, which, although not part of the

amygdaloid complex, help define its superficial bounda-
ries. The head of the hippocampal complex lies immedi-
ately caudal to the amygdaloid complex, separated by a
thin extension of the temporal horn of the lateral ventricle
that remains unresolved in the current templates. Subfields
of the hippocampus are not identified in this atlas, since
there have been extensive efforts to develop robust auto-
mated segmentation methods for this area [Adler et al.,
2014; Pipitone et al., 2014; Yushkevich et al., 2015]. The
amygdaloid complex is partly bounded medially and ven-
trally by the temporal horn of the lateral ventricle, which
is very well defined in the T2w template. The caudal
extensions of the central and medial nuclei are separated
from the lateral ventricle by the stria terminalis, a major

Figure 4.

Probabilistic maps for the entire amygdala complex and all 10

subdivisions (nine nuclear and one non-nuclear) generated from

a total of 16 manual segmentations by two experienced observ-

ers. The non-nuclear AMY (Other) label represents amygdala

tissue within the boundary but unassigned to any particular

nucleus or transition area. All labeling was performed in the

CIT168 mid-space using templates created by random, counter-

balanced subsampling of 84 from the 168 individual images.
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output pathway of the amygdala running caudally from
its origins in the basomedial and central nuclei to its ter-
minations in the thalamus, bed nuclei of the stria termina-
lis (BNST), hypothalamus and septum. The stria terminalis
is very well defined in both T1w and T2w templates due
to its high level of myelination, which is best appreciated
in sagittal sections (Fig. 2b).

The ventral, diffuse, limitans, and periamygdala divi-
sions of the claustrum [Mai et al., 2008] provide important
landmarks for the segmentation of the amygdala complex
and are marginally better defined in the T1w template
than in the T2w template (Fig. 2a,b). As mentioned previ-
ously, the periamygdaloid and ventral claustrum are con-
tiguous or adjacent to the rostral amygdala and provide
useful landmarks for constraining the amygdala boundary.
The ventral tail or peduncle of the putamen runs medially
to the anterior commissure and can be located in the

imaging templates by extension of the main body of the
putamen in coronal and sagittal sections. Subdivisions of
the ventral putamen, including the peduncle of the lenti-
form nucleus cannot be identified in the CIT168 templates.
The substantia innominata, including the basal nucleus of
Meynert, provides a convenient dorsal boundary to the
mid-rostrocaudal amygdaloid complex. It appears hypoin-
tense in the T1w template and extends mediolaterally
between the optic tract and anterior commissure.

Finally, several large or distinct white matter structures
lie in close proximity to the amygdaloid complex. The
optic tract and anterior commissure are two of the most
prominent white matter tracts neighboring the amygdala
complex dorsally. The optic tract ascends dorsolaterally
from the chiasm and follows the medial boundary of
the medial nucleus until its termination in the lateral
geniculate nucleus. The temporal branch of the anterior

Figure 5.

Comparison of atlas labels in the CIT168 template space and two individual subjects. Maximum

likelihood labels for the amygdala sub-divisions was generated by simple competition between

the probabilistic labels with a P � 0.5 threshold. Labels were mapped from the template to indi-

vidual spaces by inversion of the individual diffeomorphic warp transforms used during unbiased

template construction.
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commissure descends laterally to the main amygdaloid
complex in close proximity to the amygdalostriatal area.

Individual and between group volume differences

The template space probabilistic atlas formed by averag-
ing all 16 manually labeled validation templates (Fig. 4)
was mapped to individual spaces by inverse diffeomor-
phic warping, where amygdala and subdivision volumes
could be estimated for group analysis. Example individual
variations can be visualized in a maximum likelihood rep-
resentation [Amunts et al., 2005] of the transformed proba-
bilistic atlas (Fig. 5). Mean total amygdala and subdivision

volumes by age and sex are summarized in Table II and
Figures 6 and 7, both in absolute units (mm3) and follow-
ing normalization of the amygdala volume to intracranial
volume (ICV) and the subdivision volumes to the amyg-
dala volume. We find that adult amygdala volumes in this
study range from approximately 1,000 to 2,000 mm3

(1.0–2.0 mL) with coefficients of variance (CoVs) for amyg-
dala and subdivision volumes ranging between 8% and
14%. The MCMC GLMM analysis (Table III) revealed a
slight but consistent asymmetry in the absolute and ICV-
normalized volumes of the entire amygdaloid complex
(Fig. 6a,c), with the right amygdala being about 2% larger
than the left. Weak, but statistically significant left–right

Figure 6.

Group distributions of absolute (a,b) and ICV normalized (c,d)

amygdala volumes over all individuals. Individual amygdala volumes

were calculated by inverse diffeomorphic mapping of the probabil-

istic labels to individual subject spaces. Amygdalae were on aver-

age larger in volume in males than in females (a,c), with a slight

(�2%) overall bias towards a larger right amygdala. Normalization

to ICV eliminated the sex difference in volume. No effect of age

on amygdala volume was observed in the age group studied

(adults, 22–35 years old) (b,d). Results for the left and right amyg-

dalae are in dark gray and light gray respectively. Linear models

are overlaid with 95% confidence intervals in the volume versus

age graphs. See Tables II and III for statistical summaries.
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asymmetries were observed in absolute La volume and
normalized volumes of the BL and BM divisions (Fig.
7a,c). No effect of age was observed (Figs. 6b,d and 7b,d),
which is unsurprising considering that all subjects were
adults aged between 22 and 35 years old, at the tail end of
development and with little age-related atrophy. Male sub-
jects had larger amygdala and subdivision volumes in gen-
eral, but this effect disappeared following normalization to
total amygdala or intracranial volume (Table III).

Intra- and Interobserver Reproducibility

The probabilistic maps for each amygdala subdivision
and the entire amygdaloid complex (Fig. 4) encode both

intra- and inter-observer differences, and structural vari-
ability between the randomized validation templates.
Intra- and inter-observer Dice and Hausdorff similarity
measures for the entire amygdala and subdivision vol-
umes are summarized in Table IV and reveal a high level
of intraobserver reproducibility for the whole amygdaloid
complex and the largest subdivisions, La, BLDI with Dice
coefficients exceeding 0.8. All other subdivisions exhibit
Dice coefficients greater than 0.6, with the exception of the
residual whole-amygdala tissue label [AMY (Other)]. Inter-
estingly, the inter-observer similarities are consistently
higher than the intra-observer similarities for all labels,
suggesting that there were non-trivial differences between
the validation templates, which could be reliably captured

Figure 7.

Group distributions of absolute and normalized volumes for the

seven largest amygdala subdivisions over all individuals (a,c). The

subdivision volumes follow the same trends observed in the total

amygdala volume (Fig. 7), with group sex differences vanishing after

normalization (c,d) and no age effect (b,d). Results for the left and

right amygdalae are in dark gray and light gray, respectively. Linear

models are overlaid with 95% confidence intervals in the volume

versus age graphs. See Tables II and III for statistical summaries.
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by independent observers. The sensitivities of the Dice
coefficient and Hausdorff distance to small label volumes
and outlier voxels, respectively, are discussed below.

Comparison to Other Atlases

Inter-atlas similarity comparisons between entire amyg-
daloid complex and subdivision labels in the CIT168
Amygdala, Harvard–Oxford, and Juelich atlases are sum-
marized in Table IV and Figure 8. Similarity between the
CIT168 and Harvard–Oxford whole amygdala labels
(D 5 0.75, H 5 3.0 mm) was comparable to that seen for
intra- and inter-observer similarities for many of the
smaller subdivisions of the CIT168 atlas (D 5 0.6–0.8,

H 5 1.0–2.5 mm). Similarity to the Juelich subdivisions was
substantially lower, with whole amygdala Dice coefficients
between 0.6 and 0.7. Only moderate similarity was
observed for the basolateral complex and poor similarity
for the corticomedial/superficial and ASTA labels (D< 0.5,
H 5 2.5–10.0 mm). Reasons for these poorer similarity met-
rics are discussed below.

As a final external validation the total left and right
amygdaloid complex volume obtained from Freesurfer
segmentation in the HCP pipeline and that obtained from
integration of the equivalent probability map in the
CIT168 atlas are compared in Figure 9. A MCMC GLMM
of total amygdala volume for random effects of subject
and fixed effects of site, hemisphere and their interaction
resulted in the following posterior mean estimates:

Figure 8.

Comparison of amygdaloid complex probabilistic labels for (a)

the CIT168, (b) Harvard–Oxford, and (c) Juelich cytoarchitec-

tonic atlases. Voxel tissue probabilities are indicated in

orange-yellow for P � 0.5 (a–c) and in extended lower for

the Juelich atlas in blue for 0.25 � P < 0.5 (c). Comparison

of amygdala subdivision probabilities between the CIT168

atlas (d,f,h) and the Juelich atlas (e,g,i). The subregions are as

follows: (d,e) Basolateral group (La 1 BL 1 BM), (f,g) Centro-

medial 1 Superficial Group (CMN 1 CEN 1 ATA 1 AAA) and

(h,i) Amygdalostriatal area (ASTA). Voxel tissue probabilities

are indicated in orange-yellow for P � 0.5 (a–c) and are

extended lower for the Juelich atlas in blue for 0.25� P< 0.5.

No voxels survived a P� 0.5 threshold for the Juelich ASTA

label.
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Intercept 5 1,417 mL, Site (HCP) 5 193 mL, Hemisphere
(Right) 5 34 mL, and Site (HCP) by Hemisphere (Right)-
5 54 mL. MCMC approximations of posterior densities are
summarized in Figure 9.

DISCUSSION

The aim of this study was to address the ongoing need
for a finer grained in vivo parcellation of the human
amygdaloid complex, than is currently available using
heuristic or automated methods. For this purpose, we
used an accurate, symmetric diffeomorphic registration
approach to create unbiased multivariate templates based
on the high-resolution in vivo structural MRI data pro-
vided by the Human Connectome Project. The specific dif-
feomorphic registration approach used (SyN) is one of the
most consistently accurate of such algorithms for inter-
subject registration [Klein et al., 2009] and the implementa-
tion by ANTs remains one of the few to support unbiased,
multivariate (i.e. simultaneous T1w and T2w) template
construction. Using this approach, we were able to extend
on previous efforts of in vivo parcellations of the amyg-
dala, as it was possible to distinguish 9 amygdala nuclei.

Furthermore, our results contribute to the ongoing investi-
gation for assessing individual variations and hemispheric
asymmetries in total amygdala and subdivision volumes
in healthy adults. The use of accurate, symmetric diffeo-
morphic registration allows for more extreme deforma-
tions, extending potential application of the atlas to
pediatric, geriatric, and pathological brains.

Although a variety of nomenclatures exist for the divisions
of the amygdala complex, we have attempted to harmonize
these in a way that is consistent with identifiable tissue divi-
sions observed in the T1w and T2w image templates (see
Table I). Because the amygdala delineation developed here is
based on in vivo MRI, particular care was taken to address
this method’s well-known constraints during atlas construc-
tion. The most notable constraint on in vivo imaging in
humans is the necessary trade-off between total imaging
time, signal-to-noise ratio (SNR), contrast-to-noise ratio
(CNR) and spatial resolution seen in individual subject data
(Fig. 1a). The lower SNR of deep brain regions results in a
lower CNR between subdivisions of the amygdala, and is
exacerbated by increased structured noise from acquisition
acceleration (in this case GRAPPA) [Griswold et al., 2002].
Consequently, there is a danger that artificial local bounda-
ries arising from structured noise will influence the

Figure 9.

Comparison of CIT168 total amygdala volumes with those

estimated by the HCP in the same individuals. (a) Scatter

plot of total amygdala volume in the left (black) and right

(gray) hemispheres estimated by Freesurfer in the HCP struc-

tural analysis pipeline and that estimated from the P� 0.5

thresholded volume from the CIT168 probabilistic atlas. Pos-

terior density estimates by an MCMC GLMM using the data

of (a), for (b) Intercept, (c) Site (HCP), (d) the interaction of

Hemisphere (Right) and Site (HCP), and (e) Hemisphere

(Right).
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diffeomorphic mapping, rather than true tissue boundaries.
To address this, we use both T1w and T2w individual images
and a joint cost function, which reduces the chance that iden-
tically structured noise is present in both imaging contrasts,
which in turn minimizes the impact of noise structuring on
the final joint templates.

Multivariate diffeomorphic template construction has
the additional advantage that the resulting inverse warp
fields can be applied to the anatomical delineations on the
template level, to infer volumes and boundaries of amyg-
dala nuclei at the individual level. While some subnuclei
boundaries are clearly represented in individual in-vivo
T1w or T2w images, this inference is necessary, as we
found that not all boundaries of subnuclei and signal gra-
dients are apparent to a human observer in the individual
in-vivo T1w and T2w images. This inference is possible as
we do observe well defined internuclear boundaries and
signal gradients at the template level, and the presence of
boundaries and gradients in the template averages indicate
that this information is present in the noisy individual
images as well. Simulation of template construction in
numerical phantoms confirms that the bivariate diffeomor-
phic approach is reliable at the contrast-to-noise ratios
within individual amygdalae for HCP data (see Support-
ing Information). Finally, inconsistent registration of a
given internuclear boundary over all individuals will
reduce the apparent sharpness of the boundary in the tem-
plate. This in turn reduces the ability of observers to iden-
tify this boundary reproducibly and will be encoded as a
low boundary gradient in the probabilistic atlas.

A previous study [Brabec et al., 2010] observed some
discrepancy in the post mortem literature regarding total
amygdala volume and interhemispheric asymmetry, most
of which arises from differences in definition of amygdala
boundaries and in the use of corrections for tissue shrink-
age. The large variance in amygdala volume estimates
from in vivo MRI has been noted before in an earlier
meta-analysis by [Brierley et al., 2002]. This study con-
cluded that anatomic definition was the largest methodo-
logical factor influencing amygdala volume estimates. For
example, previous volume estimates often suffered from
the difficulty of differentiating the ventral claustrum from
amygdala at 1 mm isotropic T1w images. In contrast, this
differentiation is possible at the resolution and contrast of
our CIT168 templates. Volumetric analysis of the amyg-
dala complex revealed a high level of inter-hemispheric
symmetry with no sex or age-related differences following
normalization to intracranial volume (ICV). The right
amygdala volume was observed to be approximately 2%
larger in our sample (Table III).

Intra- and inter-observer labeling was found to be
highly reliable for the entire amygdala and most distinct
subdivisions (La and BLDI), and reliable for all the
remaining subdivisions except for the residual amygdala
tissue label (D< 0.5, H> 2.5 mm). This result is perhaps
unsurprising, but the construction of a probabilistic rather

than deterministic atlas helps encode observer uncertainty
in a natural and well-established way. Comparison of the
P� 0.5 amygdaloid complex label between the macroscopi-
cally defined CIT168 and Harvard–Oxford atlases is
encouraging, with a relatively high similarity coefficient
(0.76), suggesting that the external amygdaloid complex
boundary is generally comparable between the two atlases.
Comparison of the HCP Freesurfer amygdala volumes
with those estimated from the CIT168 atlas in the same
168 subjects (Fig. 9) reveals a modest effect of site (193 mL)
most likely due to site-dependent differences in delinea-
tion instructions. Only a small interaction between site and
hemisphere (54 mL larger right amygdala for HCP) is
observed, suggesting that only minimal interhemispheric
bias is introduced by the reflection warp used to map
labels from the left to right amygdala. This is consistent
with the observed accuracy of the reflection warp in map-
ping homotopic structures between the left and right
amygdala (see Supporting Information). The right amyg-
dala is 34 mL or 2% larger on average by this method, con-
sistent with previous results above.

The Juelich probabilistic atlas is derived from extremely
accurate delineations in histological sections and is the
only widely distributed probabilistic atlas to include sub-
divisions of the amygdala.

Much of the boundary uncertainty seen in Figure 8c,e,g
and i may arise from the regularization of the elastic
deformations used to construct the probabilistic maps,
which in turn reflects the tremendous technical challenge
of registering histological sections to volumetric MR data
[Amunts et al., 2005; Eickhoff et al., 2005]. The similarities
between the CIT168 and Juelich amygdala divisions are
moderate to poor, but we do not conclude that the CIT168
atlas is unreliable at defining amygdala subdivision boun-
daries, only that direct comparison between two atlases
with such broadly different boundary uncertainties cannot
be well represented by metrics such as the Dice coefficient
or Hausdorff distance.

Finally, any atlas or template delineation should be an
evolving resource, amenable to changes and corrections as
approaches to the nomenclature and assignment of tissue
divisions improve. This is particularly appropriate when the
templates and labels are in a digital form and version control
and curation are readily performed using database manage-
ment tools. The current templates are of sufficient quality to
allow similar parcellations of major mid-brain structures,
including the thalamus and basal ganglia, containing many
tens of identifiable divisions. Consequently opening the atlas
to further editing by independent groups provides a potential
mechanism for probabilistic atlas construction across multiple
observers over all subcortical structures.

CONCLUSIONS

The amygdaloid complex plays a key role in social and
emotional human behavior, but the details of this role and
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its relation to the rest of the brain remain an open ques-
tion. As the spatiotemporal resolution of functional neuroi-
maging methods improves there is an increasing and
unmet demand for an in vivo reference template that
allows accurate localization of functional activity to subre-
gions and even nuclei of the amygdala. To address this,
we have developed a candidate template parcellation
based on high-resolution MRI data from 168 neurotypical
adult brains offering probabilistic delineations for ten sub-
divisions (nine nuclear and one non-nuclear) of the human
amygdaloid complex. The group average templates and
associated delineation can be registered accurately to high-
quality individual structural and functional images
acquired in vivo, allowing assignment of functional activ-
ity to subregions of the amygdala with a specificity not
previously attainable using existing atlases.
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Garćıa-Amado M, Prensa L (2012): Stereological analysis of neu-

ron, glial and endothelial cell numbers in the human amygda-

loid complex. PLoS ONE 7:e3869.
Glasser MF, Sotiropoulos SN, Wilson JA, Coalson TS, Fischl B,

Andersson JL, Xu J, Jbabdi S, Webster M, Polimeni JR, Van
Essen DC, Jenkinson M, WU-Minn HCP Consortium (2013):

The minimal preprocessing pipelines for the Human Connec-

tome Project. NeuroImage 80:105–124.
Griswold MA, Jakob PM, Heidemann RM, Nittka M, Jellus V,

Wang J, Kiefer B, Haase A (2002): Generalized autocalibrating

r In Vivo Amygdala Subdivisions r

r 3997 r



partially parallel acquisitions (GRAPPA). Magn Reson Med 47:
1202–1210.

Hadfield J (2010): MCMC methods for multi-response generalized
linear mixed models: The MCM- Cglmm R package. J Stat
Softw 33:1–22.

Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L,
Miller JA, van de Lagemaat LN, Smith KA, Ebbert A, Riley
ZL, Abajian C, Beckmann CF, Bernard A, Bertagnolli D, Boe
AF, Carta- gena PM, Chakravarty MM, Chapin M, Chong J,
Dalley RA, D, Daly B, Dang C, Datta S, Dee N, Dolbeare TA,
Faber V, Feng D, Fowler DR, Goldy J, Gregor BW, Haradon Z,
Haynor DR, Hohmann JG, Horvath S, Howard RE, Jeromin A,
Jochim JM, Kinnunen M, Lau C, Lazarz ET, Lee C, Lemon TA,
Li L, Li Y, Morris JA, Overly CC, Parker PD, Parry SE, Reding
M, Royall JJ, Schulkin J, Sequeira PA, Slaughterbeck CR, Smith
SC, Sodt AJ, Sunkin SM, Swanson BE, Vawter MP, Williams D,
Wohnoutka P, Zielke HR, Geschwind DH, Hof PR, Smith SM,
Koch C Grant SGN, Jones AR, (2012): An anatomically com-
prehensive atlas of the adult human brain transcriptome.
Nature 489:391–399.

Huttenlocher DP, Klanderman GA, Rucklidge WJ (1993): Compar-
ing images using the Haus- Dorff distance. IEEE Trans Pattern
Anal Mach Intell 15:850–863.

Klein A, Andersson J, Ardekani BA, Ashburner J, Avants B,
Chiang MC, Christensen GE, Collins DL, Gee J, Hellier P, Song
JH, Jenkinson M, Lepage C, Rueckert D, Thompson P,
Vercauteren T, Woods RP, Mann JJ, Parsey RV (2009): Evalua-
tion of 14 nonlinear deformation algorithms applied to human
brain MRI registration. NeuroImage 46:786–802.

Kochunov P, Lancaster JL, Thompson P, Woods R, Mazziotta J,
Hardies J, Fox P (2001): Regional spa- tial normalization: Toward
an optimal target. J Comput Assist Tomogr 25:805–816.

Li J, Schiller D, Schoenbaum G, Phelps EA, Daw ND (2011): Dif-
ferential roles of human striatum and amygdala in associative
learning. Nat Neurosci 14:1250–1252.

Mai J, Paxinos G, Voss T (2008) Atlas of the Human Brain, 3 ed.
New York: Elsevier.

Mazziotta J, Toga A, Evans A, Fox P, Lancaster J, Zilles K, Woods
R, Paus T, Simpson G, Pike B, Holmes C, Collins L, Thompson
P, MacDonald D, Iacoboni M, Schormann T, Amunts K,
Palomero- Gallagher N, Geyer S, Parsons L, Narr K, Kabani N,
Le Goualher G, Boomsma D, Cannon T, Kawashima R,
Mazoyer B (2001): A probabilistic atlas and reference system
for the human brain: International consortium for brain map-
ping (ICBM). Philos Trans R Soc Lond B Biol Sci 356:
1293–1322.

McDonald AJ (1998): Cortical pathways to the mammalian amyg-
dala. Prog Neurobiol 55:257–332.

Moreno N, Gonz�alez A (2007): Evolution of the amygdaloid com-
plex in vertebrates, with special reference to the anamnio-
amniotic transition. J Anat 211:151–163.

Nikolova YS, Koenen KC, Galea S, Wang CM, Seney ML, Sibille
E, Williamson DE, Hariri AR (2014): Beyond genotype: Sero-
tonin transporter epigenetic modification predicts human brain
function. Nat Neurosci 17:1153–1155.

Pipitone J, Park MTM, Winterburn J, Lett TA, Lerch JP, Pruessner
JC, Lepage M, Voineskos AN, Chakravarty MM, Alzheimer’s
Disease Neuroimaging Initiative (2014): Multi-atlas segmenta-
tion of the whole hippocampus and subfields using multiple
automatically generated templates. NeuroImage 101:494–512.

Pitk€anen A, Amaral DG (1998): Organization of the intrinsic con-
nections of the monkey amyg- daloid complex: Projections

originating in the lateral nucleus. J Compar Neurol 398:
431–458.

Pr�evost C, McCabe JA, Jessup RK, Bossaerts P O’Doherty JP
(2011): Differentiable contributions of human amygdalar subre-
gions in the computations underlying reward and avoidance
learning. Eur J Neurosci 34:134–145.

Reuter M, Schmansky NJ, Rosas HD, Fischl B (2012): Within-sub-
ject template estimation for unbiased longitudinal image analy-
sis. Neuroimage 61:1402–1418.

Sanides F (1957): Untersuchungen €uber die histologische Struktur
des Mandelkerngebietes. J Hirnforsch 3:56–77.

Savitz J, Nugent AC, Bogers W, Liu A, Sills R, Luckenbaugh DA,
Bain EE, Price JL, Zarate C, Manji HK, Cannon DM, Marrett S,
Charney DS, Drevets WC (2010): Amygdala volume in
depressed patients with bipolar disorder assessed using high
resolution 3t MRI: The impact of medication. NeuroImage 49:
2966–2976.

Saygin ZM, Osher DE, Augustinack J, Fischl B, Gabrieli JDE
(2011): Connectivity-based segmentation of human amygdala
nuclei using probabilistic tractography. NeuroImage 56:
1353–1361.

Smith SM, Zhang Y, Jenkinson M, Chen J, Matthews PM, Federico
A, De Stefano N (2002): Accurate, robust, and automated lon-
gitudinal and cross-sectional brain change analysis. Neuro-
Image 17:479–489.

Solano-Castiella E, Lohmann G, Sch€afer A, Trampel R Turner R
(2009): Parcellation of the human amygdala using 7t structural
MRI. NeuroImage 47:S72.

Solano-Castiella E, Anwander A, Lohmann G, Weiss M, Docherty
C, Geyer S, Reimer E, Friederici AD, Turner R (2010): Diffusion
tensor imaging segments the human amygdala in vivo. Neuro-
Image 49:2958–2965.

Spiegelhalter DJ, Best NG, Carlin BP, van der Linde A (2002):
Bayesian measures of model complexity and fit. J R Stat Soc
Ser B Stat Method 64:583–639.

Van Essen DC, Smith SM, Barch DM, Behrens TE, Yacoub E,
Ugurbil K (2013): The WU-Minn human connectome project:
An overview. NeuroImage 80:62–79.

Van Leemput K, Bakkour A, Benner T, Wiggins G, Wald LL,
Augustinack J, Dickerson BC, Golland P, Fischl B (2009): Auto-
mated segmentation of hippocampal subfields from ultra-high
resolution in vivo MRI. Hippocampus 19:549–557.

Whalen P (2009): The Human Amygdala, 1 ed. New York: Guil-
ford Press.

Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC,
Gerig G (2006): User-guided 3d active contour segmentation of
anatomical structures: Significantly improved efficiency and
reliability. NeuroImage 31:1116–1128.

Yushkevich PA, Amaral RSC, Augustinack JC, Bender AR,
Bernstein JD, Boccardi M, Bocchetta M, Burggren AC, Carr
VA, Chakravarty MM, Ch�etelat G, Daugherty AM, Davachi L,
Ding SL, Ekstrom A, Geerlings MI, Hassan A, Huang Y,
Iglesias JE, La Joie R, Kerchner GA, LaRocque KF, Libby LA,
Malykhin N, Mueller SG, Olsen RK, Palombo DJ, Parekh MB,
Pluta JB, Preston AR, Pruessner JC, Ranganath C, Raz N,
Schlichting ML, Schoemaker D, Singh S, Stark CEL, Suthana
N, Tompary A, Turowski MM, Van Leemput K, Wagner AD,
Wang L, Winterburn JL, Wisse LEM, Yassa MA, Zeineh MM,
Hippocampal Subfields Group (HSG) (2015): Quantitative com-
parison of 21 protocols for labeling hippocampal subfields and
parahippocampal subregions in in vivo MRI: Towards a
harmonized segmentation protocol. NeuroImage 111:526–541.

r Tyszka and Pauli r

r 3998 r


