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Abstract: The fibers of the pyramidal tract (PT) that connect the precentral and postcentral gyrus with the spinal cord are
organized in a topological manner. However, their exact arrangement and orientation in the internal capsule is still a mat-
ter of debate. Here, we applied magnetic resonance diffusion tensor imaging and tract tracing techniques to determine and
compare the pyramidal fibers from the primary motor and somatosensory system in humans and rhesus monkeys in vivo.
The results demonstrate that the pyramidal systems of the human and monkey brain differ in their orientation at the level
of the internal capsule, whereas track orientations in the gyrus and brainstem appear similar. In the monkey internal cap-
sule the somatotopic arrangement of PT fibers from the upper and lower extremities form an angle with the left-right axis
of 146° + 23° (n=4). Thus, fibers from lateral areas of the gyrus are located more anterior-medial to fibers from medial
cortical areas. In contrast, in humans the angle is only 50° + 16° (n=9) yielding a more anterior-lateral orientation of PT
fibers along the short axis of the internal capsule. These species dependencies may possibly be due to structural con-

straints of the smaller and differently shaped monkey brain.
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INTRODUCTION

In the mammalian brain, the pyramidal tract (PT) is a
subset of the massive corticofugal fiber system, which con-
stitutes the main white matter connection between the cere-
bral cortex and spinal cord. It serves to link higher cortical
functions to the voluntary muscular movements of the arms,
legs, and torso. Although present at birth, the fiber composi-
tion of the PT undergoes several postnatal modifications as
the acquisition of motor skills is correlated with a progres-
sive decrease of fiber numbers and coupled with a more
widespread distribution of fibers to target areas in the spinal
cord [1,2].

Structurally, the PT is composed of more than 1 million
fibers arising from the precentral gyrus (primary motor area,
about 50% of fibers) and the postcentral gyrus (primary
somatosensory area, about 20% of fibers). The remaining
fibers originate from premotor and parietal areas of the brain.
At the level of the medullar pyramid most of the fibers are
myelinated with a diameter of 1 to 4 pm. Single fibers reach
a caliber of 5 to 22 pm [3]. The fibers from different cortical
areas converge into the corona radiata and form a longitudi-
nally oriented fiber bundle of exceptional density in the
semioval center [4]. As a consequence, even small lesions of
the PT in this compact structure may cause large motor dis-
abilities. The fan-shaped structure of the PT fiber bundle
rotates its orientation when proceeding toward the internal
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capsule [4] where it travels through the posterior limb fol-
lowing the same somatotopic order as found in the cortex
[5]. While the fibers from the lateral cortical parts (upper
extremities) are in the more anterior mid-portion of the pos-
terior limb of the internal capsule, the medial projections
(lower extremities) occur in its posterior part [6,1,4]. Never-
theless, the exact location of PT fibers and the degree of their
rotation has been the subject of debates and still remains an
open question.

Possible explanations for the uncertainties regarding the
PT anatomy result from differences between humans and
non-human primates as well as from the use of different
experimental approaches ranging from whole brain dissec-
tions to lesion studies [4, 6-9] and, more recently, magnetic
resonance diffusion tensor imaging (DTI) and virtual fiber
tractography [10-14]. For example, tracking of pyramidal
motor fibers in stroke patients revealed a somatotopic ar-
rangement of the upper and lower extremities in anterior-
posterior direction within the posterior limb of the internal
capsule [12]. Conversely, tracking of hand and foot fibers in
tumor patients indicated the fibers to be arranged along the
left-right axis [11]. In another study, the observation of both
topological orientations in a group of subjects was ascribed
to interindividual differences in brain anatomy [13]. In fact,
although DTI-based fiber tractography allows for a straight-
forward visualization of PT fibers in healthy humans and
monkeys [15-19] as well as in patients with subcortical le-
sions [20], pertinent studies did not focus on the detailed
topological organization of the PT as it passes through the
semioval center and internal capsule into the brainstem.
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Technically, DTI exploits directional differences in the
mobility or self-diffusivity of water molecules that are
caused by differences in the cellular microstructure of the
brain tissue [21]. In white matter, diffusion in the direction
of a nerve fiber, that is along the axon, is much faster than in
the perpendicular direction. Therefore, if axon bundles yield
coherently arranged structures that scale to an image voxel,
the macroscopically measurable diffusion properties become
directionally dependent. When assuming the main diffusion
direction to coincide with the direction of the underlying
fiber bundle, this information may be exploited for a virtual
reconstruction of three-dimensional fiber bundles in the
living organism.

The purpose of this work was to further detail the py-
ramidal fiber system in the human brain and, in view of the
existing discrepancies, to compare it to that of the rhesus
monkey brain. Moreover, we used the same methodology for
both species, that is in vivo DTI and fiber tractography. We
were particularly interested in a re-evaluation of the somato-
topic arrangement of PT fibers originating from medial to
lateral regions of the primary motor and somatosensory cor-
tex, respectively, and their course and relative orientation as
they pass through the semioval center and internal capsule
into the brainstem.

MATERIAL AND METHODS
MRI of Human Subjects

A total of nine right-handed subjects (4 female, 5 male;
age range 21-47 years) participated in the study. None of
them had any history of neurological abnormality. Handed-
ness was assessed in accordance to the hand preference score
reported by Oldfield [22]. All subjects gave written informed
consent before each MRI examination.

MRI studies were conducted at 2.9 T (Tim Trio, Siemens
Healthcare, Erlangen, Germany), using an 8-channel phased-
array head coil. DTI was performed at 2 mm isotropic reso-
lution using diffusion-weighted single-shot stimulated echo
acquisition mode (STEAM) MRI sequences and 5/8 partial
Fourier encoding in combination with a projection onto con-
vex subjects (POCS) reconstruction [23,24]. The protocol
comprised 24 independent diffusion gradient directions and
b values of 0 and 1000 s/mm”. A total of 50 transverse sec-
tions (2 mm thickness) covered the brain. The acquisition
time per dataset was approximately 9 minutes. To increase
the signal-to-noise ratio, the acquisition was repeated three
times. Anatomical images were based on a Tj-weighted 3D
fast low angle shot (FLASH) MRI sequence (repetition time
TR = 11 ms, echo time TE = 4.9 ms, flip angle 15°) yielding
an isotropic spatial resolution of 1 mm.

MRI of Rhesus Monkeys

Four male rhesus macaque (Macaca mulatta, 4 years old)
were premedicated using 0.01 mg kg™ atropin. After induc-
tion by intramuscular injection of 15 mg kg ketamine, gen-
eral anesthesia was maintained by continuous intravenous
propofol (10-15 mg kg™). For MRI, animals were studied in
a supine position with the head centered within the concavity
of a 4-channel small shoulder coil using a home-made
acrylic head holder [19,25]. Animal experiments were ap-
proved by national animal welfare authorities, LAVES,
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Braunschweig, 509.42502/08-

07.02).

MRI studies of rhesus monkeys employed the same sys-
tem and sequences as used for humans. However, anatomical
images were obtained at 0.5 mm isotropic resolution and
diffusion-weighted STEAM MRI was performed at 1.5 mm
isotropic resolution. Multislice cross-sectional images cover-
ing the whole brain (36 contiguous sections at 1.5 mm thick-
ness) were acquired along a horizontal orientation parallel to
the anterior-posterior commissure [as described in 19,25].
The total acquisition time was 28 min.

Germany (reference no.

Fiber Tractography

First of all, it should be noted that stimulated echoes are
insensitive to magnetic field inhomogeneities, so that the
geometrically undistorted STEAM images as well as the
fiber tracks derived therefrom are spatially congruent to the
anatomical images. Without the need for any co-registration
or alignment technique which is usually accompanied by a
certain degree of blurring, the present work therefore al-
lowed for a direct digital superposition of corresponding data
matrices. Before calculation of the diffusion tensor the diffu-
sion-weighted STEAM MRI datasets were interpolated to
1.0 mm isotropic resolution for human studies and 0.75 mm
for monkey studies, that is half of the original linear voxel
dimension or 1/8th of the voxel size. Estimates of axonal
projections were computed by the tensorlines algorithm [26]
using 9 seed points per image voxel, that is one central posi-
tion complemented by two points half way on either side of
each of the four spatial diagonals. The DTI analysis relied on
software developed in house [27] and was previously applied
to map the topography of diverse fiber connections in hu-
mans and monkeys [17,19,25].

Tracking terminated when the fractional anisotropy was
between 0.08 and 0.15 or the main diffusion directions in
consecutive steps differed by more than 15°-20°, depending
on the individual anatomical organization of PT fibers. In all
cases the choice of empirically optimized thresholds and the
definition of regions-of-interest (ROIs) were entirely based
on existing anatomical knowledge with reference to classical
textbooks [2,28].

Reconstruction of the pyramidal fiber system was ac-
complished with a region-to-region tracking technique using
ROIs that were identified on horizontal sections (Fig. 1). A
series of sequential start ROIs (colored strips) was placed
along the precentral and postcentral gyrus, respectively, and
complemented by a target ROI (red bars) inferior to the in-
ternal capsule. The seven start ROIs in the respective cortex
of either hemisphere covered the full medial-lateral exten-
sion of the gyrus in equal parts. Furthermore, to separate the
PT from other projections of the large corticofugal fiber
system such as the corticopontine and corticobulbar bundles,
only tracts were included, which travel the exact course via
the posterior limb of the internal capsule into the brainstem.

The procedure resulted in up to 28 PT fiber profiles (7
ROIs, two cortices, two hemispheres) traveling from the
cortex to the brainstem. In all individuals, anatomical sec-
tions at the level of the insular, displaying the caudate nu-
cleus, putamen, and thalamus, were chosen to visualize the
more superior part of the internal capsule (best anatomical
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Fig. (1). Region-to-region tracking of pyramidal fibers from the motor and somatosensory cortex in the human and rhesus monkey brain.
Cortical start regions are color-coded for medial (green) to lateral (black) parts of the gyri on (top) horizontal and (bottom) coronal images.
The common target ROI covering the ipsilateral internal capsule is coded in red.

view of the posterior limb) and to characterize the topologi-
cal orientation of the respective fiber profiles. Because of
known methodological limitations of DTI-based fiber tracto-
graphy, it was not always possible to track all fibers in every
subject. In particular, connections to the most lateral parts of
the motor and somatosensory cortex were more difficult to
reconstruct, as respective fibers cross other pronounced
white matter tracks such as the superior longitudinal fascicu-
lus.

Centers of gravity were obtained for all partitioned motor
and somatosensory fiber profiles (Image J) and used to de-
termine their topological order and angular rotation in the
internal capsule. The latter values were tested for signifi-
cance (student t-test) at a threshold of p < 0.05 (Microsoft
Excel). We defined the left-right axis as 0° and the anterior-
posterior axis along the interhemispheric fissure as 90°.

RESULTS

In this study, we were able to reproducibly track the
pyramidal system of all subjects in both the left and right
hemisphere and in a manner consistent with anatomical data.
Typical findings are shown for a single human subject and

rhesus monkey (Figs. 2—6). Reconstructed fibers in human
and monkey brain that originate from neighboring areas of
the precentral motor cortex and postcentral sensory cortex
path via the semioval center through the posterior limb of the
internal capsule into the brainstem. Because DTI is blind to
the direction of the fiber bundles (afferent or efferent), the
tracks include both ascending and descending fibers. On the
other hand, while many descending fibers terminate in or
send collateral branches to a number of supraspinal struc-
tures such as the thalamus, red nucleus, and pontine nucleus,
tractography of these fibers was excluded.

In both the human and monkey brain, PT fibers exhibit a
fan-like arrangement, which opens toward the cortex, closes
when approaching the internal capsule, and opens again in
the brainstem (Fig. 2). In this respect, fibers from the pri-
mary somatosensory cortex behave similar to those originat-
ing from the primary motor cortex in both species (Fig. 3). In
the semioval center, internal capsule, and brainstem, sensory
PT fibers always follow the motor PT fibers in a parallel but
more posterior position. Moreover, the topographical ar-
rangement of fibers from the precentral and postcentral gyrus
(compare Fig. 1) is preserved along the entire path of the PT
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Fig. (2). A subset of pyramidal motor fibers originating from the yellow start ROIs (Fig. 1) in the left- and right-hemispheric motor cortices
of the human and rhesus monkey brain at the level of the (left) internal capsule and (right) brainstem.

in both species, that is in the semioval center (Fig. 4), inter-
nal capsule (Fig. 5), and brainstem (Fig. 6). The color-coded
fiber profiles do not represent functionally defined cortical
areas, but were deliberately chosen as a geometric partition-
ing of the gyrus that should allow for both a clear assessment
of fiber composition and topology in different subjects and a
meaningful comparison between humans and monkeys. In

fact, in both species fiber bundles from medial parts of the
cortex (green and blue, near the interhemispheric fissure;
Figs. 4-6) are found in more posterior locations of the inter-
nal capsule than fibers from lateral parts of the cortex (light
blue, white, black; Figs. 4-6). With respect to the twist of the
PT, fibers from more lateral parts of the gyrus rotate into
more anterior positions on their route to the internal capsule.
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Fig. (3). Pyramidal motor (blue) and somatosensory fibers (red) in the human and rhesus monkey brain in (left) sagittal and (middle, right)
oblique horizontal orientations. The fibers rotate along the left-right axis (arrow) as shown at the level of the (middle) internal capsule and
(right) brainstem.

Rhesus Monkey

\!

Fig. (4). Pyramidal motor and somatosensory fiber profiles of the human and rhesus monkey brain in the semioval center (colors refer to
ROIs in Fig. 1). The enlarged views represent overlays of motor and somatosensory fibers with the gray line indicating the border between
both systems.
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Fig. (5). Pyramidal motor and somatosensory fiber profiles of the human and rhesus monkey brain in the internal capsule (posterior part of
the posterior limb, colors refer to ROIs in Fig. 1). The enlarged views represent overlays of motor and somatosensory fibers with the gray
line indicating the border between both systems.

Fig. (6). Pyramidal motor and somatosensory fiber profiles of the human and rhesus monkey brain in the brainstem (colors refer to ROIs in
Fig. 1). The enlarged views represent overlays of motor and somatosensory fibers with the gray line indicating the border between both
systems.
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A comparison of the PT in the human and monkey inter-
nal capsule revealed significant differences (Fig. 5). Apart
from the fact that in the monkey brain the PT rotation al-
ready begins in more ventral parts, the angle formed by the
entirety of motor and somatosensory PT fibers with the left-
right axis is 50° = 16° in humans, but 146° £+ 23° in monkeys
(P <0.05; mean + SD). This finding can also qualitatively be
observed in three-dimensional views of the fiber tracks (Fig.
3). In more detail, in human (monkey) brain the rotation
amounts to 47.9° + 13° (138° £+ 26°) for the motor PT and
52.1°£19° (152° + 21°) for the somatosensory PT.

In contrast to the compact form of the fiber tracks in the
semioval center and internal capsule, the bundles seem to
expand in the brainstem. In both humans and monkeys, the
motor and somatosensory PT fibers stretch along the hori-
zontal axis of the brainstem and travel into deeper brain
parts. Motor fibers are kept in more anterior parts of the
brainstem and sensory fibers posteriorly. In addition, the PT
still maintains its somatotopic ordering with fibers from
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medial cortical areas (green and blue, Fig. 6) in more poste-
rior and lateral fibers (light blue, Fig. 6) in more anterior
locations of the brainstem.

A schematic outline and geometric representation of the
topographically organized PT from the cortex to the brain-
stem (Fig. 7) highlights the general similarity of the pyrami-
dal system in the human and rhesus monkey brain as well as
the pronounced quantitative differences in the internal cap-
sule.

DISCUSSION

Using DTI-based fiber tractography, we compared the
pyramidal motor and somatosensory fiber system in humans
and rhesus monkeys in vivo. In particular, we assessed the
location, topology, and rotation of fibers representing neigh-
boring cortical projection areas in the semioval center, inter-
nal capsule, and brainstem.

Rhesus Monkey

Fig. (7). Frontal views of (top) a schematic outline and (bottom) geometric representation of the pyramidal fiber system in the human and
rhesus monkey brain (blue = motor fibers, red = somatosensory fibers). The medial (m) and lateral (1) fiber bundles exhibit a somatotopic
arrangement which in the posterior limb of the internal capsule is rotated along the left-right axis by 50° in humans and 146° in monkeys.



Pyramidal Fiber System in Human and Rhesus Monkey Brain

First of all, the results confirm previous findings that
place the PT of the primary motor and primary sensory sys-
tem into the posterior limb of the internal capsule, in humans
as well as in monkeys [6,28,29]. Secondly, we observed a
rotation of the PT on its way from the cortex through the
semioval center and internal capsule into the brainstem.
Thirdly, the principle arrangement of PT fibers turns out to
be rather similar in both species. This applies to the fact that
the somatosensory PT tightly parallels the motor PT and also
holds true for the preservation of a somatotopic order down
to the brainstem. Fourthly, however, we found pronounced
species-dependent differences in the orientation of the pri-
mary motor and somatosensory PT in the internal capsule. In
the monkey brain the PT rotation is almost three times larger
than in the human brain and begins shortly after the fibers
leave their cortical projection area.

It seems as if the descending fibers of the PT must rotate
in order to maintain the somatotopic order while continuing
through the brainstem into the spinal cord. One may specu-
late that this arrangement is a plausible consequence of a
structural optimization that ensures a rapid and efficient
arrival in the target region — with fibers conducting informa-
tion for the upper parts of the body ending in more anterior
portions of the brainstem (torso followed by the arms, hands,
and feet). To achieve this topological orientation, the PT in
monkeys begins to rotate earlier, that is ventrally in the up-
per part of the semioval center. Because the monkey brain is
smaller than the human brain and more flat in the ventral-
dorsal extension, one may further speculate that these struc-
tural constraints are responsible for a more pronounced PT
rotation than in humans.

In this work, we used a DTI technique not hampered by
geometric distortions due to tissue susceptibility differences
[23,24]. Although this offers direct spatial congruence of the
reconstructed PT fiber arrangement with anatomical MRI
data sets, the tractography technique still suffers the same
general problems from crossing or “kissing” (parallel) fibers
as discussed by many authors before. Thus, it was not always
possible to obtain fiber profiles for all ROIs of the sensori-
motor gyri. This especially applies to fibers originating from
lateral parts that have to cross the superior longitudinal fas-
ciculus. A further limitation may arise from the lack of a
functional definition of the start ROIs. However, the choice
of a geometric definition with equal and directly neighboring
ROIs covering the extended gyri on an optimized horizontal
section guaranteed for an unbiased comparability between
both subjects and species. It certainly served to answer our
key questions about the topological PT fiber representation
and its change of orientation within the internal capsule.

In conclusion, we found qualitative similarity of the py-
ramidal fiber system in the human and monkey brain in vivo,
but also marked differences in the detailed organization of
PT fibers in the posterior limb of the internal capsule. The
rotation of the somatotopic arrangement observed for fibers
from both the primary motor and somatosensory cortex is
three times larger in monkeys than in humans and may re-
flect structural constraints of the monkey head.
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