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Abstract
The cortico-basal ganglia-thalamo-cortical feedback loops that consist of distinct white matter pathways are important for 
understanding in vivo imaging studies of functional and anatomical connectivity, and for localizing subthalamic white mat-
ter structures in surgical approaches for movement disorders, such as Parkinson’s disease. Connectomic analysis in animals 
has identified fiber connections between the basal ganglia and thalamus, which pass through the fields of Forel, where other 
fiber pathways related to motor, sensory, and cognitive functions co-exist. We now report these pathways in the human brain 
on ex vivo mesoscopic (250 μm) diffusion tensor imaging and on tractography. The locations of the tracts were identified 
relative to the adjacent gray matter structures, such as the internal and external segments of the globus pallidus; the zona 
incerta; the subthalamic nucleus; the substantia nigra pars reticulata and compacta; and the thalamus. The connectome atlas 
of the human subthalamic region may serve as a resource for imaging studies and for neurosurgical planning.
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Abbreviations
al	� Ansa lenticularis
CM	� Centromedian nucleus
FA	� Fractional anisotropy
fct	� Cerebellothalamic tract
fl	� Lenticular fasciculus
frf	� Fasciculus retroflexus
GPe	� External segment of the globus pallidus
GPi	� Internal segment of the globus pallidus
LG	� Lateral geniculate body

MB	� Mammillary body
MD	� Mean diffusivity
MG	� Medial geniculate body
ml	� Medial lemniscus
mtt	� Mammillothalamic tract
Pf	� Parafascicular nucleus
Pla	� Pulvinar anterior nucleus
PSA	� Posterior subthalamic area
Put	� Putamen
pyt	� Pyramidal tract
RN	� Red nucleus
SN	� Substantia nigra
SNc	� Substantia nigra pars compacta
SNr	� Substantia nigra pars reticulata
stf	� Subthalamic fasciculus
STN	� Subthalamic nucleus
stt	� Spinothalamic tract
tl	� Trigeminal lemniscus
VA	� Ventral anterior nucleus
VAmc	� Magnocellular part of the ventral anterior nucleus
VApc	� Parvocellular part of the ventral anterior nucleus
VLa	� Ventral lateral anterior nucleus
VLp	� Ventral lateral posterior nucleus
VM	� Ventral medial nucleus
VMb	� Basal ventral medial nucleus
VPI	� Ventral posterior inferior nucleus
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VPL	� Ventral posterolateral nucleus
VPM	� Ventral posteromedial nucleus
ZI	� Zona incerta

Introduction

The brain consists of gray matter structures that bear basic 
units of brain functions, and white matter fiber tracts that 
connect these units to form purposeful and efficient func-
tional modules or circuits. Major brain activities of the 
mammalian brain, including sensorimotor, memory, limbic 
and associative functions, are associated with different cir-
cuits, one group of which are described as the cortico-basal 
ganglia-thalamo-cortical feedback loops (DeLong and Wich-
mann 2010; Utter and Basso 2008; Squire et al. 2013; Alex-
ander et al. 1986). The schematics of these loops have been 
suggested on the basis of animal studies, particularly those 
based on monkeys, and have been extrapolated to the human 
brain. The loops related to motor function include motor, 
premotor, and supplementary motor cortices, and parts of 
the putamen (Put), the globus pallidus internal (GPi) and 
external (GPe) segments, the subthalamic nucleus (STN), 
the substantial nigra pars reticulata (SNr) and compacta 
(SNc), and the ventral anterior and ventral lateral thalamic 
nuclei in the nomenclature of Jones (DeLong and Wichmann 
2009; Alexander et al. 1995; Hirai and Jones 1989). These 
gray matter structures work as functional elements, and have 
served as targets for functional neurosurgery, such as deep 
brain stimulation (DBS) and ablation, and recently, MRI-
guided focused ultrasound (Jones et al. 2019; Ghanouni et al. 
2015; Schlesinger et al. 2015; Fasano et al. 2017; Tian et al. 
2018; Lenz 2006). At present, the thalamic ventral lateral 
posterior nucleus [ventral intermediate, Vim of Hassler 
(Hassler 1959)] is known to be an effective target through 
which to reduce parkinsonian and essential tremor (Hirai 
and Jones 1989; Benabid et al. 1991; Schuurman et al. 2000; 
Yamamoto et al. 2019; Elias et al. 2016). The STN and GPi 
are established targets for the treatment of symptoms and 
drug-related complications of Parkinson’s disease and dys-
tonia (Limousin and Foltynie 2019; Miocinovic et al. 2013; 
Lozano and Lipsman 2013; Kalia et al. 2013; Vercueil et al. 
2001).

The H field of Forel, which contains many fiber path-
ways afferent to the thalamus, has been recently used as a 
target for surgical treatment. The production of lesions of 
the H field is called campotomy, and during the 1950–1960s, 
was performed to treat movement disorders (tremor, rigid-
ity, and athetotic movements) (Wycis and Spiegel 1969; 
Spiegel et al. 1962, 1963) and epilepsy (Jinnai 1966; Jinnai 
and Nishimoto 1963). Accumulating evidence has demon-
strated the effectiveness of H field intervention in treating 
various movement disorders (Godinho et al. 2019; Neudorfer 

et al. 2017), leading to increased interest in the location and 
trajectory of fiber tracts that pass through the H field in the 
human brain (Lewis and Galetta 2019). Although the exact 
mechanism of the therapeutic effect is not entirely clear, 
inhibitory pallidothalamic outflow, which includes the ansa 
lenticularis (al) and the lenticular fasciculus (fl), is thought 
to be the target for the amelioration of movement disorders 
(DeLong 1990; Voges et al. 2002; Yelnik et al. 2003; Herzog 
et al. 2004; Plaha et al. 2004; Horisawa et al. 2019). The 
posterior subthalamic area (PSA), which is located in the 
middle-posterior aspect of the H field, is also considered an 
effective therapeutic target for the treatment of movement 
disorders, particularly tremor (Elble et al. 2018). The clinical 
improvement is attributed to the disruption of the cerebel-
lothalamic tract (fct) that passes through the subthalamic 
region. However, numerous fiber tracts pass through the 
small volume of the H field, and therefore, fiber pathways 
affected by electric stimulation or ablation of the H field 
are uncertain, while it is clear that multiple pathways are 
included in lesions or electrical fields related to DBS.

Studies in monkeys have used numerous tracers to carry 
out connectomic analyses and have led to a model of fiber 
connections that pass through the H field in humans (Neu-
dorfer and Maarouf 2018). In addition to the al, fl, and fct, 
the H field and the vicinity contains the amygdalofugal path-
way, the fasciculus retroflexus (frf), the nigrostriatal path-
way, the nigrothalamic pathway, the mammilothalamic tract 
(mtt), and the subthalamic fasciculus (stf). Major pathways 
posterior to this region transmit signals related to somatic 
stimuli, both innocuous [medial lemniscus, (ml) and trigemi-
nal lemniscus (tl)] and noxious [spinothalamic tract (stt) and 
the tract from the spinal trigeminal nucleus] (Neudorfer and 
Maarouf 2018; Apkarian and Hodge 1989; Lenz et al. 2010; 
Craig 2004). The locations of the al, fl, fct, mtt, ml, tl, stt, 
and amygdalofugal pathways have been documented in two-
dimensional (2D) human histological sections (Schalten-
brand and Wahren 1977; Mai et  al. 2015; DeArmond 
et al. 1989; Gallay et al. 2008), and the three-dimensional 
anatomic relationships have been described in schematic 
images for the most part [Fig. 1, adapted from Neudorfer 
and Maarouf (2018)]. Among these pathways, anatomical 
and diffusion MRIs have identified fiber bundles, such as 
the mtt (Mori and Aggarwal 2014; Kamali et al. 2018), ml, 
fct (Chazen et al. 2018; Yamada et al. 2010; Coenen et al. 
2011), al (Lemaire et al. 2011), and amygdalofugal pathway 
(Kamali et al. 2016; Mori and Aggarwal 2014). However, 
given the resolution of most diffusion MRIs used in pre-
vious studies (1.25–2.5 mm), and the small diameters of 
these tracts estimated from histological sections of the sub-
thalamic area (e.g., al, 2 mm; fl, < 2 mm; and mmt, 2 mm) 
(Gallay et al. 2008), accurate localization of thin tracts or 
fiber bundles has been challenging for low-resolution in vivo 
MRI, because sub-voxel connectivity analysis is required. 
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As recent high-angular-resolution diffusion imaging and 
probabilistic tract-tracing technologies allow high-resolution 
sub-voxel analysis, an ex vivo sub-millimeter (mesoscopic) 
resolution diffusion MRI atlas is anticipated as a precious 
resource with which to validate the results obtained from 
in vivo MRI experiments, particularly those that investigate 
the anatomical substrates of effective functional neurosur-
gery (Akram et al. 2017; Herrington et al. 2016; Vanegas-
Arroyave et al. 2016; Pujol et al. 2016), or the pathophysiol-
ogy of movement (Hess et al. 2013) or psychiatric disorders 
(Schafer et al. 2018; Klemm 2004).

The goal of this study was to create an ex vivo meso-
scopic MRI atlas of the subthalamic area, and to investigate 
the trajectories of the thin fiber tracts that pass through the H 
field and the vicinity. A sub-millimeter resolution (250 μm) 
diffusion tensor imaging (DTI) was used to create the atlas. 
To serve as anatomical guidance for in vivo DTI studies, the 
fiber tracts generated on the ex vivo DTI were co-registered 
to an existing human brain DTI atlas in the Montreal Neuro-
logical Institute (MNI) space (JHU-MNI atlas). Our hypoth-
esis is that there are discrete, minimally overlapping bundles 
of fibers that follow different trajectories for each of these 
pathways and tracts through the fields of Forel (Neudorfer 
and Maarouf 2018; Nieuwenhuys et al. 2008; Saint-Cyr et al. 
2002).

Materials and methods

Brain specimen

This study was performed under a protocol for the use of 
de-identified tissues for research purposes, approved by the 
Institutional Review Board of the School of Medicine, Johns 
Hopkins University. A de-identified postmortem specimen 
of the left cerebral hemisphere from a 34-year-old man 
without any known neurological conditions, who died of 
cardiac disease, was provided by the Brain Resource Center 
of the Department of Pathology, after standard pathologic 
examination. The brain was cut into coronal sections with 
a thickness of 10- 20 mm, using our in-house brain-cutting 
tool. The tool was made with an acrylic box to align the 
cerebral hemisphere according to the Talairach coordinates, 
in which the midsagittal plane is on the y–z plane, and the 
anterior commissure–posterior commissure (AC–PC) line is 
on the y-axis. This acrylic box has slits on the bilateral sides 
through which a knife can be slid to cut the coronal sections 
perpendicular to the AC–PC line. The brain tissue was fixed 
in 10% formaldehyde (Hydrol Chemical Company, Yeadon, 
PA, USA) for 1 week, then transferred to phosphate-buffered 
saline. A tissue block that contained the GPi, RN, SN, and 
STN, the size of which was approximately 40 × 24 mm in 

Fig. 1   Schematic view of the fiber tracts that pass through the H, H1 
or H2 fields of Forel. a Coronal view of the anterior aspect of the H 
field of Forel. Blue lines indicate efferent fibers from the mammil-
lary body. Red lines indicate the pallidothalamic connections. b 
Coronal view of the middle aspect of the H field of Forel. Blue lines 
indicate efferent fibers from the substantia nigra pars reticulata. Red 
lines indicate the cerebellothalamic fibers. Green lines indicate effer-
ent fibers from the substantia nigra pars compacta. c Coronal view 
of the posterior aspect of the H field of Forel. Blue lines indicate the 
medial lemniscus. Red lines indicate the trigeminal lemniscus. al 
ansa lenticularis, Amg amygdala, AV anteroventral thalamic nucleus, 
Cl claustrum, CM centromedian thalamic nucleus, fct fasciculus cer-
ebellothalamicus, fl lenticular fasciculus, ft thalamic fasciculus, GPe 

external segment of the globus pallidus, GPi internal segment of the 
globus pallidus, H H field of Forel, H1 H1 field of Forel, H2 H2 field 
of Forel, Hi hippocampus, IC internal capsule, LG lateral geniculate 
body, MD mediodorsal thalamic nucleus, mep mammillary effer-
ent pathway, ml medial lemniscus, mtt mammillothalamic tract, mtg 
mammillotegmental tract, ns nigrostriatal tract, nt nigrothalamic tract, 
P putamen, PF parafascicular thalamic nucleus, Pul pulvinar nucleus, 
RN red nucleus, RT reticular thalamic nucleus, SNc substantia nigra 
pars compacta, SNr substantia nigra pars reticulata, STN subtha-
lamic nucleus, tl trigeminal lemniscus, VA ventral anterior thalamic 
nucleus, VL ventral lateral thalamic nucleus, VP ventral posterior tha-
lamic nucleus, ZI zona incerta, l lateral, m medial, d dorsal, v ventral. 
Adapted from Neudorfer and Maarouf (2018) with permission
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area, was provided for this study. The tissue was scanned 
13 months after harvesting.

Image acquisition and processing

The sample was placed inside a 50 ml conical tube and filled 
with proton-free liquid (Fomblin: Ausimont, Thorofare, NJ, 
USA). Air bubbles were removed by placing the sample in 
a vacuum chamber for more than 10 min. The diffusion-
weighted image was acquired using an 11.7-Tesla NMR 
spectrometer (Bruker Biospin, Billerica, MA, USA). A sin-
gle-channel 30 mm Bruker volume coil was used for both 
RF transmission and reception. A diffusion-weighted gradi-
ent and spin echo (GRASE) sequence with navigator phase 
correction was applied (Aggarwal et al. 2010) to scan the 
ex vivo specimen. The scan parameters were: echo time = 24, 
34, 44, and 55 ms; repetition time = 0.7 s; two signal aver-
ages; two b0 images; and ten diffusion weighted images with 
a b value of 2300 s/mm2. The temperature during the scan 
was 27 °C. The field of view was 40 × 24 × 30 mm3 and the 
matrix size was 160 × 120 × 256, which was zero-filled to 
320 × 240 × 128 after the spectral data were apodized using 
a 10% trapezoidal function. This resulted in an upscale of 
original isotropic resolution (250 × 250 × 250 μm3) to the 
final resolution of 125 × 125 × 125 μm3. The total scan time 
was 40 h. The DtiStudio software package (Jiang et al. 2006) 
was used for the image registration and tensor calculation. 
The linear registration method minimizes a cost function 
based on mean square tensor fitting errors to correct eddy 
current distortion and motion of the tissue (Li et al. 2012). 
The pixels with artefactual signal was eliminated from the 
tensor calculation using the corrected Inter-Slice Intensity 
Discontinuity (Li et al. 2013) algorithm. From the tensor 
field, mean diffusivity (MD) and fractional anisotropy (FA) 
maps were calculated. The FA map was color-coded by the 
principal eigenvectors, shown in red (medial–lateral orienta-
tion), green (anterior–posterior orientation), and blue (supe-
rior–inferior orientation).

The b value of 2300 s/mm2 was selected to ensure that 
signal attenuation in the diffusion-weighted images was 
approximately half that compared to b0 images. Due to the 
lower diffusion constant in the fixed tissue compared to 
in vivo tissues, mainly due to lower temperatures, the appro-
priate b value ranges for fixed tissues are higher than those 
for in vivo studies. Our group has a large body of literature 
for DTI of fixed tissues (Mori et al. 2017; Aggarwal et al. 
2009, 2013; Huang et al. 2009; Chang et al. 2017; Chuang 
et al. 2011; Zhang et al. 2005, 2006, 2012) and this protocol 
has been successfully used in these past studies.

Identification of anatomical structures

Nine deep gray matter structures—the GPi, GPe, mammil-
lary body, putamen, RN, SNc, SNr, STN, and ZI, as well 
as H, H1 and H2 fields of Forel—were manually identified 
by one of the authors (K.O.), using three histology atlases 
(Schaltenbrand and Wahren 1977; DeArmond et al. 1989; 
Mai et al. 2015) as references. The RoiEditor software pack-
age (http://www.MRIst​udio.org) was used to delineate the 
boundary of these gray matter structures and the mean FA 
and MD values were calculated for each structure. Seven 
tracts that were identified through this study included the 
al, fl, fct, frf, mtt, ml–tl–stt complex, and stf. The criteria 
used to select these fibers were: those fibers listed in the 
reference atlases and those that pass through the subthalamic 
area. Note that the ml, tl, and stt are adjacent to each other 
to form a single cluster at the level of the mesencephalon. 
Therefore, in this article, we call this cluster the ml–tl–stt 
complex. Table 1 lists the origins and the terminations of 
these fibers, although the origins/terminations were not 
necessarily included in the tissue block. The ventral amyg-
dalofugal pathway was not included in this study, since the 
fiber pathway annotated in the histology atlases was outside 
the tissue block. The MD image was primarily used to iden-
tify these gray and white matter structures, since it generates 
an image contrast very similar to that of the myelin-stained 
sections used in the reference atlases. As demonstrated in 
Fig. 2, anatomical structures (e.g., mtt, H, H1 and H2 fields 
of Forel, mtt, SNc, STN, thalamus, and ZI) are identifiable 
in the reference atlases (Fig. 2a–c) and the ex vivo MD 
image (Fig. 2d); the myelinated fibers appear dark and areas 
primarily occupied by cell bodies and intercellular matrix 
appear bright. 

Tract reconstruction

The fiber assignment by continuous tracking (FACT) algo-
rithm (Mori et al. 1999), which is implemented in the DTIS-
tudio, was used for the tractography. The major portions 
of the fibers annotated on the 2D histology planes of the 
atlases were used as the seed points (an OR operation for 
the first seed point, with an AND operation in some fibers 
with the second seed point) to determine the tracts (Table 1, 
seed points and Fig. 3) (Oishi et al. 2010). An FA threshold 
of 0.22, an angle threshold of 80°, and a minimum length 
of 7 pixels were applied to determine the fiber tracts. The 
FA threshold was determined based on our prior experi-
ence in ex vivo mesoscopic imaging (Mori et al. 2017) that 
accounted for a balance between the sensitivity to include as 
many target fibers as possible and the specificity to avoid the 
inclusion of false-positive fibers. Results of the tractography 
were validated by the continuity of the tracts between land-
marks determined by the histology atlases. The deep gray 

http://www.MRIstudio.org
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matter parcellations and the H field were used as landmarks 
for the validation, although were not used as the seed points. 
Anatomically implausible fibers were removed using a NOT 
operation at this step. Note that the direction of axonal pro-
jections (the cell body to the axonal terminal) of the tracts 
cannot be judged from the tractogram (Mori and van Zijl 
2002). To investigate the minimum spatial resolution that 
is required to track the fiber tracts, the tract reconstruction 
was performed on downsampled tensor fields with lower 
spatial resolutions (0.5 mm, 0.75 mm, 1.0 mm, and 1.5 mm). 
The downsampling was performed on the DiffeoMap soft-
ware package (http://www.MRIst​udio.org). Note that the 
lower the resolution, the higher the chance of including 
multiple fiber populations with different directionalities in 
each voxel. As a result, the fiber tracts on the downsampled 
images tended to have lower FA values compared to that 
on the original images. Therefore, we first applied an FA 
threshold of 0.22 to the 0.25 mm isotropic image, and if one 
or more tracts became difficult to delineate during the down-
sampling, the threshold was reduced to 0.11 to increase the 
sensitivity to detect the fiber tracts. The tracts were evaluated 
as “delineable” if the entire courses were reconstructable, 
“partially delineable” if a portion of the tracts, but not the 
entire courses, were reconstructable, “few fibers deline-
able” if only 1–3 fibers were reconstructable, and “no fibers 
delineable” if the reconstruction failed.

Co‑registration of the tractograms to the in vivo DTI 
atlas in MNI stereotaxic coordinates

To make the detailed subthalamic fiber pathways available 
(Calabrese et al. 2015) for clinicians and researchers who 
use the standard MNI space, the tractograms obtained from 
the ex vivo mesoscopic DTI were co-registered to an in vivo 
whole-brain MRI/DTI atlas in MNI space (JHU-MNI atlas) 
(Oishi et al. 2009) using the method described previously 
(Aggarwal et al. 2013). The JHU-MNI atlas was cropped 
to select the area covered by the tissue block and was then 
registered to the ex vivo DTI using large deformation dif-
feomorphic metric mapping (Miller et al. 2002). An inverse 
transformation obtained through this process was applied 
to transform the tractograms to the JHU-MNI atlas space.

Results

Gray matter structures and the fields of Forel

The nine gray matter structures: GPi, GPe, mammillary 
body, putamen, RN, SNc, SNr, STN, and ZI, were identi-
fied based on the combination of b0, MD, and color-coded 
FA contrasts (Fig. 4). A summary of the anatomical features 
of the gray matter structures is listed in Table 2. The STN, 
SNc, and SNr were identified as dark structures on the b0 
image and as granular structures on the MD image (Fig. 4b, 

Table 1   Anatomical features of the fiber tracts or fasciculi, and location of the seed points used for the fiber tracking

The origins/terminations were not necessarily included in the tissue block

Tracts/fasciculi Origin Termination Seed point(s)

Ansa lenticularis (al) GPi VApc, VLa, VLp Medial extension of the STN at the 
coronal planes: slices that included 
the MB (1st ROI) and the STN and 
SNc (2nd ROI)

Lenticular fasciculus (fl) GPi VApc, VLa, VLp H2 field of Forel at the sagittal plane
Cerebellothalamic tract (fct) Deep cerebellar nuclei (fastig-

ial, dentate, and interposed)
VLp, VLa, central lateral intrala-

minar nucleus, CM–Pf complex
Superior aspect of the RN at the cor-

onal plane (1st ROI) and posterior 
extension of the mid portion of the 
RN at the axial plane (2nd ROI)

Fasciculus retroflexus (frf) Medial habenular nucleus Interpeduncular nucleus Medial extension of the mid portion 
of the RN at the axial planeLateral habenular nucleus Mesencephalon and diencephalon

Mammillothalamic tract (mtt) Mammillary body VA Superior extension of the MB at the 
axial plane

Medial lemniscus–trigeminal lem-
niscus–spinothalamic tract (ml–tl–
stt) complex

Cuneate and gracile nuclei (ml) VPL (ml) Lateral–posterior extension of the 
mid portion of the RN at the axial 
plane

Substantia gelatinosa of 
Rolando, nucleus proprius 
(stt)

VPL (stt)

Trigeminal nuclei (tl) VPM (tl)
Subthalamic fasciculus (stf) GPe STN Lateral extension of the STN at the 

sagittal planeSTN GPe, GPi

http://www.MRIstudio.org
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slices 13, 12, 10, and 9 mm), although b0 image intensity of 
the SNc was higher than that of the SNr, as reported previ-
ously (Lehericy et al. 2014). On the coronal section of the 
MD image, the STN appeared as an almond-shaped structure 
surrounded by a dark fibrous area; the H2 field of Forel was 
located in the superior aspect and the stf was located in the 
inferior aspect of the area. The SNr contained very high 
FA (> 0.8) and very low FA (< 0.15) granules. The STN 
and the SNc also contained high FA (> 0.5) and low FA 

(< 0.3) granules, but the contrast was less than that seen in 
the SNr. On the three-dimensional reconstruction image (3D 
image), the STN and the substantia nigra (SNr + SNc) both 
appeared as an object similar to an oblate ellipsoid (Figs. 3, 
5, STN and SN). The ZI was identified as a sheet-like struc-
ture on the 3D image (Fig. 5, ZI), and the b0 intensity was 
slightly lower than that of surrounding areas on the b0 image 
(Fig. 4a, slice − 1.8 mm). On the MD image, the superior 
surface was separated from other parts of the thalamus, with 

Fig. 2   Comparison between myelin-stained sections and a mean dif-
fusivity (MD) image. Coronal views at the level of the H field of 
Forel are demonstrated. The MD contrast was similar to that of the 
myelin-stained sections, since the tightly packed myelinated fibers are 
visualized as a dark intensity on both images. a A myelin stain sec-
tion from Schaltenbrand and Wahren (1977), b a myelin stain section 
from Mai et al. (2015), c a Weil stain section from DeArmond et al. 
(1989), d mean diffusivity image of our mesoscopic DTI. Note that 

the a, b and d are coronal sections of specimens aligned to the ante-
rior commissure–posterior commissure line, while c is not. Therefore, 
structures included in section c look different from those in a, b, and 
d.#, H field of Forel; <, H1 field of Forel; >, H2 field of Forel; ^, 
mammillothalamic tract; +, subthalamic nucleus; *, zona incerta; N, 
substantia nigra; T, thalamus; L, lateral; M, medial; P, posterior; S, 
superior. Adapted from Schaltenbrand and Wahren (1977), Mai et al. 
(2015), and DeArmond et al. (1989)
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a higher MD compared to the ZI, or from the H1 field of 
Forel, with a lower MD compared to the ZI. The inferior 
surface was separated from the H2 field of Forel, with a 
lower MD compared to the ZI. The H field appeared as a 
medial continuation of the fl (H2 field) and was dominated 
by green granules with some red or blue granules scattered 
on the color-coded FA image (Fig. 4, surrounded by a yellow 
dotted line on each MD image). The mtt was located in the 
medial aspect, the H2 field was located in the lateral aspect, 
the al was located in the rostral aspect, and the ml–tl–stt 
complex was located in the caudal aspect. As a result of fib-
ers incoming and outgoing from thalamic nuclei converging 
in this narrow area, we were unable to identify each fiber 
separately in the superior and central aspect of the H field. 
The GPi and GPe complex were observed as a dark structure 
medial to the putamen on the b0 image (Fig. 4a, slices − 0.5, 
− 1.8, − 3.0, and − 4.3 mm; and Fig. 4b, slices 14, 13, and 

12 mm). Note that the anterior aspect of the GPi and GPe 
was not included in the tissue block; therefore, the 3D shape 
of the GPi + GPe appeared as a wedge-shaped rather than 
a cone-shaped object in 3D image (Figs. 3, 5a, b, d). The 
medial medullary lamina of the globus pallidus appeared as 
a dark boundary that separated the GPi and GPe in the MD 
image. The GPi and GPe were characterized by a granular 
appearance in which each granule had a specific color (red, 
green, or blue) in the color-coded FA image (Fig. 4a, slices 
− 0.5, − 1.8, − 3.0, and − 4.3 mm). The putamen, located lat-
eral to the GPe, was a structure brighter than the surrounding 
tissue on the b0 and MD images. The FA was lower than that 
of the GPi and GPe, and was characterized by a textile-like 
appearance on the color-coded FA image (best observed in 
Fig. 4b, slices 13, 12, and 10 mm). The medial aspect of 
the mammillary body was seen as an isointense oval in the 
coronal slices of b0 and MD images and the FA was lower 

Fig. 3   Regions of interests (ROIs) used for the tract-tracking and the 
seven tractograms identified in this study. Contours of the ROIs are 
visualized by yellow solid lines placed on the mean diffusivity image 
(left column) and the color-coded FA image (middle column). The 
tractograms and landmark structures are three-dimensionally visual-
ized in the right column, in which the red squares indicate the planes 
on which the ROIs were placed. a Ansa lenticularis (yellow); b len-
ticular fasciculus (orange); c cerebellothalamic tract (light green); 

d fasciculus retroflexus (cyan); e mammillothalamic tract (red); f 
medial lemniscus + trigeminal lemniscus + spinothalamic tract (gray); 
g subthalamic fasciculus (pink). GPi internal segment of the globus 
pallidus (transparent blue), GPe external segment of the globus pal-
lidus (transparent purple), MB mammillary body (transparent olive), 
RN red nucleus (transparent red), SN substantia nigra (transparent 
cyan), STN subthalamic nucleus (transparent yellow), A anterior, L 
lateral, S superior



1300	 Brain Structure and Function (2020) 225:1293–1312

1 3

than that of the other deep gray structures (Fig. 4b, slices 
14 and 13 mm). The lateral aspect of the mammillary body 
was seen as a bright green structure on the color-coded FA 
image. The 3D shape was similar to an egg shape (Figs. 3, 
5a, c). The RN was seen as a low-intensity oval on the b0 

and MD images, and was characterized by a granular appear-
ance on MD and FA images. On the color-coded FA image, 
the inferior half and the most superior part of the RN were 
dominated by green granules. The middle part consisted of 
an anterolateral portion that was dominated by red granules, 

Fig. 4   a Axial and b coronal slices of the mesoscopic DTI. The 
color-coded fractional anisotropy (left column), mean diffusiv-
ity (MD, middle column), and b0 (right column) images are shown 
at five axial and five coronal slice levels. The number (mm) of each 
row represents the distance from the posterior commissure. For the 
axial slices, the distance was measured from the most superior aspect 
of the posterior commissure. For the coronal slices, the distance was 
measured from the most anterior aspect of the posterior commissure. 
The H field of Forel is surrounded by a yellow dotted line on each 
MD image. al ansa lenticularis, fl lenticular fasciculus, fct cerebello-
thalamic tract, frf fasciculus retroflexus, mtt mammillothalamic tract, 
ml medial lemniscus + trigeminal lemniscus + spinothalamic tract, 

pyt pyramidal tract, stf subthalamic fasciculus, CM centromedian 
nucleus, GPi internal segment of the globus pallidus, GPe external 
segment of the globus pallidus, LG lateral geniculate body, MB mam-
millary body, MG medial geniculate body, Pf parafascicular nucleus, 
Pla pulvinar anterior nucleus, Put putamen, RN red nucleus, SNc sub-
stantia nigra pars compacta, SNr substantia nigra pars reticulata, STN 
subthalamic nucleus, VA ventral anterior nucleus, VLa ventral lateral 
anterior nucleus, VLp ventral lateral posterior nucleus, VM ventral 
medial nucleus, VMb basal ventral medial nucleus, VPI ventral poste-
rior inferior nucleus, VPL ventral posterolateral nucleus, VPM ventral 
posteromedial nucleus, ZI zona incerta, A anterior, I inferior, L lat-
eral, M medial, P posterior, S superior



1301Brain Structure and Function (2020) 225:1293–1312	

1 3

and a posteromedial portion that was dominated by blue 
granules (Fig. 4a, slice − 5.5 mm). On the 3D image, the RN 
appeared as an object similar to a prolate ellipsoid (Figs. 3, 
5b, c).

The ansa lenticularis (al)

The tissue block contained a portion of the al after it passed 
under the posterior limb of the internal capsule and projected 
to the H field. On the color-coded FA image, this portion of 
the al could be identified as a green bundle, as demonstrated 
in 2D slices (Fig. 4). The tractogram is demonstrated on the 
ex vivo images (Figs. 3, 5) and on the in vivo T2-weighted 

MRI atlas (Fig. 6). The al was delineable at the downsam-
pled tensor field with a voxel size of 0.75 mm cubic and an 
FA threshold of 0.22, and was delineable at 1 mm cubic 
image with an FA threshold of 0.11 (Table 3). 

The lenticular fasciculus (fl)

The tissue block contained the entire fl from the GPi to the 
H field. On the color-coded FA image, the portion from the 
GPi to Forel’s H2 field was visualized as a red color, and 
then, a green color, where the fasciculus turned anteriorly 
toward the H field, as demonstrated in Fig. 4. The tractogra-
phy is demonstrated on the ex vivo images (Figs. 3, 5) and 

Fig. 4   (continued)
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on the in vivo T2-weighted MRI atlas (Fig. 6). The fl was 
delineable at the downsampled tensor field with a voxel size 
of 1 mm cubic and an FA threshold of 0.22 or 0.11 (Table 3).

The cerebellothalamic fasciculus (fct)

The fct forms a thick vertical bundle that is adjacent to the 
posterolateral aspect of the RN from the inferior to supe-
rior direction. Then, it makes a horizontal turn anteriorly, 
and penetrates the superior aspect of the RN toward the H 
field. The vertical aspect was visualized as a blue bundle 
and the horizontal aspect was visualized as a green bundle 
on the color-coded FA image (Fig. 4). The tractography is 

demonstrated on the ex vivo images (Figs. 3, 5) and on the 
in vivo T2-weighted MRI atlas (Fig. 6). The fct was deline-
able at the downsampled tensor field with a voxel size of 
0.75 mm cubic and an FA threshold of 0.22, and was deline-
able on the 1.5 mm cubic image with an FA threshold of 
0.11 (Table 3).

The fasciculus retroflex (frf)

On the color-coded FA image, the frf was clearly seen as a 
pale blue string attached to the medial portion of the RN, but 
was difficult to identify on the b0 and MD images (Fig. 4a, 
slices − 4.3 and − 5.5 mm). The tractography could visualize 

Fig. 5   3D reconstruction of the basal ganglia, the zona incerta, and 
associated white matter tracts that pass through the H field of Forel. 
The locations of these nuclei and fiber tracts are visualized in a ante-
rior view with a coronal slice of the mean diffusivity (MD) image; b 
posterior–lateral view with an axial slice of the MD image; c medial 
view with a sagittal slice of the MD image; and d superior–anterior 
view with an axial slice of the MD image. The axial and coronal 
sections are demonstrated in Fig. 4, using the same color scheme as 
the reconstructed fiber bundles. al ansa lenticularis (yellow), fl len-

ticular fasciculus (orange), fct cerebellothalamic tract (light green), 
frf fasciculus retroflexus (cyan), mtt mammillothalamic tract (red), ml 
medial lemniscus + trigeminal lemniscus + spinothalamic tract (gray), 
stf subthalamic fasciculus (pink), GPi internal segment of the globus 
pallidus (transparent blue), GPe external segment of the globus pal-
lidus (transparent purple), MB mammillary body (transparent olive), 
RN red nucleus (transparent red), SN substantia nigra (transparent 
cyan), STN subthalamic nucleus (transparent yellow), ZI zona incerta 
(transparent green), A anterior, L lateral, S superior
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Fig. 6   Seven fiber tracts superimposed on the in  vivo T2-weighted 
brain MRI atlas in the Montreal Neurological Institute (MNI) coor-
dinates. The areas surrounded by yellow rectangles (left) are magni-
fied (right). The X, Y, and Z numbers indicate the slice numbers of 
the JHU-MNI atlas (Oishi et al. 2009). al ansa lenticularis (yellow), fl 

lenticular fasciculus (orange), fct cerebellothalamic tract (light green), 
frf fasciculus retroflexus (cyan), mtt mammillothalamic tract (red), 
ml-tl-stt  medial lemniscus + trigeminal lemniscus + spinothalamic 
tract (warm gray), stf subthalamic fasciculus (pink)
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the frf as a curved fasciculus that coursed along the medial 
portion of the RN on the ex vivo images (Figs. 3, 5b, d) and 
on the in vivo T2-weighted MRI atlas (Fig. 6). The frf was 
delineable at the downsampled tensor field with a voxel size 
of 0.5 mm cubic and an FA threshold of 0.22 (Table 3).

The mammillothalamic tract (mtt)

The tract is clearly visible as a low intensity string on the b0 
and MD images (Fig. 2) that arises from the MB and projects 
to the anterior nucleus of the thalamus. The tract was visual-
ized as a blue area on the color-coded FA image, since the 
fiber bundle was mostly parallel to the superior-posterior 
direction. The tractography is demonstrated on the ex vivo 
images (Figs. 3, 5a, b, d) and on the in vivo T2-weighted 
MRI atlas (Fig. 6). The mtt was delineable at the downsam-
pled tensor field with a voxel size of 0.75 mm cubic and an 
FA threshold of 0.22, and was delineable on the 1 mm cubic 
image with an FA threshold of 0.11 (Table 3).

The medial lemniscus–tegmental lemniscus–
spinothalamic tract (ml–tl–stt) complex

The ml is located at the anterior aspect of the ml–tl–stt com-
plex, but exact boundaries among the ml, tl, and stt were 
not visible at the level of the mesencephalon. The tract was 
visualized as a blue area on the color-coded FA image, since 
the fiber bundle was mostly parallel to the inferior-superior 
direction (Fig. 4). The tractography is demonstrated on 
the ex vivo images (Figs. 3, 5b, c, d) and on the in vivo 
T2-weighted MRI atlas (Fig. 6). The ml–tl–stt complex was 
delineable at the downsampled tensor field with a voxel size 
of 1 mm cubic and an FA threshold of 0.22 or 0.11 (Table 3).

The subthalamic fasciculus (stf)

On the color-coded FA image, the stf was visualized as red 
fibers surrounding the STN, representing fibers that ran 
parallel to the medial–lateral direction, and green (anterior 
portion) or red (posterior portion) fibers that penetrated into 

the posterior limb of the internal capsule (Fig. 4). The trac-
tography is demonstrated on the ex vivo images (Figs. 3, 5) 
and on the in vivo T2-weighted MRI atlas (Fig. 6). The stf 
was delineable at the downsampled tensor field with a voxel 
size of 0.75 mm cubic and an FA threshold of 0.22 or 0.11 
(Table 3).

Discussion

Human ex vivo DTI for brain mapping

Postmortem DTI at the mesoscopic scale was applied to 
elucidate the trajectories of the white matter tracts that run 
within and in the vicinity of the H field of Forel, as well as 
to investigate mesoscopic anatomical features of the gray 
matter structures. The ex vivo DTI approach allowed visuali-
zation of the fine detail of the fiber connections and enabled 
us to bridge the knowledge gap between histological obser-
vations and in vivo MRI (Chazen et al. 2018; Yamada et al. 
2010; Coenen et al. 2011; Lemaire et al. 2011; Hori et al. 
2019). One of the limiting factors of in vivo diffusion MRI 
is the spatial resolution, which is limited to 1.25–2.5 mm 
at practical scanning times. Each voxel of in vivo DTI con-
tains many white matter tracts with different orientations and 
connections. Among the tracts depicted here, the al, fl, frf, 
and stf are of thin diameter, and thus, are difficult to trace 
with in vivo deterministic tractography. Indeed, our results 
from downsampled ex vivo DTI suggested that at least a 
voxel resolution of 1 × 1 × 1 mm is required for a reliable 
delineation of the al, fl, and mtt, and even higher resolu-
tion is needed for the delineation of the frf and stf. Even 
for the thick fiber bundles, such as the pyramidal tract, the 
crossing fibers are rarely visualized. Figure 4 demonstrates 
that mesoscopic DTI can visualize the fine fl and stf tracts 
the individual tines of which form the comb system (Nauta 
and Mehler 1966) of the pyramidal tract as they penetrate 
it. As an attempt to incorporate the ex vivo findings into 
in vivo MRI, we co-registered the seven fiber pathways onto 
the JHU-MNI multi-contrast MRI atlas for the anatomical 

Table 3   Resolution and FA 
threshold required to delineate 
the seven fiber pathways

+, delineable; *, partially delineable; ^, few fibers delineable; −, no fibers delineable

Voxel size (mm) 0.25 × 0.25 × 0.25 0.5 × 0.5 × 0.5 0.75 × 0.75 × 0.75 1 × 1 × 1 1.5 × 1.5 × 1.5

FA threshold 0.22 0.22 0.22 0.11 0.22 0.11 0.11

al + + + + * + −
fl + + + + + + ^
fct + + + + * + +
frf + + * * − − −
mtt + + + + − + −
ml–tl–stt + + + + + + ^
stf + + + + * * −
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reference. The subthalamic fiber pathway atlas on the MNI 
coordinates is available through the website (http://lbam.
med.jhmi.edu/).

Microscopic tissue sections can delineate anatomical 
structures at the microscopic level, although the orientation 
of fibrous structures is difficult to visualize. To overcome 
this limitation, several technologies, such as optical coher-
ence tomography (Wang et al. 2014), polarized light imaging 
(Reckfort et al. 2015), and light sheet microscopy (Huisken 
et al. 2004), have been developed to visualize the cytoarchi-
tecture and fiber organization at a micron-scale resolution. 
Ex vivo DTI, therefore, provides an interesting opportunity 
that complements histological observations, and can provide 
the delineation of white matter architecture at the mesoscale 
level.

Pallidothalamic projection

Pallidothalamic fibers originate from the medial portion of 
the GPi and traverse the H field toward the parvocellular part 
of the VA (VApc), VLa, and VLp (Nauta and Mehler 1966; 
Magnin et al. 2006) (Table 1). Autoradiographic studies in 
rhesus monkeys show that the ventral GPi gives rise to fibers 
that terminate in the medal and posterior aspects of the VLa 
and the lateral aspect of the VLp, while the dorsal aspect of 
the GPi projects upon the lateral and rostral VLa and VLp 
(Thach and Jones 1979; Asanuma et al. 1983; DeVito and 
Anderson 1982). The connections efferent to the GPi define 
two fiber pathways (al and fl) and three regions (H, H1, and 
H2 fields), as shown in Figs. 1 and 2. Congruent with a 
schematic figure in (Neudorfer and Maarouf 2018) (Fig. 1), 
our mesoscopic DTI demonstrated that the fl emerges from 
the posterior aspect of the GPi, crosses the posterior limb 
of the internal capsule, and proceeds between the STN and 
the ZI (H2 field). It then traverses the H field, which is ante-
rior to the RN, medial to the ZI, and dorsal and posterior 
to the STN. In turn, the al emerges from the anterior–supe-
rior–medial aspect of the Gpi and courses in front of and 
inferior to the medial aspect of the posterior limb of the 
internal capsule to gain the H field (Neudorfer and Maarouf 
2018). Since the block used in our study did not contain the 
area anterior to the GPi, where the al emerges, the tractog-
raphy could delineate only the al after it passes below the 
internal capsule and arrives at the H field.

Cerebellothalamic connections

The fct is presumed to be responsible for motor coordina-
tion. In addition, Increasing evidence suggests a vital role 
in cognitive functions, including working memory, plan-
ning, verbal fluency, behavior, and abstract thinking (Mid-
dleton and Strick 1997; Middleton and Strick 1998). The 
fct originates from the contralateral fastigial, dentate, and 

interposed deep cerebellar nuclei and traverses through the 
superior cerebellar peduncle. The majority of the fct fib-
ers decussate at the level of the mesencephalon and ascend 
through the RN prior to reaching the H field. Traversing 
Forel’s fields H and H1 in a posteromedial to an anterolateral 
direction, the fct enters the thalamus lateral and posterior to 
the thalamic fasciculus (ft), which consists of the al and fl. 
The fct and ft remain clearly separated in the subthalamic 
region and do not converge; however, an exchange of fibers 
between the two tracts cannot be entirely excluded (Gallay 
et al. 2008). At the level of the thalamus, cerebellothalamic 
fibers primarily project to the VLp, with collaterals reach-
ing the VLa, the central lateral intralaminar nucleus, and 
the centromedian–parafascicular nuclear complex (Asanuma 
et al. 1983; Percheron et al. 1993) (Table 1), with distinct 
neurochemistry (Calzavara et al. 2005). Our mesoscopic DTI 
enables visualization the fct at the level of midbrain, where 
it ascends posterolaterally adjacent to the RN, and where it 
penetrates the superior aspect of the RN toward the H field. 
This trajectory, particularly the portion that penetrates the 
RN, has been difficult to visualize in previous studies using 
human in vivo DTI (Nowacki et al. 2018). However, our 
method could not visualize the intra-thalamic aspect of the 
fct, probably due to other fibers co-located in the thalamus.

Connections related to somatic sensation

Pathways subserving somatic sensation, both innocuous 
and pain-related, such as the ml, stt, and tl, traverse Forel’s 
fields. These three tracts run parallel to the inferior-superior 
direction, forming a single cluster in the midbrain; there-
fore, we created a single tract, the ml–tl–stt complex, using 
tractography. Microscopically, the fibers of the ml can be 
distinguished from those of the stt, since their unstained 
fibers intermixed with fibers of the stt which stain for the 
calcium binding protein calbindin (Rausell and Jones 1991). 
A previous study based on in vivo DTI tractography could 
segregate the ml and stt by placing the seed points at the 
level of the pons (Kamali et al. 2009), where these two tracts 
can be clearly differentiated. Since our block did not contain 
the pons, the boundaries among these tracts were difficult to 
determine. The ml–tl–stt complex forms the posterior bor-
der of the H field. This posterior aspect of the subthalamic 
area also contains terminations of efferent fibers from the 
mesencephalic reticular formation (Asanuma et al. 1983). 
Animal studies of anterograde transport following injections 
demonstrated connections between the cuneate and the ZI 
through the ml (Hand and Van Winkle 1977), and between 
the trigeminal nuclei and the ventral posteromedial nucleus 
(VPM) through the tl, which loops diffusely into the medial 
H1 field (Jones et al. 1986). The tl and the stt pathways in 
primates project diffusely to the medial portion of H1 (Neu-
dorfer and Maarouf 2018; Morel 2007) and enter into the 

http://lbam.med.jhmi.edu/
http://lbam.med.jhmi.edu/
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ventral posterior nucleus of the thalamus (Neudorfer and 
Maarouf 2018; Mehler 1962) (Table 1). Our method could 
not track the distal portion of the ml, stt, and tl, probably 
because these fibers enter into the thalamic nuclei without 
forming a tight bundle, and the inferior-lateral aspect of the 
thalamus consists of massive thalamocortical efferent fib-
ers that intersect the thalamic afferent fibers, including the 
ml–tl–stt complex.

Other fiber bundles within or adjacent to the H field

Interest in the fields of Forel has focused on the motor and 
somatosensory pathways to the thalamus, as described 
above. However, other important pathways may traverse 
through or adjacent to the H field. The mtt originates from 
the posteromedial mammillary body and defines the medial 
border of the H field as it projects toward the anteroventral 
thalamic nucleus and constitutes the medial border of the H 
and H1 fields (Veazey et al. 1982; Ricardo 1983; Irle et al. 
1984) (Table 1). Our tractography could clearly demonstrate 
the entire course of the mtt from the mammillary body to the 
thalamus within the block, congruent with previous publica-
tions (Mori and Aggarwal 2014; Kamali et al. 2018).

The frf is located adjacent to the medial portion of the RN 
and consists of efferent fibers from the medial and lateral 
habenular nuclei (Herkenham and Nauta 1979). The fibers 
that originate from the medial habenular nucleus primar-
ily project to the interpeduncular nucleus, while those that 
originate from the lateral habenular nucleus disperse mainly 
in three directions: rostral; lateral; and dorsocaudal; and pro-
ject to various nuclei in the mesencephalon and diencepha-
lon (Table 1). Although an increasing body of evidence has 
implicated the habenula and the projection through the frf in 
various psychiatric disorders (Fakhoury 2017), little attempt 
has been made to delineate the trajectory of the human frf 
using DTI. We demonstrated that the frf is clearly visible 
on the color-coded FA map of the mesoscopic DTI and the 
trajectory can be reconstructed using tractography.

The stf contains fibers from the GPe toward the STN 
(Kim et al. 1976) and fibers from the STN toward the GPi 
and GPe (Groenewegen and Berendse 1990). Our tractogra-
phy demonstrated a trajectory very similar to that obtained 
from a radioactive label injection study performed on rhesus 
monkey brains (Kim et al. 1976), particularly, where the 
stf penetrates the internal capsule through the comb system 
(Neudorfer and Maarouf 2018).

Limitations

Ultra‑high field ex vivo DTI as experimental data

There are several issues related to the ex vivo mesoscopic 
DTI. Low temperature and tissue fixation are known to 
reduce the diffusion coefficient (Schmierer et al. 2008), 
which mandated the use of a high b value to sensitively 
detect diffusion, although increasing b values and resolu-
tions are concomitant with a decrease in the signal-to-noise 
ratio (SNR). The ultra-high field (11.7 T) was required to 
obtain DTI with an SNR high enough to delineate detailed 
anatomical structures on a mesoscopic scale. Care should 
be taken to compare the FA and MD values reported in this 
manuscript to those obtained from other ex vivo or in vivo 
DTI studies, because DTI-derived scalar values are affected 
by scan parameters and magnetic fields (Chung et al. 2013), 
as well as by tissue deformation that occurs during excision 
and fixation (Guilfoyle et al. 2003; Sun et al. 2005).

Limitations of the deterministic tractography

One of the known limitations of the deterministic FACT 
algorithm is the inability to estimate crossing fibers. The 
fiber-tracking is sensitive to spatial resolution, because 
a larger voxel size (= lower resolution) is related to an 
increased chance of including multiple fiber populations 
with different directionalities in a given voxel, which results 
in the termination of the tractogram (Mori and Zhang 2006). 
To overcome this limitation, we adopted a super-high-reso-
lution approach by which to reduce the amount of fiber pop-
ulations within a voxel. Alternative approaches include the 
use of non-tensor models, such as high-angular-resolution 
diffusion imaging and probabilistic tractography algorithms 
(Behrens et al. 2003; Tuch et al. 2003; Tournier et al. 2007; 
Jeurissen et al. 2011). These approaches can increase the 
amount of within-voxel information about fiber orientations 
to ameliorate the fiber-crossing issue, although higher b val-
ues that reduce the SNR and longer scan times to encode 
more diffusion directions, compared to those of DTI, are 
required. Diffusion MRI parameters and tractography meth-
ods optimized for ex vivo mesoscopic images are yet to be 
investigated.

Fibers unable to be visualized

Although the nigrothalamic and nigrostriatal pathways are 
located in the H field in the primate brain (Francois et al. 
2002; Neudorfer and Maarouf 2018), the locations were not 
clearly demonstrated on the reference atlases (Schaltenbrand 
and Wahren 1977; DeArmond et al. 1989; Mai et al. 2015); 
therefore, we could not place seed points to determine these 
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pathways. In primates, the nigrothalamic fibers arise from 
the whole mediolateral extent of the SNr, which projects 
through the H field and then gives rise to two branches as 
it proceeds dorsally (Francois et al. 2002; Neudorfer and 
Maarouf 2018). The medial component of the SNr gives 
rise to an anterior branch and projects medially to the VAmc 
and medial dorsal nuclei of the thalamus. The lateral com-
ponent of the SNr gives rise to a posterior branch, which 
proceeds laterally to the posterior part of the VAmc, and to 
the densocellular, paralaminar, and parvocellular subdivi-
sions of the medial dorsal nucleus. The nigrostriatal path-
way originates from the dopaminergic SNc (Francois et al. 
1984; Neudorfer and Maarouf 2018). Fibers initially proceed 
along the dorsal-medial aspect of the SNc as a tract that 
reaches the medial posterior aspect of the H field. Subse-
quently, projections to the caudal striatum separate from the 
principal bundle dorsolaterally, ascend over the STN, and 
traverse the internal capsule toward the putamen, following 
a course similar to that of the fl (Haber and Calzavara 2009). 
According to this a priori knowledge, an attempt was made 
to expand the surface of the SN (Fig. 5) to create a region 
of seed points to delineate the nigrothalamic and nigrostri-
atal pathways. We also placed seed points on the thalamus 
to inversely delineate the nigrothalamic pathway. However, 
both attempts failed in delineating these pathways, probably 
because these fibers traverse over many fibers within the H 
field and do not form a tightly packed bundle structure (see 
the “Limitations of the deterministic tractography” section).

Conclusion

Mesoscopic anatomical features of gray and white matter 
structures in the subthalamic area were described in detail. 
As we hypothesized, the tractography could delineate dis-
crete and minimally overlapping bundles of fibers, includ-
ing the al; fct; frf; fl; mtt; ml–tl–stt complex; and the stf. 
These tracts or fasciculi follow different trajectories through 
the subthalamic area. The limitation includes difficulty in 
tracking fibers within or adjacent to the thalamus due to the 
existence of thalamocortical efferent fibers that intersect the 
thalamic afferent fibers. To acquire the mesoscopic image 
within the scan time (40 h), the size of the tissue specimen 
was inevitably limited; therefore, the entire length of the 
tracts or fasciculus was unable to be visualized. Neverthe-
less, the ex vivo mesoscopic DTI approach allowed visuali-
zation of the fine detail of the fiber connections and enabled 
us to bridge the knowledge gap between histological obser-
vations and in vivo MRI.
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