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Abstract: Several diffusion tensor imaging (DTI) studies have reported on the
anatomical neural tracts between the amygdala and specific brain regions. How-
ever, no study on the neural connectivity of the amygdala has been reported. In the
current study, using probabilistic DTI tractography, we attempted to investigate
the neural connectivity of the amygdala in normal subjects. Forty eight healthy
subjects were recruited for this study. A seed region of interest was drawn at the
amygdala using the FMRIB Software Library based on probabilistic DTI tractogra-
phy. Connectivity was defined as the incidence of connection between the amygdala
and each brain region at the threshold of 1 and 5 streamlines. The amygdala showed
100% connectivity to the hippocampus, thalamus, hypothalamus, and medial tem-
poral cortex regardless of the thresholds. In contrast, regarding the thresholds of
1 and 5 streamlines, the amygdala showed high conncetivity (over 60%) to the
globus pallidus (100% and 92.7%), brainstem (83.3% and 78.1%), putamen (72.9%
and 63.5%), occipito-temporal cortex (72.9% and 67.7%), orbitofrontal cortex (70.8
and 43.8%), caudate nucleus (63.5% and 45.8%), and ventromedial prefrontal cor-
tex (63.5% and 31.3%), respectively. The amygdala showed high connectivity to
the hippocampus, thalamus, hypothalamus, medial temporal cortex, basal gan-
glia, brainstem, occipito-temporal cortex, orbitofrontal cortex, and ventromedial
prefrontal cortex. We believe that the methods and results of this study provide
useful information to clinicians and researchers studying the amygdala.
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1. Introduction

Amygdala, a large mass of deep nuclei located in the medial temporal lobe, is a part
of the limbic system [2, 37]. The amygdala has widespread connectivity with various
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brain regions [13, 16, 20, 21, 27, 37]. The connected brain regions and their related
functions can be summarized as follows: hippocampal formation-emotional mem-
ory, thalamus-sensory and memory, hypothalamus-autonomic function and defense
reaction, brainstem-autonomic response and defense reaction, striatum-integrated
motor response and goal-directed behavior, occipito-temporal cortex-attention and
visual perception, orbitofrontal and anterior cingulate cortex-aggression and vi-
olence, motor cortex-complex motor behavior, insular cortex-mediation of heart
rate and gustatory processing, ventromedial prefrontal cortex (vmPFC)-anxiety,
and the basal forebrain-aggression and motivation [1, 2, 12, 13, 16, 20, 21, 27, 31,
37]. As a result, the amygdala is known to be involved in the pathogenetic mech-
anism of various neurological diseases, including anxiety disorder, schizophrenia,
Alzheimer’s disease, and autism [8, 20, 37, 39]. Therefore, elucidation of the neural
connectivity of the amygdala would be an important topic for research on these
neurological diseases in terms of diagnosis, treatment, and prognosis prediction.

Many animal studies have reported on the neural connectivity of the amygdala
using electrophysiologic and tracing techniques [3-7, 15, 24-26, 32]. By contrast, use
of these methods in the live human brain is limited [20]. In addition, deep location
in the white matter and widespread connectivity of the amygdala with various
brain regions also cause more difficulty in investigation of the neural connectivity
of the amygdala [6, 20]. Development of diffusion tensor imaging (DTI) enables
evaluation of white matter tracts by virtue of its ability to image water diffusion
characteristics [9]. At the early stage of DTI, deterministic DTI tractography,
which estimates the only primary orientation of diffusion in each MR imaging
voxel, was commonly used [9, 33]. However, due to the crossing fibers, this method
cannot trace all connected brain regions from seed voxels [9, 33]. In contrast,
probabilistic DTI tractography, which is a reflection of the multiple orientations
of diffusion and estimation of more than one fiber population in each MR imaging
voxel, enables tracing of the crossing fibers [9, 29, 33]. Accordingly, probabilistic
DTI tractography has been widely used for investigation of the neural connectivity
of a neural structure in the human brain, including the fornix, lateral geniculate
body, red nucleus, and so on [17, 18, 23, 28]. However, no study on the neural
connectivity of the amygdala has been reported, although several DTI studies have
reported on the anatomical neural tracts between the amygdala and specific brain
regions [11, 16, 19, 21, 22, 30].

In the current study, using probabilistic DTI tractography, we attempted to
investigate the neural connectivity of the amygdala in normal subjects.

2. Methods

2.1 Subjects

Forty eight healthy subjects (males: 26, females: 22, mean age: 331 years, range:
20–50 years) with no previous history of neurological, physical, or psychiatric illness
were recruited for this study. All subjects understood the purpose of this study
and provided written, informed consent prior to participation. The study protocol
was approved by our local Institutional Review Board.
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2.2 Data acquisition

DTI data were acquired using a 6-channel head coil on a 1.5 T Philips Gyroscan
Intera (Philips, Ltd, Best, The Netherlands) with single-shot echo-planar imaging
(EPI). For each of the 32 non-collinear, diffusion-sensitizing gradients, we acquired
67 contiguous slices parallel to the anterior commissure-posterior commissure line.
Imaging parameters were as follows: acquisition matrix = 96×96; reconstructed to
matrix = 128 × 128; field of view = 221 × 221 mm; repetition time (TR) = 10,726
ms; echo time (TE) = 76 ms; parallel imaging reduction factor (SENSE factor) =
2; EPI factor = 49; b = 1000 s/mm2; number of excitations (NEX) = 1; and a slice
thickness of 2.3 mm (acquired voxel size 1.73 × 1.73 × 2.3 mm).

2.3 Probabilistic fiber tracking

Analysis of DTI data was performed using the Oxford Centre for Functional Mag-
netic Resonance Imaging of the Brain (FMRIB) Software Library (FSL: www.fmrib.
ox.ac.uk/fsl). Head motion effect and image distortion due to eddy current were
corrected using affine multi-scale two-dimensional registration. Fiber tracking was
performed using a probabilistic DTI tractography method based on a multifiber
model, and applied in the current study utilizing tractography routines imple-
mented in FMRIB Diffusion (5000 streamline samples, 0.5 mm step lengths, cur-
vature thresholds = 0.2) [9, 29]. A seed region of interest was placed on the known
anatomical location of the amygdala on the axial image for the connectivity [34,
37]. Out of 5000 samples generated from each seed voxel, results for each connec-
tion were visualized at a threshold of 1 and 5 streamlines through each voxel for
analysis. Connectivity represented the percentage of connection in all hemispheres
of 48 subjects.

2.4 Determination of connections between the amygdala and
target brain regions

Connectivity was defined as the incidence of connection between the amygdala and
each brain region: the primary motor cortex (M1), premotor cortex (PMC), pri-
mary somatosensory cortex (S1), posterior parietal cortex (PPC), lateral prefrontal
cortex (lPFC), vmPFC, orbitofrontal cortex (OFC), anterior cingulate cortex, in-
sular cortex, occipito-temporal cortex, medial temporal cortex, caudate nucleus,
putamen, globus pallidus, basal forebrain, thalamus, hippocampus, hypothalamus,
and brainstem.

2.5 Statistical analysis

SPSS software (v.15.0; SPSS, Chicago, IL) was used for the analysis. The chi-square
test was used for determination of the difference in connectivity of the amygdala
between the right and left hemispheres Statistical significance was accepted for p
values of <0.05.
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Fig. 1 (A) Results of diffusion tensor tractography of the neural connectivity be-
tween the amygdala and the target brain regions (right: green, left: blue). (B) The

amygdala shows connectivity with each brain region at each level.

3. Results

The neural connectivities of the amygdala are summarized in Tab. I. In all sub-
jects, the amygdala showed 100% connectivity to the hippocampus, thalamus, hy-
pothalamus, and medial temporal cortex regardless of the thresholds. In addition,
regarding the thresholds of 1 and 5, the amygdala showed high conncetivity (over
60%) to the globus pallidus (100% and 92.7%), brainstem (83.3% and 78.1%), puta-
men (72.9% and 63.5%), occipito-temporal cortex (72.9% and 67.7%), OFC (70.8
and 43.8%), caudate nucleus (63.5% and 45.8%), and vmPFC (63.5% and 31.3%),
respectively. By contrast, other brain regions showed low connectivity (below 50%)
to the PPC (47.9% and 34.4%), S1 (31.3% and 13.5%), insular cortex (28.1% and
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17.7%), M1 (28.1% and 13.5%), lPFC (26.1% and 13.5%), basal forebrain (25.0%
and 18.8%), PMC (9.4% and 5.2%), and anterior cingulate cortex (5.2% and 4.2%),
respectively. In all target brain regions, no significant differences in connectivity
were observed between right and left hemispheres (p > 0.05).

Target brain regions
1 threshold 5 threshold

Rt [%] Lt [%]
Total

Rt [%] Lt [%]
Total

average of average of
Rt/Lt [%] Rt/Lt [%]

Hippocampus 100 100 100 100 100 100
Thalamus 100 100 100 100 100 100
Hypothalamus 100 100 100 100 100 100
Medial temporal cortex 100 100 100 100 100 100
Globus pallidus 100 100 100 91.7 93.8 92.7
Brainstem 83.3 83.3 83.3 79.2 77.1 78.1
Putamen 77.1 68.8 72.9 64.6 62.5 63.5
Occipito-temporal cortex 77.1 68.8 72.9 72.9 62.5 67.7
OFC 64.6 77.1 70.8 41.7 45.8 43.8
Caudate nucleus 66.7 60.4 63.5 52.1 39.6 45.8
vmPFC 62.5 64.6 63.5 33.3 29.2 31.3
PPC 52.1 43.8 47.9 39.6 29.2 34.4
S1 35.4 27.1 31.3 16.7 10.4 13.5
Insular cortex 25.0 31.3 28.1 16.7 18.8 17.7
M1 29.2 27.1 28.1 14.6 12.5 13.5
lPFC 25.0 27.1 26.1 16.7 10.4 13.5
Basal forebrain 27.1 22.9 25.0 18.8 18.8 18.8
PMC 8.3 10.4 9.4 4.2 6.3 5.2
Cingulate cortex 4.2 6.3 5.2 2.1 6.3 4.2

Connectivity (%), Rt: right, Lt: left, OFC: orbitofrontal cortex, vmPFC: ventromedial

prefrontal cortex, PPC: posterior parietal cortex, S1: primary somatosensory cortex, M1:

primary motor cortex, lPFC: lateral prefrontal cortex, PMC: premotor cortex.

Tab. I Incidence of connectivity between the amygdala and the target brain regions.

4. Discussion

In the current study, using probabilistic DTI tractography, we investigated the neu-
ral connectivity of the amygdala in the normal human brain. Many animal studies
have reported on the neural connectivity of the amygdala [3-7, 15, 24-26, 32]. In
1977, Llamas et al. found projections from the amygdala to the prefrontal, pre-
motor, and motor cortices using a tracing technique in 34 cats [24]. Subsequently,
Aggleton et al. [1980, 1984, and 1986] reported on the neural connectivity of the
amygdala to the hippocampus, thalamus, hypothalamus, midbrain, OFC, and an-
terior insular cortex using a horseradish peroxidase tracing technique in monkey
[3-5]. In 1981, using a tracing axonal technique in nine monkeys, Price and Amaral
found that the central nucleus of the amygdala had connectivity to the basal fore-
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brain, hypothalamus, thalamus, and brainstem [32]. In 1984, using an H-amino acid
tracing technique in 12 monkeys, the same authors reported on the connectivity of
the amygdala to the frontal, insular, temporal, and occipital cortices; however, the
dorsolateral PFC cortex showed very low connectivity with the amygdala [6]. Sub-
sequently, using a tracing technique in 26 monkeys, Ghashghaei and Barbas [2002]
demonstrated that the amygdala was heavily connected to the OFC and medial
prefrontal cortex, whereas connectivity with the ventrolateral PFC was poor [25].
They also suggested that connectivity between the OFC and the amygdala might
play an important role in emotion.

According to our findings, the connectivity of the amygdala was as follows:
1) hippocampus (100%), thalamus (100%), hypothalamus (100%), medial tempo-
ral cortex (100%), globus pallidus (100%), brainstem (83.3%), putamen (72.9%),
occipito-temporal cortex (72.9%), OFC (70.8%), caudate nucleus (63.5%), and
vmPFC (63.5%) showed high connectivity with the amygdala at the threshold of 1
streamline and 2) somatosensori-motor related cortexes (PPC: 47.9%, S1: 31.3%,
M1: 28.1%, and PMC: 9.4%), insular cortex (28.1%), lPFC (26.1%), basal fore-
brain (25.0%), and anterior cingulate cortex (5.2%) showed low connectivity with
the amygdala at the threshold of 1 streamline. Considering our results, in general,
the high connectivity to hippocampus, thalamus, hypothalamus, basal ganglia,
brainstem, occipito-temporal cortex, OFC, and vmPFC, and the low connectivty
to somatosensori-motor related cortexes and lPFC appears to be in agreement with
the results of previous studies [8, 10, 11, 14, 20, 25, 31, 32, 35, 37]. However, the low
connectivity to the anterior cingulate cortex, insular cortex, and basal forebrain,
which are known to have high relevance with the amygdala, according to previous
studies, should be considered with regard to whether these results were ascribed to
the limitations of DTI such as crossing fibers [6, 19, 25, 30-32, 35-38]. Therefore,
we believe that conduct of further studies on this topic should be encouraged.

Regarding the human studies, several studies reported on the anatomical neural
connectivity of the amygdala with specific brain regions [11, 16, 19, 21, 22, 30]. In
2003, using DTI in 11 normal healthy subjects, Catani et al. demonstrated the
connectivity between the amygdala and the occipital cortex via inferior longitu-
dinal fasciculus [11]. In 2005, Pezawas et al. reported on interconnection of the
amygdala to the vmPFC in 208 normal healthy subjects [30]. Subsequently, two
studies [2008, Johansen-Berg et al. – 17 normal healthy subjects using DTT and
2009, Kim and Whalen – 12 normal healthy subjects using combined functional
MRI and DTT] identified the pathway between the amygdala and the vmPFC and
OFC, respectively [19, 21]. In 2011, using DTT in 30 normal healthy subjects,
Kwon and Jang identified the stria terminalis which was connected from amygdala
to the anterior hypothalamus through the hippocampal regions and thalamus [22].
In a recent study, using probabilistic DTT in 40 normal healthy subjects, Grčzes et
al. [2014] investigated the direct projections from the amygdala to motor-related
cortical regions (M1, S1, supplementary motor area, and mid cingulate) [16]. They
found direct projections from the amygdala to motor-related cortical regions, which
might influence the complex motor behaviors compared to the direct projections of
emotion-related regions (superior temporal sulcus, fusiform gyrus, inferior frontal
gyrus, and OFC). These previous studies investigated and focused on the connec-
tivity between the amygdala and specific brain regions. By contrast, our study
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investigated the whole connectivity between the amygdala and almost all brain re-
gions. As a result, to the best of our knowledge, this is the first study to investigate
the whole neural connectivity of the amygdala in the human brain.

In conclusion, we investigated the anatomical neural connectivity of the amyg-
dala in normal subjects and the amygdala showed high connectivity to the hip-
pocampus, thalamus, hypothalamus, medial temporal cortex, brainstem, basal
ganglia, occipito-temporal cortex, OFC, and vmPFC. We believe that the methods
and results of this study provide useful information for clinicians and researchers
studying the amygdala. However, several limitations of DTI should be considered
[9, 38]. First, we could not quantify the strength of the connectivity between the
amygdala and each brain region. Second, despite the fact that the amygdala is
composed of several subnuclei, we could not find the connectivity from specific
subnuclei of the amygdala to each brain region [2, 37]. Third, use of probabilistic
DTT tractography can result in false positive and negative findings due to fiber
complexity or partial volume effect throughout the white matter of the brain [36,
38]. Therefore, in order to overcome these limitations, conduct of further studies
should be encouraged.
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