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Abstract

The corticospinal tract (CST) is one of the most well studied tracts in human neuroanatomy. Its
clinical significance can be demonstrated in many notable traumatic conditions and diseases such
as stroke, spinal cord injury (SCI) or amyotrophic lateral sclerosis (ALS). With the advent of
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diffusion MRI and tractography the computational representation of the human CST in a 3D
model became available. However, the representation of the entire CST and, specifically, the hand
motor area has remained elusive. In this paper we propose a novel method, using manually drawn
ROIs based on robustly identifiable neuroanatomic structures to delineate the entire CST and
isolate its hand motor representation as well as to estimate their variability and generate a database
of their volume, length and biophysical parameters. Using 37 healthy human subjects we
performed a qualitative and quantitative analysis of the CST and the hand-related motor fiber
tracts (HMFTSs). Finally, we have created variability heat maps from 37 subjects for both the
aforementioned tracts, which could be utilized as a reference for future studies with clinical focus
to explore neuropathology in both trauma and disease states.
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1 Introduction

Of primary relevance and clinical interest among the fiber pathways in the human brain have
been the pathways associated with motor function and, more specifically, the corticospinal
tract (CST). Strictly speaking, the CST is the large descending fiber tract that originates in
the cerebral cortex and extends longitudinally through the bulbar pyramid. The terms CST
and pyramidal tract (PT) are often used interchangeably (e.g., (Mai and Paxinos 2011)), and
are used synonymously in the present study. The anatomy of the CST and its correlation
with clinical outcomes has been the focus of medical research since the 1600s. Willis (Willis
1664) described and named the pyramids of the medulla in the macrodissected adult human
brain and in other large mammals, stating that they resembled great nerves. Mistichelli
(1709, cited in (Finger 1994)) described crossing fibers on the ventral surface of the medulla
and published an illustration of the pyramidal decussation. However, he maintained that
these fibers originated from the dura mater. One year later, Pourfour du Petit (1710, cited in
(Finger 1994), and in (Clarke and O’Malley 1996)) gave a description of the fiber
architecture of the pyramidal decussation using postmortem human and experimental animal
(dogs) material. He provided his own illustrations of the decussating fibers in the pyramids,
and noted that the cerebral cortex has a direct role in movement. It was in the 1800s that Gall
and Spurzheim (Gall and Spurzheim 1810) associated the PT with motor function and that
Cruveilhier (Cruveilhier 1853) correlated its atrophy with contralateral paralysis. Turck
((Turck 1851); 1852, cited in (Clarke and O’Malley 1996)), using secondary degeneration
methods, observed both crossed and uncrossed pyramidal tract fibers. Turck believed the
pyramidal tract originated in the basal gray matter of the brain and not in cerebral cortex.
Thus, he used “pyramidal” to denote the pyramids of the brainstem rather than Betz cells,
which had not yet been described. A few years later, the crossed and uncrossed pyramidal
fibers were recognized by Bouchard (Bouchard 1866) as parts of the PT. Finally, the
uncrossed lateral PT fibers were identified in the macaque by Schéafer (Schafer 1883) as well
as in human pathological material by Pitres (Pitres 1884). In 1877, Flechsig (Flechsig 1877)
observed in pathological material that lesions of the motor area of the cerebral cortex result
in degeneration of the PT. In 1904, Flechsig (Flechsig 1904) noted that the cortical origin of
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the PT, i.e., the CST, appeared to be the middle and upper thirds of the precentral gyrus.
Shortly thereafter, Holmes and May (Holmes and May 1909) provided further insight on the
cortical architectonic origins of the CST, identifying the source as the giant pyramidal cells
of Betz in Brodmann’s area 4 (BA 4). Since the early 1900s, qualitative studies have been
complemented by quantitative investigations (Campbell 1905; Ford and Hackney 1997;
Hille 2001; Lassek and Rasmussen 1939; Parent 1996; Pellegrino et al. 1984; Yagishita et al.
1994) that have produced a detailed understanding of the CST in terms of number of cells
and fibers composing this fiber tract in humans.

Experimental studies of the rodent and non-human primate CST have elucidated the
anatomy and physiology of the motor system (Barnard and Woolsey 1956; Kuypers 1958;
Kuypers 1964; Levin and Beadford 1938; Nyberg-Hansen and Rinvik 1963; Peele 1942;
Russell and DeMyer 1961). In particular, based on some of those studies, the present
consensus is that the origin of the CST is more restricted in humans compared to non-human
primates. In humans the CST is currently thought to originate from BA 4 (primary motor
cortex, giving rise to about 60% of the CST fibers), area 6 (supplementary motor area) and
part of the parietal lobes (Davidoff 1990). These studies are highly relevant, given their
translational potential to humans, especially in the clinical domain of neuroregeneration and
repair. Importantly, in order to be able to screen for pathological findings, track clinical
progress and detect the regenerative potential of developing therapies, clinicians and
researchers need to know the anatomy of the individual subject.

The advent of diffusion magnetic resonance imaging (dMRI) (Basser et al. 1994; Le Bihan
et al. 1986) has greatly facilitated the study of neural connections in humans, both ex vivo
and, most importantly, in vivo in a non-invasive fashion. Although dMRI is a powerful
approach for studying brain connections there are limitations that need to be overcome. Both
the diffusion tensor imaging (DTI) and high angular resolution diffusion imaging (HARDI)
techniques (Basser et al. 1994; Tuch et al. 2002) have permitted a more valid examination of
the most sizeable and best defined fiber tracts in humans (Makris et al. 2005; Schmahmann
and Pandya 2006). Thus, pioneering studies using diffusion imaging-based segmentation
(Makris et al. 1997; Makris et al. 2005) and tractographic approaches (Lori et al. 2002; Mori
et al. 1999) aimed at delineating the corpus callosum (Huang et al. 2005), CST (Stieltjes et
al. 2001), optic radiations (Sherbondy et al. 2008) and the major corticocortical association
fiber tracts (Makris et al. 1997, p. 199; Mori et al. 1999) in humans. Given the anatomical
location of the hand representation in the posterior limb of the internal capsule (IC)
(Bertrand et al. 1965; Chronister and Hardy 1997) and its considerable size and well-known
anatomy in humans, the CST may be one of the most highly studied fiber pathways in the
human brain (Betz 1874; Lassek and Rasmussen 1939; Parent 1996). Several investigations
of its physiology (Schafer 1910), function (Bertrand et al. 1965), clinical significance
(Dejerine and Dejerine-Klumpke 1895; Hirayama et al. 1962), and MRI-based
characterization (Chen et al. 2016; Ellis et al. 2001; Holodny et al. 2005; Kuo et al. 2017;
Lee et al. 2015; Mandelli et al. 2014; Mormina et al. 2015; Pierpaoli et al. 2001; Yagishita et
al. 1994) have yielded information indicating the importance of accurately and precisely
mapping its different components, and the hand area in particular, given its key clinical
significance for motor and sensory functions in humans (Le Gros Clark 1959; Skirven et al.
2011). Several studies have attempted to delineate the hand-related motor fiber tracts
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(HMFTs) as part of the CST using a multimodal imaging approach with dMRI tractography
and fMRI or utilizing invasive techniques such as intraoperative electrical stimulation
(Berman et al. 2004; Bucci et al. 2013; Hamidian et al. 2018; Jeong et al. 2015; Lee et al.
2016; Mandelli et al. 2014; Qazi et al. 2009; Radmanesh et al. 2015; Weiss et al. 2015).
Nevertheless, despite the great clinical significance of the hand motor area for a patient’s
independence in terms of the activities of daily living, the HMFTSs have not been explored as
part of the CST using solely dMRI tractography in healthy subjects. Therefore, an
assessment of the anatomical variability of the CST and HMFTs is critical. It is essential that
such studies, in conjunction with future studies focusing on the functional aspect of the
motor tracts using fMRI and clinical functional scales, become a bridge between human
brain anatomy and function, to allow for more reliable prediction of the neuroregenerative
impact of novel therapies on human subjects, utilizing non-invasive imaging tools with
objective scales. The CST is affected in several neurological entities, such as stroke and
spinal cord injury (SCI) and several neurodegenerative diseases (Ropper et al. 2014). Stroke
and SCI alone have a tremendous impact on the general population with huge personal and
financial costs to society. Thus, clinical trials involving molecules, cells or even
biomaterials, aimed at minimizing or even reversing the impact of CST trauma and creating
an appropriate environment for regeneration and repair, are currently underway involving
interdisciplinary research. MRI diffusion tensor imaging, and especially tractography, is an
excellent tool for the establishment of grounds for a common scale “language™” among
interdisciplinary teams. dMRI tractography could pave the way for development of an
objective scale and could catalyze the discovery of new interventions to benefit a vast
population of CST patients.

Currently, there is no single method for tracking the CST for surgical planning with
accuracy and reliability. Moreover, beyond treatment purposes, understanding the causal role
of the CST for specific neurological conditions is of great importance. Unfortunately, only
pathological data from postmortem studies are available for exploration in the human
population. Thus, pursuing non-invasive in vivo imaging of the CST using dMRI is an
attractive prospect from both clinical and basic research perspectives. Diffusion MRI
tractography has been widely used in pre-surgical planning, with the CST being one of the
tracts frequently studied due to its importance for voluntary movement (Berman et al. 2004;
Bucci et al. 2013; Chen et al. 2016; Kinoshita et al. 2005; Snow et al. 2016).

Given the great clinical importance of the HMFTs within the CST, we designed experiments
to test our hypothesis that dMRI tractography can be used to adequately delineate the
HMFTs as part of the CST. Any potential functional correlations would be of utmost
importance for relating anatomy to neuropathology and clinical status, especially in diseased
subjects; however, this is beyond the scope of the present study, which is focused strictly on
structural assessment of the aforementioned motor tracts using dMRI tractography and
exploration of anatomical variability among healthy subjects. In this study we delineated and
quantified the CST as a whole as well as its hand motor representation in 37 healthy human
subjects derived from the Human Connectome Project (HCP) DTI datasets. To this end, we
applied two-tensor tractography, a higher-order dMRI-based tractographic procedure.
Furthermore, we assessed inter-subject topographic variability of the CST and the HMFT in
particular in this subject population. To the best of our knowledge, this is the first attempt to
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fully delineate the HMFTSs as part of the CST using purely dMRI tractography, including
determining the variation of the tracts within a healthy population.

2 Methods

2.1 Aims

We used dMRI two-tensor unscented Kalman filter deterministic tractography (UKF
deterministic tractography) in 37 healthy human subjects with state-of-the-art data to
accomplish four main goals: a) to anatomically delineate the complete CST, b) to isolate the
hand-related motor area as a subset of the CST, c) to generate a database of volume, length
and biophysical parameters such as fractional anisotropy (FA) (Basser 2004), axial
diffusivity (AD) (Song et al. 2003), and radial diffusivity (RD) (Song et al. 2002, 2003) for
the CST and for the HMFTSs, and d) to quantify the variability of the CST and of the HMFTs
within the healthy population using probabilistic variability maps (heat maps).

2.2 Subjects

Thirty-seven healthy adult subjects (mean age=30.88, SD=3.14), 19 male (mean age=30.42,
SD=3.37) and 18 female (mean age=31.36, SD=2.89), were used for this analysis from the
state-of-the-art WashU Connectome Project led by Washington University (http://
www.humanconnectome.org/data/), University of Minnesota and Oxford University (the
WU-Minn HCP consortium) and in particular from the HCP 500 Subject Release of 2013.
Almost 65% of the tested subjects were 31-35 years old (45.8% of male subjects and 54.2%
of female subjects, within that age group). Of the total subjects, 27% were 26-30 years old
(60% of male subjects and 40% of female subjects, within that age group) and only 8% were
22-25 years old (66.7% of male subjects and 33.3% of female subjects, within that age

group).

2.3 MRI procedures

The data were acquired with the specially configured WU-Minn Skyra Connectome scanner
from Siemens using a 32-channel standard Skyra coil. Customized hardware with gradient
coil and gradient power amplifiers for research use increased the maximum gradient strength
from standard 40 mT/m to 100 mT/m on the WU-Minn 3T scanner. Diffusion datasets were
acquired with 1.25 x 1.25 x 1.25 mm3 voxels, FOV = 210mm, 111 slices, TE = 89.50ms, TR
= 5520ms, b-value= 1000, 2000, 3000s/mm?, 90 directions per b-value and 18 non-
diffusion-weighted volumes (Ugurbil et al. 2013). For our analysis we used only the b-value
3000s/mm? data given the superiority of these data for detecting more connections in
complex tracts such as the CST (Berman et al. 2013; Caiazzo et al. 2018).

2.4 Tractographic Delineation of the CST

This dataset is a subset of the publicly available HCP (http://www.humanconnectome.org/
data/). Therefore, it was already processed through the HCP preprocessing pipeline
described in the original paper (Glasser et al. 2013). UKF tractography was performed using
a multi-tensor tractographic algorithm (Malcolm et al. 2010) and quality control analysis of
the tractography followed. Based on prior results, two-tensor UKF tractography (Malcolm et
al. 2010) was chosen as a more sensitive method for the delineation of the CST, allowing
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fiber tracing in areas known to be heavily affected by crossing fibers and branching
(Baumgartner et al. 2012; Chen et al. 2016). In an attempt to increase accuracy, aimed at
future clinical applicability of the method, we chose to manually draw certain regions of
interest (ROIs) using anatomical landmarks for the CST and hand motor area rather than
using automatic methods. We then used the White Matter Query Language (WMQL)
(Wassermann et al. 2013) to delineate the fiber tracts passing through all the drawn ROIs and
proceeded with the quantification methodology after activating the two tensors and
performing quality control analysis once again.

2.4.1 Two-tensor Deterministic Tractography: Manual Segmentation and
Inter-rater and Intra-rater Reliability—After completing quality control for the UKF
tractography, the 3D Slicer software package (version 4.4.0, www.slicer.org) via the
SlicerDMRI (Fedorov et al. 2012; Norton et al. 2017) project (dmri.slicer.org) was used to
create the tensors mask and then sample the ROIs. The CST was delineated using three
ROls, which were manually drawn in 3D Slicer in axial color-coded dMRI sections as
shown in detail in Fig. 1. Specifically, the first ROl was in the upper medulla rostral to the
inferior olivary nucleus (hereinafter referred to as medulla-ROl); the second ROl was at a
mesencephalic level rostral to the substantia nigra and red nucleus (hereinafter referred to as
brainstem-ROI); and the third ROI was in the internal capsule (IC) at the anterior
commissure (AC) level (hereinafter referred to as capsular-ROI) (Fig. 1). In the medulla- and
brainstem-ROIs we selected only voxels with fibers in the vertical dimension (Z-axis), which
were color-coded blue. In the capsular-ROI we included all voxels of the IC.

WMQL software (Wassermann et al. 2016) was used for the extraction of fiber bundles
based on the manually drawn ROIs so that the fibers passed through all three ROIs.
Subsequently, the results were visualized in 3D Slicer for quality control and refined by
removing any commissural fibers that were not part of the CST.

The two raters (K.D. and M.T.) received independent training and worked independently
during the rating stage to avoid any bias. For the inter-rater reliability process, K.D.
processed all 37 WashU subjects and M.T. processed 10 randomly selected WashU subjects
independently. The results for the 10 common cases were compared for the two independent
raters using Cronbach’s Alpha reliability analysis in the SPSS v23 statistical software
package (Cronbach 1951).

To assess intra-rater reliability, M.T. processed the previously randomly selected 10 WashU
cases for a second time several days after the initial processing, without referring to the
previous results. For this process the results for those 10 cases were compared using the
SPSS v23 statistical software package. As for the inter-rater reliability, the intra-rater
reliability assessment was done by performing Cronbach’s Alpha reliability analysis.

2.5 Quantitative Analyses

The tract biophysical characteristics (i.e., tract volume, tract length, FA, RD, AD) were
obtained in all 37 healthy human subjects. The diffusion imaging biophysical parameters of
FA, AD and RD may relate to fiber tract coherence and integrity (Basser 2004; Song et al.
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2002, 2003). We normalized the tract volume results by the whole brain volume for each
individual to avoid any inconsistencies due to personal characteristics.

Left — Right
0.5% (Left + Right)
(Galaburda et al. 1987) for measures of volume, mean FA, mean AD and mean RD were
calculated for each individual, and across subjects. In addition the presence of outliers in the
aforementioned measures such as FA, AD, RD and volume was tested using Tukey’s range
test in the initially delineated CSTs and then in the delineated HMFTs (Tukey 1977).

Symmetry indexes (SI) (Symmetry Index (SI) = ) for left and right tracts

2.6 Isolation of the HMFTs

Based on the previous work of Yousry et al. (Yousry et al. 1997) who used fMRI to
accurately define the hand motor area in structural MRI scans, the hand motor area was
defined in the axial plane as a knob-like, broad-based, posterolaterally directed region of the
precentral gyrus. This region usually has an inverted omega shape and sometimes a
horizontal epsilon shape, with a mean diameter of 1.4 cm. On average it is located about 23
mm from the midline, just posterior to the junction of the superior frontal sulcus with the
precentral sulcus and 19 mm from the lateral surface. In the sagittal plane, this knob takes
the form of a posteriorly directed hook with a mean depth and height of 17 and 19 mm,
respectively. It is located in the sagittal plane of the same section in which the insula can be
identified, perpendicular to its posterior end. In neurologically unaffected hemispheres like
the ones we used in the present study, the sensitivity of detecting the hand motor area in a
structural MRI scan with this method has been shown to be 97-100%, with an accuracy of
97-100% (Yousry et al. 1997).

To isolate the hand motor area, we used 3D Slicer to draw a fourth ROI in the area of the
“omega sign” in the axial plane, and the drawing process was completed in the coronal plane
(hereinafter referred to as cortical-ROIl). In order to ensure as accurate a location as possible
for the “omega sign” in the precentral gyrus we used in parallel the FreeSurfer labelmaps
created by the process of automatic subcortical segmentation for each subject. By using the
slice intersection feature of 3D Slicer the same area was located in the coronal plane. The
remaining non-colored area of gyri, defined by the previously drawn colored marks of the
axial plane, was filled in with the same color, as illustrated in Fig. 2a. All four ROIs (the
previously drawn three ROIs and the new one for the hand area) were merged into one
labelmap, which was then used with the WMQL software to extract the fiber bundles
emanating from all four ROIs, thereby isolating the HMFTs (Fig. 2b). The isolated HMFTs
represented a subset of the initial CST and required no further refinement. We note that
using this manual procedure to select the ROls makes the delineation of the fiber tracts
robust with regard to errors in EPI distortions in the brainstem region as reported in
Irfanoglu et al. (Irfanoglu et al. 2015).

2.7 Assessment of inter-subject variability of CST and HMFTs

We generated probabilistic maps for the CST and the HMFTs in Montreal Neurological
Institute (MNI) 152 standard space, by first registering each subject to an MNI152 template
with a resolution of 1mm3. Affine transformation was used for the co-registration of our
fiber bundles and the baseline b0 brain MRI images. We registered our subjects to MNI
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space using non-rigid registration to spatially normalize the tractography files. The purpose
was to obtain a heat map of the CST and HMFTs, so that the inter-subject variability could
be readily appreciated by visual inspection. The CSTs and the HMFTs were processed with
the pipeline described above.

We calculated a fiber tract mask on the MNI1152 template for each subject using 3D Slicer
software. In this mask a voxel had a value only if a tract traversed it. Finally, we averaged
the masks for all our subjects in order to produce the probabilistic heat map for the CST and
repeated the same process for the HMFTs.

2.8 Crossing fibers interference analysis of HMFTs

We ran two sets of experiments to determine the effect that crossing fibers at the level of the
CST have on our hand motor area findings. The first set of experiments entailed the
delineation of the arcuate fascicle (AF) and the superior longitudinal fascicles, i.e., SLF I,
SLF Il and SLF 11, using the WMQL software’s automatic fiber extraction method (http://
tract-querier.readthedocs.io/en/latest/#) based on previously described definitions of the
tracts (Wassermann et al. 2013). The second set of experiments involved the delineation of
the corpus callosum (CC) fiber tracts based on a variant of the WMQL-based published
methodology (Wassermann et al. 2016) to isolate the 7 subsections of the CC. The
quantification and the MNI space co-registration were performed as described in sections
2.5 and 2.7, respectively.

3 Results

3.1 Delineation of the CST and HMFTs

This study delineated the CST using state-of-the-art data, with the combination of a
tractographic algorithm and 3 manually drawn ROls. Fig. 3 illustrates a representative
example of a CST delineation using our methodology. Our approach allowed us to delineate
the CST without fiber truncations and with a limited effect of crossing fibers interference.
Nevertheless, as indicated by Fig. 4, the hand motor area, which is the focus of our study
due to its clinical significance, still seems to be affected by technique-related limitations.
Fig. 4 is a representative example, demonstrating a significant paucity of fibers of the hand
motor area. It should be noted that in our sample of 37 subjects, only one case showed
extremely poor CST representation and, therefore, was considered an outlier and was
excluded from the HMFT analysis.

Following delineation of the CST, the hand motor area was isolated as described in section
2.6, adding the cortical-ROI in our method. Despite existing limitations, the HMFTs were
isolated in 36 of 37 cases. The only case with an absent HMFT was that with the initially
poor CST; therefore, this result was not associated with the HMFT-related methodology. As
expected from prior experience and our CST results, the hand motor area isolation was much
more challenging and the paucity of fibers in that region was evident in some subjects.
Moreover, a greater inter-subject variability was noted on the initial visual inspection of the
HMFTs. A representative example of our isolated HMFTSs is shown in Fig. 5.
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3.2 Inter-rater and intra-rater reliability

Cronbach’s Alpha values were used to determine inter- and intra-rater reliability for the
present technique, which was found to be highly replicable. The most reliable values in our
study are for the diffusion parameters (i.e., FA, RD, AD values), with Cronbach’s alpha
approaching the maximum of 1.00 (0.95 for FA inter- and FA intra-rater reliability; 0.99 for
RD inter- and intra-rater reliability; 0.98 for AD inter- and intra-rater reliability). Tract
volume was found to be moderately reliable (0.80 for inter-rater and 0.90 for intra-rater
reliability) and the number of fibers was found to be less reliable (0.70 for inter-rater and
0.68 for intra-rater reliability); nevertheless, all values were considered to be within an
acceptable range. This is in agreement with previous studies (Carlson et al. 2014; Dini et al.
2013) that, even having used a different approach, yielded similar outcomes in exploring the
reliability and reproducibility of dMRI tractography analysis parameters for certain tracts.

3.3 Quantitative Analyses

We generated a database of biophysical parameters (i.e., FA, AD, RD) and volume of the
CST and the HMFTs (Tables 1 and 2).

The CST had a mean volume of 21.187 cm?3, SD=6.083 (left CST: mean volume=11.081
cm3, SD=3.760; right CST: mean volume=10.479 cm3, SD=3.670). After normalizing the
tract volumes by dividing by the total brain volume to yield a fraction of the whole brain
volume, the CST mean volume fraction was 0.014, SD= 0.004 (left CST: mean volume
fraction=0.007, SD= 0.002; right CST: mean volume fraction= 0.007, SD= 0.003). The
mean FA value of the CST was 0.708, SD=0.018 (left CST: mean FA= 0.708, SD=0.018;
right CST: mean FA= 0.705, SD=0.022). The coefficient of variation was <10% for all
parameters tested, except for the tract volume which was highly variable among the subjects
(coefficient of variation approximately 30%). Overall, FA was the most reliable parameter
for our study with a coefficient of variation of only about 2.5%. This agrees with other
reports noting the same variability trend (Carlson et al. 2014).

Regarding the HMFTs, the mean volume was 2.770 cm3, SD=1.383 (left HMFTs: mean
volume=1.255 cm3, SD=1.001; right HMFTs: mean volume=1.544 cm3, SD=0.882). After
normalizing the tract volumes by dividing by the total brain volume to yield a fraction of the
whole brain volume, the HMFTs’ mean volume fraction was 0.002, SD= 0.001 (left
HMFTs: mean volume fraction=0.001, SD= 0.001; right HMFTs: mean volume fraction=
0.001, SD=0.001). The mean FA value of the HMFTs was 0.673, SD= 0.121 (left HMFTs:
mean FA= 0.601, SD= 0.246; right HMFTs: mean FA= 0.687, SD= 0.121). The coefficient
of variation was much higher for the HMFTSs for all the parameters tested and especially for
the tract volume, which was the most highly variable parameter among the subjects
(coefficient of variation >50%).

A factor that could contribute to the difference in the coefficient of variation is the presence
of outliers. Based on Tukey’s range test, only one outlier was found in the quantitative
analysis of the CSTs, which was also in agreement with visual inspection. Thus, we
conducted our HMFT-related quantitative analysis with all 37 subjects and then re-ran it
after excluding only that one subject. The quantitative values for the HMFTs mentioned in
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section 3.3, including the values depicted in Table 2, refer to the 36 subjects’ measurements,
given the problematic CST of the excluded subject. Contrary to our CST results that
included only 1 outlier, 8 additional outliers were detected within the new total of 36
subjects in our HMFTs analysis. All the outliers were based exclusively on significant
differences in the FA values. Therefore, according to our results, the FA seems to be the
most sensitive parameter tested. The presence of outliers led to the higher variation noted in
the HMFTs measurements.

Another finding that could provide an indication of the current capability of isolating and
quantifying the hand motor area for clinical purposes regards the percentage of CST fibers
belonging to the hand motor area. Based on our analysis, 12.7%, SD=5.7 of the CST fibers
were HMFTs (see “(HMFT/CST) * 100 (%)” results reported in Table 2), with 11.0%,
SD=9.0 for the left side and 14.5%, SD=7.3 for the right side. Once again, consistent with
the high variability in determining the hand motor area using dMRI tractography, these
percentages demonstrate high variance.

3.3.1 Analysis of symmetry—Tables 1 and 2 list the Sl for the left and right
measurements of tract volume, length, mean FA, mean AD, and mean RD in the CST and
HMFTs, respectively.

For HMFTs analysis, given that FA values and left HMFTs’ volume values did not satisfy
the normality assumption, a non-parametric related-samples Wilcoxon Signed Rank Test
was run in SPSS, which indicated a significant difference between the FA values of the left
and right hand motor region (p<0.05). In particular, the median FA values for the left
HMFTs, median=0.69693, were significantly lower than the median FA values for the right
HMFTs, median=0.71146, Z=0.486, p=0.016 < 0.05. Six of the outliers detected in our
HMFTs isolation were related to asymmetrical values of FA. In particular, an absence of
fibers was noted on the left side of five of the aforementioned outliers. Only one of those
outliers was lacking fibers on the right side. Otherwise, no statistically significant
asymmetry was found in our results.

In terms of the CST analysis, the normality assumption was satisfied, therefore we
conducted a parametric paired t-test in SPSS. The test indicated no statistically significant
asymmetry in the delineated CST (p>0.05 for all pairs tested).

3.4 Assessment of inter-subject variability of CST and HMFTs

We generated probability maps for the CSTs and HMFTs as shown in Fig. 6, following co-
registration to the standard MNI152 space. The CST inter-subject variability was
significantly lower in the areas adjacent to the drawn ROIs, with higher variability for the
cortical areas. The inter-subject variability of the HMFTSs, by contrast, seemed to be higher
overall. In agreement with the CST results, cortical areas of the HMFTs were much more
variable among healthy individuals.

3.5 Crossing fibers interference analysis

In an attempt to explain the apparent paucity of fibers in the hand motor area, we tested the
hypothesis that crossing fibers at that anatomical level heavily affect the CST delineation, as

Brain Imaging Behav. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dalamagkas et al.

Page 11

described in section 2.8. In agreement with our assumptions, the two sets of experiments
described in section 2.8 indicated that there is an effect of the AF, SLFI, SLFII, SLFIII and
CC4 (anterior midbody of the CC), as well as of the CC5 (posterior midbody of the CC), on
the delineated HMFTSs. Overall, based on the quantification analysis, there were no
statistically significant correlations found between the volumes of the aforementioned tracts
and the volumes of the HMFTs. We assume this is because of the relatively small dataset
used, as well as the limitations of our correlation method, which does not allow targeted
quantification and spatial correlation of overlapping fibers only. On visual inspection,
however, there is an evident spatial correspondence between those tracts in the overlapping
areas. In particular, the presence of denser crossing fiber tracts in the area of the HMFTSs,
seemed to create “openings” within the HMFTs, possibly negatively affecting the density of
the delineated HMFTSs. The most relevant effect seemed to be due to the SLFII, which
passes exactly through the hand motor area of interest, as well as the SLFIII. The AF seemed
to interfere with the lateral part of the HMFTs, whereas the SLFI appeared to affect the
medial part. The CC4 and CC5 appeared to interfere heavily with the anterior and posterior
parts of the HMFTs, respectively. These effects are visually illustrated in Figs. 7 and 8,
where the interference of crossing fibers with the CST and, in particular with the HMFT, is
explicitly depicted.

4 Discussion

In this study we performed two-tensor tractography in 36 subjects from the HCP. Using MRI
identifiable, anatomically robust ROIs, namely the pyramids, cerebral peduncles and internal
capsule (Makris et al. 1999; Parent 1996) we were able to delineate the CST in its entirety,
as well as to isolate its hand motor representation. Furthermore, we estimated their
variability and generated a database of their volume, length and biophysical parameters. We
have used unscented Kalman filter based two-tensor tractography (Malcolm et al. 2010),
which can robustly trace fibers through crossing fiber regions. This delineation allows for
differentiation from the dense surrounding tracts in that region, namely the AF, superior
longitudinal fascicles (SLFI, SLFII, SLFIII) and subdivisions of the CC. Furthermore, we
assessed the anatomical variability of the CST in its entirety and the HMFTS in particular.
Inter-subject variability of the HMFTs was high as mapped using probabilistic heat maps,
even though such variability was not as high for the CST.

The CST is probably the most quantitatively studied fiber tract in the human brain.
Traditionally, it has been estimated as composed of approximately 1 million axons, which
vary from 2-11 um in diameter. Of these axons, approximately 700,000 are myelinated and
300,000 are unmyelinated (Ford and Hackney 1997; Lassek and Rasmussen 1939; Parent
1996; Yagishita et al. 1994). Several groups have employed combinatorial approaches using
both direct brain electrostimulation and DTI tractography to delineate the CST (Berman et
al. 2004, 2007; Kinoshita et al. 2005; Mikuni et al. 2007). A few groups have focused
instead on using only DTI tractography in order to isolate the CST (Clark et al. 2003; Itoh et
al. 2006; Mandelli et al. 2014; Okada et al. 2007; Petersen et al. 2016; Yamada et al. 2005).
Based on their results, the more laterally located fibers corresponding to the motor area of
the hand appeared to be poorly represented or not represented at all. Recent studies (Chen et
al. 2016; Farquharson et al. 2013; Mandelli et al. 2014) have raised the issue of the poor
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sensitivity of currently used DTI techniques for isolating the lateral part of the CST and have
suggested a potential advantage of using higher-order diffusion model tractography.

Our results are in agreement with other higher-order diffusion model tractography studies
(Chen et al. 2016; Mandelli et al. 2014; Mormina et al. 2015), suggesting that DTI
tractography can be a robust tool for the delineation of the CST with many potential clinical
applications. Even though we previously found that the two-tensor model performed better
than other popular higher-order models known to reduce false positives, given the fact that
such models are more susceptible to noise (Baumgartner et al. 2012), in future work we plan
to incorporate improved higher-order models into our analysis. It should be noted that, to the
best of our knowledge, currently there is no tractographic approach to delineate the CST in
its entirety, given the interference of other prominent crossing fiber tracts. Nevertheless,
active research from several groups is focused on the problem with the aim of reaching a
clinically translatable outcome (Pujol et al. 2015).

Contrary to prior studies that have attempted to isolate the hand motor area using
multimodal imaging techniques or even more invasive intraoperative methodologies with
electrical stimulation (Berman et al. 2004; Bucci et al. 2013; Hamidian et al. 2018; Jeong et
al. 2015; Lee et al. 2016; Mandelli et al. 2014; Qazi et al. 2009; Radmanesh et al. 2015;
Weiss et al. 2015), our study attempts to delineate exclusively the hand motor area of the
CST and generate specific HMFTSs variability maps in normal subjects, relying solely on
DTI tractography. Our findings suggest that the fibers of SLF I, Il and 111 and the AF
interfere considerably with delineating the HMFTSs, as shown in Figs. 4 and 7 (see e.g.,
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3163395/figure/F8/, https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC3163395/). Furthermore, crossing fibers of the CC
body, CC subdivisions CC4 and CC5, seem to pose an additional obstacle to the precise
evaluation of the descending HMFTs as shown in Fig. 8. The crossing fibers of these tracts
appear to be the principal reason for the previously reported limitations of the tractographic
algorithms to depict precisely the hand motor fibers of the CST. Supporting evidence for this
view comes from studies on the clinical entity of congenital bilateral perisylvian syndrome
(CBPS), a rare disease of congenital agenesis of the SLF (Bernal et al. 2010; Gropman et al.
1997; Kilinc et al. 2015; Lee et al. 2015; Saporta et al. 2011). DTI tractography performed
in CBPS patients with SLF agenesis clearly isolates the hand area. Nevertheless, the trunk-
and leg-related tracts could not be depicted in these studies, suggesting that other tracts
might interfere with the delineation of these motor fibers (Kilinc et al. 2015). Based on our
results as depicted in Fig. 6, we hypothesize that the occipitofrontal fascicle (OFF) may
interfere with the trunk- and leg-related fiber tracts (Makris et al. 2007). Further studies
focused on those tracts are needed to confirm our hypothesis.

4.1 Clinical significance

In this study, we were able to identify and delineate the hand motor fiber tracts in 36 healthy
subjects. Although the CST appeared to be reliably sampled, given its low spatial variation it
seems there were notable limitations in delineating the hand motor area fiber representation.
This is highly relevant for fields such as neurorehabilitation, child and developmental
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neurology, neurosurgery and neural engineering, for which more precise anatomical
information may help to enable clinical advancements.

4.1.1 Clinical neurology/neurorehabilitation applications—The lack of a non-
invasive neuroimaging technique that can be applied in everyday clinical practice to assess
the integrity of nerve axons represents an obstacle in the evaluation and follow-up of
neurological patients. Biophysical parameters such as FA value have been correlated with
the integrity of nerves (Alshikho et al. 2016), and physical parameters such as number of
fibers or tract volume have been correlated with nerve deficits associated with neurotrauma
or disease (Feng et al. 2015). Several researchers have tried to use DTI tractography to
assess the integrity of nerve fibers in neurologic conditions with motor system involvement,
such as stroke (Feng et al. 2015), amyotrophic lateral sclerosis (ALS) (Graaff et al. 2011),
and multiple sclerosis (MS) (Filippi et al. 2016), with results that seem promising for
clinical translation. Our methodology has demonstrated very good reproducibility in order to
allow the future assessment of the CST in different neurological conditions. The variability
map of the CST and HMFTs that we have created based on healthy subjects could be
extended further to provide a reliable and accurate reference for what is within normal range
in the human population, allowing for early detection of pathologies associated with
functional motor deterioration. Such future studies could compare the currently explored
anatomic variability in healthy subjects to the variability in diseased subjects and
supplement the results with clinical functional scales and functional imaging for the
establishment of more reliable, non-invasive clinical norms. Determining and quantifying
the neuroanatomical substrate of a motor deficit via our method may enable clinicians not
only to monitor the progression of neurological conditions, but also to assess and quantify
the effects of therapeutic and neurosurgical interventions and provide more accurate
prognoses.

4.1.2 Clinical translation of novel therapeutics in neuroscience—Neurologists,
neurorehabilitation physicians and neural engineers are currently moving toward clinical
translation of neural repair and neuroprotection strategies for CNS trauma and disease, such
as traumatic brain injury (TBI) (Aertker et al. 2016), stroke (Manley et al. 2015), ALS
(Petrou et al. 2016) and SCI (Lu et al. 2016). Nevertheless, in order to quantify and assess
the effects of such novel therapeutics in neurological patients, non-invasive, reliable in vivo
techniques are key for progressing to a safe clinical translation. Our method could easily be
implemented in clinical studies in order to assess and quantify the response of neural tissue
to new therapeutic interventions that are progressing to clinical trials.

5 Limitations and future studies

5.1 Study-specific limitations

Our dataset is a HCP high-resolution dataset, meaning that our results may not be
reproduced in lower resolution clinical datasets. Thus, further validation is needed with
datasets of differing resolutions. It should be noted that a larger dataset testing different
acquisition parameters or use of the future HCP disease datasets (https://
www.humanconnectome.org/disease-studies) might affect the diffusion MRI tractography

Brain Imaging Behav. Author manuscript; available in PMC 2021 June 01.


https://www.humanconnectome.org/disease-studies
https://www.humanconnectome.org/disease-studies

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dalamagkas et al.

Page 14

analysis parameters and the associated reliability reported, which would be an interesting
topic for future investigation. Nevertheless, the focus of the current study is limited to
healthy human subjects in order to explore the anatomy of the CST and HMFT in the
individual subject and determine the variability within healthy populations, using a high-
resolution dataset for increased accuracy.

In addition, we chose to use a delineation methodology based on the drawing of manual
ROIs in order to obtain the most accurate and clinically applicable results. For the purpose
of the present study, this significantly increased accuracy and precision is important for
establishing accurate variability maps in the healthy population. However, in future studies
with large data cohorts (such as HCP with 1200 subjects) we may need to consider a
machine-learning approach in order to facilitate the implementation of such methodology to
make it feasible to perform such studies on a large scale. Although biophysical properties of
diffusion imaging could be influenced by several factors such as age or sex, given that in this
study we focused on topographical anatomical variability, we do not think our variability
results would be affected by these factors. The choice of two-tensor UKF tractography might
be highly useful for addressing some of the crossing-fiber tractography-related obstacles in
order to allow better delineation of fiber tracts. However, the tractography is still limited to
tracing only two-fiber crossings and cannot trace fibers that pass through three-fiber
crossings, which may contribute to increased variability of the tracts traced. Our future work
will involve using more sophisticated algorithms that can address these shortcomings.

Finally, although we think the functional characterization of the hand motor area is a highly
relevant issue, this is outside of the scope of the present study, which is focused on
elucidating the structural variability of the HMFT. If we were to correlate functional data
derived from a hand motor task as in the HCP datasets, such a task would not be purely
motor but also somatosensory. Thus, in correlating DTI biophysical parameters with
functional motor tasks we would not expect to add any new understanding with respect to
the anatomical and topographic variability of the HMFT per se, which is our principal focus
here. Furthermore, the HCP datasets used in this study comprise healthy subjects, and we
have not compared healthy versus diseased populations.

5.2 Technical considerations

Although we have selected datasets from healthy human subjects from the Connectome
scanners considered to have the highest signal-to-noise ratio and resolution standards
currently in the world, a future change in the resolution of acquisition or higher field
strengths may affect the results (Alexander et al. 2001). Optimal parameters for visualizing
tracts and nerve fibers remain to be developed.

There are well-known and well described limitations to the tractography methods used in the
present study. As mentioned above, tract volume and FA values in DTI tractography can
vary within and across subjects (Catani 2007; Heiervang et al. 2006), which necessitates that
large numbers of subjects be studied to draw more accurate and clinically applicable
conclusions. In addition, false positive or false negative results have been reported in
tractography (Farquharson et al. 2013; Jones et al. 2013; O’Donnell and Pasternak 2015;
O’Donnell and Westin 2011). Thus, we tried to ensure that our analysis was based on valid
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and reliable anatomic landmarks using manually drawn ROIs and a robust quality control
analysis with optimization of the tractography algorithm parameters for the particular high-
resolution dataset. Based on the significant problem of crossing fibers as discussed above,
two-tensor UKF tractography was chosen in order to minimize the effect of crossing fibers
in our dataset as much as possible. Finally, a limitation of tractography especially relevant to
neurosurgeons is that although it gives a good estimate of a fiber tract representation
spatially, it provides neither the actual representation of the volume of the tract nor the
number of fibers (Kinoshita et al. 2005; Nimsky et al. 2016). Thus, careful implementation
and interpretation of tractography-based techniques is advised for neurosurgical
applications.

6 Conclusions

We have demonstrated that two-tensor UKF tractography could be a robust tool for motor
pathway isolation, in particular the CST and HFMT, significantly improving the tracking of
tracts and overcoming certain intrinsic limitations of DTI tractography (i.e. crossing fibers
or, as in other reports, peritumoral edema) as a higher-order model tractography algorithm.
CST variability was delineated in healthy subjects using state-of-the-art HCP data in order to
serve as a reference for future anatomical studies and for establishing clinical correlations by
neurorehabilitation physicians, neurologists, and neurosurgeons. The HMFTs were also
isolated for the first time using solely DTI tractography. A healthy-subjects’ inter-subject
variability heat map was described to allow future validation and improvement of the
technique and imaging modalities and algorithms, given the great importance of this motor
area for clinicians. Even though variance was much higher for the HMFTs than the CST,
partially due to the presence of outliers, our methodology seems appropriate for the isolation
of HMFTs in small group studies. Nevertheless, there remains significant need for
improvement of the tools in order to ensure reliable single-subject analysis of the CST and
HMPFT in clinical settings. Further validation of the current results with a greater number of
subjects is needed to establish an accurate variability map that can be used reliably for the
clinical screening of fiber tract pathologies and to track neuroregenerative processes.

Acknowledgements

Funding

We would like to thank the anonymous reviewers for providing useful comments on the manuscript. We would also
like to thank Prof. Myron Spector for fruitful discussions and for his support.

K.D. was partially supported by the Foundation for Education and European Culture (IPEP). M.T. was supported by
the American Association of University Women (AAUW) and the Onassis Foundation. E.Y. was supported by
Colby College Research Fund 01 2836. NIH P41 EB015902. P.S. was supported by a NARSAD Young Investigator
Award, grant number 22591 from the Brain and Behavior Research Foundation. N.M. was supported by
RO1AG042512 (National Institute of Aging & National Institute of Mental Health), RO1MH112748 (National
Institute of Mental Health), RO1MH111917 (National Institute of Mental Health), R21AT008865 (National Center
for Complementary and Integrative Health), R21DA042271 (National Institute of Drug Abuse), and K24MH116366
(National Institute of Mental Health).

Abbreviations:

CSsT

Brain Imaging Behav. Author manuscript; available in PMC 2021 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dalamagkas et al. Page 16
corticospinal tract

HMFT(s)
hand-related motor fiber tract(s)

PT
pyramidal tract

BA
Brodmann area

dMRI
diffusion magnetic resonance imaging

DTI
diffusion tensor imaging

HARDI
high angular resolution diffusion imaging

IC
internal capsule

SCI
spinal cord injury

TBI
traumatic brain injury

MS
multiple sclerosis

ALS
amyotrophic lateral sclerosis

AF
arcuate fascicle

SLF
superior longitudinal fascicle

CC
corpus callosum

HCP
Human Connectome Project

UKF
deterministic tractography - unscented Kalman filter deterministic tractography
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FA
fractional anisotropy

AD
axial diffusivity

RD
radial diffusivity

SD
standard deviation

WU-Minn HCP consortium
Washington University-University of Minnesota and Oxford University Human Connectome
Project consortium

ROIs
regions of interest

WMQL
White Matter Query Language

AC
anterior commissure

Sl
Symmetry index

WashU
Washington University

MNI
Montreal Neurological Institute

CBPS
congenital bilateral perisylvian syndrome

OFF
occipitofrontal fascicle
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Fig. 1.
(left portion) The upper medulla oblongata, rostral to the inferior olivary nucleus, was

located in the baseline (b0) MRI brain images (axial plane) as indicated by the arrow (a).
The same area is illustrated in diffusion tensor imaging (DTI) (axial plane) as indicated by
the arrow (b). Finally, the medulla-region-of-interest (medulla-ROI) was drawn to the
targeted region (axial plane) (c)

(middle portion) The region included in the square was located in the baseline (b0) MRI
brain images in order to detect the red nucleus (axial plane) (d). The region of the cerebral
peduncle of the brainstem rostral to the substantia nigra and red nucleus (thereby, rostral to
the horizontal level marked by the green line in the image) was targeted (axial plane) (e).
Finally, the brainstem-ROI was drawn to that area (axial plane) (f)

(right portion) The anterior commissure (AC) level was located as indicated by the red
color-coded fibers that disappear in the next image (axial plane) (see the red arrow) (g). Just
after the AC was no longer visualized in the DT and moving superiorly, the internal capsule
(IC) was targeted as illustrated (axial plane) (h). Therefore, the capsular-ROI was drawn to
the IC at the level of the AC (axial plane) (i)
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(u?)per portion) Illustrative demonstration of the hand motor area isolation methodology
using a fourth region of interest (ROI) in the precentral gyrus (cortical-ROl).

(left subsection) Detection of the “omega sign” in the precentral gyrus as indicated by the
arrow (axial plane) (a). Confirmation of the correct localization via overlaying the
FreeSurfer labelmap for each case that was a result of the automatic FreeSurfer subcortical
segmentation. The purple color indicates the precentral gyrus (axial plane) (see the red
arrow) (b).

(middle subsection) Drawing of the cortical-ROI in the cortical region of the “omega sign”
(axial plane) (c). Detection of the same area in the coronal plane utilizing the “slice
intersections” tool of 3D Slicer (coronal plane). Note that either a straight line covering the
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entire extent of the gyrus of interest or two bullets defining the gyrus of interest can be
observed as illustrated in the image (d).

(right subsection) The remaining non-colored area of the gyrus of interest was filled in with
the same color to complete the cortical-ROI (coronal plane) (€). In the axial plane, the
correct area of interest, namely the hand motor area, was verified (f).

(lower portion) Spatial representation of all four ROIs after they were added to one labelmap
in order to isolate the hand-related motor fiber tracts (HMFTs). HMFTs were defined in
White Matter Query Language (WMQL) as the fiber tracts passing through all four ROIs, as
demonstrated in the case of that HMFT. Posterior view of a 3D model of the four ROIs and
the HMFT passing through all four in 3D Slicer software. Left and right sides are designated
L and R, respectively (g). Lateral view (left side) of the same subject’s HMFT with an added
sagittal MRI section of the subject’s bO MRI image to illustrate spatial localization of the
ROls (h).
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Fig. 3.
Representative corticospinal tract (CST) delineation using the three manually drawn regions

of interest (ROIs) (in the medulla, brainstem and internal capsule as described in section
2.4.1) for maximum precision.

a Front view of the CST in the coronal plane. The left side is labeled L and the right side R.
b Side view (right side) of the CST (coronal plane)
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Fig. 4.

a A representative corticospinal tract (CST) of a healthy human subject delineated by
diffusion magnetic resonance imaging (dMRI) tractography using high-resolution data of the
Human Connectome Project (HCP) (Washington University; abbreviated as WashU) sample.
Please note the paucity of fibers in the lateral aspect of the hemispheres. This is possibly due
to limitations of dMRI tractography.

When overlaid with the motor homunculus (coronal plane), the lateral part of the motor
homunculus indicates that the hand motor area, which should have been a part of the CST, is
significantly limited, something that can possibly be explained by the presence of massive
superior longitudinal fascicles I, I1 and 111 (SLF I, Il and 111) crossing fibers at the centrum
ovale.

b In this representative case, the entire precentral cortex (dark blue) has been used as the
seed to grow the CST (light blue).

Crossing fibers at the centrum ovale relating principally to the SLF I, 11 and 111 (in yellow)
(Makris et al. 2005) do not allow effective sampling of CST from the lateral aspect of the
precentral gyrus (motor cortex).
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Fig. 5.
Representative hand-related motor fiber tracts (HMFTS) delineation using the four manually

drawn regions of interest (ROIs) (in the medulla, brainstem, internal capsule and the “omega
sign” in the precentral gyrus, as described in section 2.6) for maximum precision. It should
be noted that, likely due to the current limitations of diffusion resonance imaging (dMRI)
tractography, we could not obtain an optimal representation of the hand motor area in all
subjects and there was significant variability among the subjects, contrary to our
corticospinal tract (CST) results.

a Front view of the HMFTs in the coronal plane. The left side is labeled as L and the right as
R.

b HMFTs viewed from the right side (coronal plane).

c Front view of the CST (light yellow). The HMFT (green) is depicted as a subset of the
CST for direct comparison.
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Fig. 6.

aglariability probabilistic heat map of the corticospinal tract (CST) in our 37 Washington
University (WashU) healthy human subjects in the coronal plane. As indicated by the scale
in the image, all or nearly all of our subjects had CST fibers passing from areas adjacent to
the regions of interest (ROIs), with more variability in the cortical projections. Left is
labeled as L and right as R.

b Variability probabilistic heat map of hand-related motor fiber tracts (HMFTS) in our 37
WashU healthy human subjects in the coronal plane. Left is labeled as L and right as R.
Despite the use of the same methodology on state-of-the-art data, the difference in
variability is noticeable, potentially indicating limitations of the current tools in diffusion
tensor imaging (DTI) image analysis.
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Fig. 7.

a Igllustrative representation of the interference of superior longitudinal fascicle 11 (SLFII)
(green) and SLFIII (purple) with the hand-related motor fiber tracts (HMFTSs). This is an
anterior view of an average case of a delineated HMFT (light yellow). SLFII and SLFIII
appear to pass through the region of the corticospinal tract (CST) and, in particular, through
the hand motor area. There are many “openings” within the HMFTs due to the passage of
crossing fibers, which possibly affect the density of the delineated tract using diffusion
magnetic resonance imaging (dMRI) tractography.

b Depiction of the SLFI (gray) on the left and the arcuate fascicle (AF) (blue) on the right.
AF seems to interfere with the HMFTs laterally, whereas SLFI appears to interfere medially.
The right and left sides are marked as R and L, respectively, in all figures.
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a ?Ilustrative representation of the interference of the corpus callosum 4 (CC4, anterior
midbody of the corpus callosum, in green) with the delineated hand-related motor fiber
tracts (HMFTSs). This is an anterior view of an average case of a delineated HMFT (light
yellow). The entire HMFT seems to be affected by the crossing fibers, especially in its
anterior aspect.

b Depiction of the corpus callosum 5 (CC5, posterior midbody of the CC, in red) and its
spatial correlation to the HMFTs (light yellow). This is the same anterior view of the HMFT.
There is less interference than observed with respect to CC4, but the HMFTSs’ density seems
to be affected by the presence of crossing fibers in the posterior area.

¢ Combined anterior representation of the previously illustrated CC4 (green) and CC5 (red)
to show how heavily those fibers appear to interfere with the HMFTs. All fibers are co-
registered in the same Montreal Neurological Institute (MNI) 152 space. The right and left
sides are marked as R and L, respectively, in all figures.
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Table 1

Summary of the quantitative analysis of the biophysical characteristics and tract volumes of the delineated
CSTs. Note that the coefficient of variation is very small (<10%), indicating minor variability of the results
among our healthy subjects. Tract volume, by contrast, was the only parameter that was highly variable among
the subjects.

FA RD AD Tract Volume (cm3) | Normalized Tract Volume (cm3) | Length (mm)
CsT Mean Mean Mean Mean Mean Mean
0.70808 285.78168 | 1265.76424 | 21.18664 0.01391 133.63757
SD SD SD SD SD SD
0.01785 24.87915 57.36838 6.08293 0.00407 8.39159
Ccv Ccv cv Ccv Ccv cv
0.02521 0.08706 0.04532 0.28711 0.29287 0.06279
Left CST Mean Mean Mean Mean Mean Mean
0.70759 285.06082 | 1254.53178 | 11.08082 0.00725 133.52129
SD SD SD SD SD SD
0.01750 24.19261 67.33187 3.75966 0.00235 9.41757
Ccv Ccv cv cv Ccv Ccv
0.02474 0.08487 0.05367 0.33929 0.32454 0.07053
Right CST | Mean Mean Mean Mean Mean Mean
0.70504 287.09653 | 1264.45024 | 10.47865 0.00691 132.12170
SD SD SD SD SD SD
0.02181 26.75149 58.84273 3.67042 0.00255 10.25023
Ccv Ccv cv cv Ccv Ccv
0.03094 0.09318 0.04654 0.35028 0.36914 0.07758
Sl CST Mean Mean Mean Mean Mean Mean
0.00361 -0.00712 -0.00787 0.05586 0.04767 0.01054
SD SD SD SD SD SD
-0.21919 | -0.10046 0.13456 0.02402 —-0.08102 —0.08467

Abbreviations used: CST: corticospinal tract, FA: fractional anisotropy, RD: radial diffusivity, AD: axial diffusivity, SD: standard deviation, CV:
coefficient of variation, SI: symmetry index.
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Table 2

Summary of the quantitative analysis of the biophysical characteristics and tract volumes of the delineated
HMFTs. Note the increase in the coefficient of variation compared to the CST measurements. This indicates a
much higher variability of the results among our healthy subjects (>10%), possibly due to the limitations of
the currently available imaging tools, leading to outliers. In agreement with the CST quantitative
measurements database, the tract volume was found once again to be much more variable among the subjects
(coefficient of variation approximately 53%). Note that 12.7%, SD=5.7, of the CSTs analyzed refers to the
hand motor area. This measurement was based on the normalized volumes of the respective tracts.

FA RD AD Tract Volume Normalized Tract (HMFT/CST) Length (mm)
(cmd) Volume (cm?3) *100 (%)
HMFT Mean Mean Mean Mean Mean Mean Mean
0.67328 292.48218 | 1206.34166 | 2.77043 0.00183 12.71336 145.78101
S) SD SD SD SD sD SD
0.12130 40.23243 193.59313 1.38335 0.00093 5.74696 5.09166
cv cv cv cv cv Ccv cv
0.18017 0.13756 0.16048 0.49933 0.50588 0.45204 0.03493
Left HMFT Mean Mean Mean Mean Mean Mean Mean
0.60053 249.82454 | 1057.31801 | 1.25538 0.00083 10.98581 125.22519
S) SD SD SD SD sD SD
0.24648 104.96879 | 439.95864 1.00055 0.00066 9.04304 51.26034
cv cv cv cv cv cv cv
0.41044 0.42017 0.41611 0.79701 0.80137 0.82316 0.40935
Right HMFT | Mean Mean Mean Mean Mean Mean Mean
0.68688 275.72408 | 1232.85584 | 1.54424 0.00103 14.47254 142.48962
S) SD SD SD SD sD SD
0.12130 53.30109 225.78500 0.88224 0.00060 7.31332 25.23457
cv cv cv cv cv cv cv
0.17660 0.19331 0.18314 0.57131 0.59003 0.50532 0.17710
S| HMFT Mean Mean Mean Mean Mean Mean Mean
-0.13415 | -0.09856 -0.15330 -0.20636 -0.21596 —-0.27392 —-0.12898
5] SD SD SD SD sD SD
0.68072 0.65291 0.64341 0.12567 0.08928 0.21150 0.68046

Abbreviations used: CST: corticospinal tract, FA: fractional anisotropy, RD: radial diffusivity, AD: axial diffusivity, SD: standard deviation, CV:
coefficient of variation, SI: symmetry index.
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