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higher at 66-NDGD bilaterally, because for 66-NDGD data 
the algorithm more readily detects dominant fiber direc-
tions beyond the first, thus the increase in FA at 22-NDGD 
is due to a substantially reduced detection of crossing fiber 
volume. However, the good spatial correlation between the 
tracts drawn at 22 and 66 NDGD shows that the extent of 
the tract can be successfully defined even at lower NDGD.
Conclusions  Given the spatial tract localization obtained 
even at 22-NDGD, local analysis of CST can be performed 
using a NDGD compatible with clinical protocols. The 
probabilistic approach was particularly powerful in evaluat-
ing crossing fibers when present.

Keywords  Diffusion tractography · Corticospinal tracts · 
Healthy subjects

Introduction

Tractography is a promising tool, which uses brain diffu-
sion imaging data to investigate in vivo anatomical connec-
tivity [1]. Apart from its role in the topographic localization 
of the major white matter fasciculi for the pre-operative 
planning, it has more recently been used to investigate non-
invasively changes of diffusion properties of fiber paths 
in vivo [2, 3].

Starting from a set of seed points, probabilistic tractog-
raphy characterizes the uncertainty in fiber path estimation, 
due to factors such as acquisition parameters or the pres-
ence of multiple fiber orientations per voxel, generating a 
large collection of possible trajectories. Brain regions that 
contain higher densities of these trajectories are considered 
to have a higher probability of connection with the seed 
point. It is possible to calculate the track density distribu-
tion with the seed mask for each voxel (i.e. the probabilistic 
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distribution of streamlines between that voxel and the seed 
mask) in addition to the evaluation of diffusivity tensor 
indices within the fiber tract.

In comparison, deterministic tractography deline-
ates a unique trajectory that connects two regions of the 
brain [4, 5] assuming that the orientation of the longest 
axis of the diffusion tensor represents local fiber orienta-
tion. Thus, deterministic tractography may fail to identify 
tracts where white matter is characterized by crossing fib-
ers [6].

Crossing fibers can also be identified using approaches 
based on spherical deconvolution integrated with either 
probabilistic or deterministic streamline algorithms for the 
estimation of fiber orientations [7, 8].

The variety and complexity of methods that have been 
developed for tractographic reconstruction can obscure the 
meaning of the underlying data, increasing the risk of mis-
interpreting the results [9, 10].

In a clinical context, the use of probabilistic reconstruc-
tion is less commonly preferred compared to deterministic 
approaches, partly due to computational limits, but also due 
to issues of data visualization. Recently, regional quantita-
tive analyses of tractography data have been studied, since 
in the majority of tractography applications, results are lim-
ited to a visualization of the reconstructed tracts, yielding 
qualitative findings, or to an average evaluation of diffusion 
tensor measures (mainly mean diffusivity, MD, and frac-
tional anisotropy, FA) over the entire tract, possibly miss-
ing localized changes in these more quantitative data. A 
few studies have investigated the regional quantification of 
diffusion parameters in white matter tracts [11–16] in order 
to detect differences between patients and control subjects 
in the diffusion properties of relevant tracts.

Different methods have been proposed to parameter-
ize location within the tract under examination, such as 
the “angular coordinate” system [12] or the arc-length-
based coordinate system [13, 15]. The interesting results 
presented by Oh et al. [16] demonstrate that the thalamo-
frontal white matter tract shows an intra-subject variability 
along the tract significantly greater than inter-subject vari-
ability. This result confirms that a location-specific analy-
sis of fiber bundles can be informative for studies of group 
comparisons.

The corticospinal tract (CST) is one of the principal 
tracts of the human brain involved in fine motor control 
and is frequently involved in events such as strokes and 
tumors, so the evaluation of changes in its microstructure 
is of particular interest. It is known from classical neuro-
anatomy studies that the CST arises in pyramidal neurons 
of the precentral gyrus, whose axons contribute to corona 
radiata formation and pass through the internal capsule 
where they are topographically arranged in the posterior 
limb. Corticospinal fibers traverse the middle portion of the 

cerebral peduncle of the midbrain and then the basal pons 
[17]. Various techniques have been used to define the CST, 
some based on manually defined regions of interest (ROIs) 
[18, 19], others on voxel-based morphometry [20], or on 
an index of connectivity to define cortical areas as outlined 
by the Broadmann atlas connected with the internal cap-
sule [2]. Here we propose a method to define ROIs for CST 
delineation which is semi-automatic and avoids the use of 
an atlas in order to make use only of subject-specific and 
group-specific anatomical information.

The effect of the number of gradient directions on 
derived diffusion measures was previously investigated 
[21–24] to derive an efficient scheme of acquisition and 
to determine the minimum number of gradient directions 
compatible with clinical applications and with an accurate 
evaluation of brain diffusion properties. Nevertheless, trac-
tography results using different acquisition schemes have 
not previously been evaluated at a regional level in a clini-
cal setting.

The goal of our study was to provide motivation for the 
choice of diffusion weighted imaging (DWI) protocols 
depending on the clinical application and on limitation of 
scan time. Given this aim, we examined how two different 
DWI protocols, differing in the number of gradient direc-
tions, influenced the definition of CST tract. We evaluated 
the results of an along-tract analysis of the CST delineated 
with a semi-automatic procedure using data obtained with 
the probabilistic tractography combined with the ball-and-
stick model [25]. Specifically, we investigated whether 
DW acquisitions of healthy subjects with 22 and 66 dif-
fusion gradient directions permitted reliable quantitative 
regional analyses of the CST by probabilistic tractography. 
By examining the extent and estimated diffusion param-
eters of the CST along the tract, the relative capabilities 
of the two acquisition protocols can be better understood, 
and an appropriate choice can then be made depending on 
the current clinical question, balancing the need to have the 
most accurate definition of the CST tract with the need to 
estimate the properties of the CST tract using a brief MR 
acquisition.

Materials and methods

Subjects

Eighteen healthy adult subjects (10 male and 8 
female), with a mean  ±  standard deviation (SD) age of 
33  ±  12  years (range 23–69  years), were recruited by 
the Functional MR Unit, Department of Biomedical and 
Neuromotor Sciences of the University of Bologna, from 
among hospital and university workers and their relatives. 
All acquisitions were performed in September 2016. A 
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current or past history of neurologic or psychiatric disor-
ders and major brain injuries was excluded in all partici-
pants by a neurologist (CaT, RL). Fourteen subjects were 
right-handed based on the Edinburgh Handness Inventory 
[26], and four were left-handed. The protocol was approved 
by the local ethics committee and written informed consent 
was obtained from all individual participants included in 
the study.

MRI protocol

MR studies were performed using a 1.5 T (Signa HDx 15, 
General Electrics Medical Systems Milwaukee, WI, USA) 
system equipped with a quadrature birdcage head coil. In 
all recruited participants a T1-weighted axial volumetric 
image was acquired using the FSPGR (fast spoiled gradient 
echo) sequence (TI = 600 ms, TE = 5.1 ms, TR = 12.5 ms, 
25.6  cm2 FOV, 1  mm isotropic voxels). For each subject 
axial diffusion weighted images were acquired using a sin-
gle-shot SE-EPI (spin echo–echo planar imaging) sequence 
with TE =  80.6  ms, TR 12  s, FOV =  32 ×  32  cm, data 
matrix = 128 × 128, 3 mm-thick contiguous slices, using 
b value =  1000  s  mm−2. Four separate DWI acquisitions 
were obtained, to vary the number of diffusion gradient-
encoding directions while holding all the other param-
eters constant. The first three scans were identical, with 
22 diffusion-weighted directions and three unweighted 
scans (22-NDGDs). The last scan was with 66 diffusion-
weighted directions and 9 unweighted scans (66-NDGDs). 
All the 22-NDGD and 66-NDGD scans were performed 
in the same scanning session without moving the subject. 
The DWI acquisitions lasted 5 min 12 s for 22-NDGDs and 
15 min 12 s for 66-NDGDs respectively.

Data processing

Preprocessing of data, diffusion tensor imaging (DTI) pro-
cessing and tractography evaluation were performed using 
the FMRIB software library (http://www.fmrib.ox.ac.uk/
fsl).

All 22-NDGD acquisitions were aligned using a rigid-
body registration to the first volume of the first scan 
as reference in order to perform an average of both the 
unweighted volumes (3 in each 22-NDGD scan) and 
the weighted volume (22 in each 22-NDGD scan). This 
allowed data to be generated with 22-NDGDs, but with a 
signal-to-noise ratio (SNR) comparable with the 66-NDGD 
scan. We referred to this data as the 22-NDGD data. We 
checked the SNR of 22-NDGD unweighted volumes and 
66-NDGD unweighted volumes: signal was evaluated over 
a mask of the brain and it was divided by the standard devi-
ation of noise from a ROI drawn outside of the brain.

Diffusion echo planar (EP) images were corrected for 
eddy current effects using affine registration to a reference 
volume. Parameter maps for mean diffusivity (MD), frac-
tional anisotropy (FA), longitudinal diffusivity (i.e. λ1), λ2, 
and λ3 were determined voxel-wise using DTIFIT.

Given that T1-weighted volumetric images and diffusion 
images differ in both contrast and acquisition resolution, 
they were co-registered indirectly. For each subject an EP 
image (the synthetic image) was calculated based on a non-
linear combination of λ1, λ2, λ3 maps and with contrast 
proportional to a T1-weighted image (Supporting Figure S1 
and Supporting Table). Then, the T1-weighted volumetric 
image was aligned by FLIRT [27] to the synthetic image, 
and the synthetic image was unwarped to the aligned volu-
metric image in the image plane with a nonlinear transfor-
mation, using the ART software package [28].

All the voxel-wise maps of diffusion tensor parameters 
(MD, FA, λ1, λ2 and λ3) were then recalculated in the 
space of the synthetic image. For each subject, diffusion 
parameters map images were calculated at 66 NDGDs, at 
22-NDGDs and at 22-NDGDs.

In order to prepare data for tractography, the bedpostx 
algorithm (Bayesian Estimation of Diffusion Parameters 
Obtained Using Sampling Techniques), which is based on 
the ball-and-stick model, was applied [25]. Bedpostx allows 
the most appropriate number of multiple fiber orienta-
tions for the data to be assessed at each voxel. White mat-
ter tracking was then conducted by probtrackx2 (http://fsl.
fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_probtrackx.html). The 
algorithm computes a probabilistic streamline by proceed-
ing through samples drawn from the distributions of voxel-
wise principal diffusion directions, to generate a sample 
from the distribution on the location of the true streamline. 
By taking many such samples, probtrackx builds up the 
histogram of the posterior distribution on the streamline 
location, or the connectivity distribution, thereby estimat-
ing the specific white matter tract from user-specified seed 
voxels. All brain voxels are characterized by a number, rep-
resenting the connectivity value between that voxel and the 
seed voxels (the number of samples that pass through that 
voxel).

ROI definition and CST tractography

To delineate the CST in each subject, we defined the ipsi-
lateral precentral gyrus, posterior limb of the internal cap-
sule (PLIC), and pons in both brain hemispheres as ROIs. 
We also used an exclusion mask corresponding to the mid-
sagittal plane in order to guarantee that the tract remains 
ipsilateral to the ROIs. The precentral gyrus was used as a 
seed mask while the PLIC and the pons defined waypoints 
reflecting the normal anatomical course of the CST tract.

http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_probtrackx.html
http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_probtrackx.html
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–– The precentral gyrus was delineated for each subject 
performing a grey matter segmentation of T1-weighted 
volumetric images, using Freesurfer [29]. After parcel-
lation, masks of the precentral gyrus were registered to 
the synthetic image applying the previously performed 
transformation from the volumetric space to the syn-
thetic image (Supporting Figure S2A).

–– To ensure that both the PLIC and the pons were defined 
in the same way for each subject, we created a study-
specific FA template. Every FA image was aligned to 
every other one, identifying the “most representative” 
one, which was used as the target image. The latter was 
then affine-aligned into MNI152 standard space and 
every FA image was aligned to the MNI152 space by 
combining the nonlinear transform to the target image 
with the affine transform from the target to MNI152 
space [30]. We manually drew PLIC and pons onto 
the mean FA template and back-projected the results 
to individual DWI volumes. To project all subjects’ FA 
data onto a mean common space, we used the TBSS 
algorithm (tract-based spatial statistics), developed to 
perform voxelwise statistical analysis of FA data, and 
described in detail elsewhere [30]. ROIs of the pons, 
PLIC and the exclusion mask were drawn on the mean 
FA template by a neurologist expert in neuroimaging 
(SZ) (Supporting Figure S2b, S2c). Using the inverse of 
the transformation obtained by TBSS, ROIs were pro-
jected back to the original FA maps for each subject.

We delineated the CST for both sides of the brain at 22, 
at 22 and 66 NDGDs using probtrackx2. The algorithm 
drew 5000 samples going from each voxel in the precentral 
region to the waypoint masks. The output was a probabilis-
tic map that provided a number for each voxel, the connec-
tivity value, which corresponds to the number of samples 
that leave the precentral gyrus and go through the PLIC and 
the pons, discarding pathways which enter the exclusion 
mask. The algorithm also returns a number, the waytotal, 
that corresponds to the total number of generated tracts that 
have not been rejected by the exclusion mask.

Probabilistic tractography analysis

For inter-subject comparison, the connectivity maps of 
CST were normalized by dividing the connectivity values 
by the waytotal. Maps of 22-NDGD data were not thres-
holded, maps of 22-NDGD were thresholded at 5 × 10−4 
and those of 66-NDGD were thresholded at 2.5  ×  10−4 
to remove voxels whose locations were not likely to cor-
respond to the CST and which can be considered to rep-
resent the effect of image noise. The thresholds were not 
equal because different NDGD tracts were characterized by 
different connectivity values [2, 31, 32]. The thresholded 

connectivity maps were then used to mask the FA, MD, λ1, 
λ2, and λ3 maps; then the mean of partial volume fraction 
estimates of orientations of both the first (f1) and the sec-
ond fiber (f2) revealed by bedpostx were masked to analyze 
the differences between 22 and 22-NDGD and the differ-
ences between 22-NDGD and 66-NDGD data in detail. 
In particular, the volume of the principal fiber and of the 
second fiber if present (or given value zero if absent) were 
evaluated.

For both sides of brain, each tract was divided into 100 
segments of equal length (percentiles) from the pons to the 
precentral gyrus (Supporting Figure S.3).

To investigate the spatial correspondence of the CST, as 
delineated at 22-NDGD, 22-NDGD and at 66-NDGD, we 
calculated the 2D spatial correlation between tracts with 
22- and 22-NDGD and with 22-NDGD and 66-NDGD at 
the level of each percentile. We also considered the coor-
dinates of the centre of gravity (COG) for the binarized 
tract along left–right and anterior-posterior directions. In 
general, the COG corresponds to first moment of the spa-
tial distribution of the tract, where the weight is the image 
intensity. In this case, given the binarization of the tract, the 
COG simply corresponds to the location of the average of 
the coordinates of the tract at the level of each percentile 

(xCOG =

∑N
i=1

xi
N

; yCOG =

∑N
i=1

yi
N

). To evaluate visually the 
spatial distribution of the tract, we created an image given 
by the sum of tract volumes of all subject in the space of 
the mean FA template.

Statistical analysis

Statistical analyses were conducted with SPSS (Statisti-
cal Package for the Social Sciences, version 21), JMP 10.0 
(SAS Institute Inc.) and MATLAB (version 7.11). A t test 
was performed to test whether SNR was significantly dif-
ferent at 22-NDGDs and 66–NDGDs. The Kolmogorov–
Smirnov test was performed to test whether diffusion met-
rics were normally distributed.

The median value of FA, MD, λ1, λ2, λ3, f1 volume and 
f2 volume for each percentile was calculated since values 
had a non-Gaussian distribution. The relative contribution 
of inter- and intra-subject variability to the total observed 
variability for each parameter was examined as follows. A 
restricted maximum likelihood (REML) model of each data 
set was made considering subject and percentile as random 
factors. Percentiles above the 90th were ignored due to 
parameter estimation problems in the last slices (described 
below). The model partitioned variance into three compo-
nents, namely along tract variance common to all subjects 
(common intra-subject variability), mean parameter value 
for each subject (inter-subject variability), and a residual 
term reflecting inter-subject differences only at specific 
points along the tract.
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Two-way repeated measures analysis of variance 
(RMANOVA) was applied to determine side and NDGD 
(22-NDGD vs 66-NDGD) effect on FA, MD and waytotal.

Paired t tests were performed along the parameterized tracts 
for each subject, to individuate region-specific differences for 
side and NDGD effect. For each percentile, we performed a 
paired t test and the false discovery rate (FDR) method for 
multiple comparison correction was applied. The paired t tests 
were performed for all the diffusion metrics, FA, MD, λ1, λ2, 
λ3, and also for the volume corresponding to f1 and f2.

The 2D and 3D spatial correlations of CST between 
22-NDGD 22-NDGD and between 22-NDGD and 
66-NDGD were calculated, in MATLAB, by the 2D Pear-
son Correlation and the Dice coefficient respectively.

Results

Image quality was good and no EPI image slices were 
discarded.

SNR measurements made on the unweighted images 
were not significantly different between 22-NDGDs and 
66-NDGDs (mean SNR was 134 and at 22-NDGDs and 
132 at 66-NDGDs, p = 0.26).

Figure 1 shows the CST tracking obtained following the 
procedure described. The 66-NDGD data (bottom) reveal a 
higher value of connectivity and projections to lateral por-
tions of the sensorimotor strip that are less evident at 22
-NDGDs (middle) and at 22-NDGDs (top). An expanded 
view of the CST tract at level of the left corona radiata 
shows the superposition of crossing fiber bundles. In par-
ticular, the 66-NDGD data better identify the lateral motor 
projections (red) crossing the principal population of fib-
ers (oriented superior-inferiorly). Distributions of median 
value of FA and MD are reported in Fig. 2 (panels a and b, 
respectively), for the right (top of each panel) and left side 
of brain (bottom of each panel) at 22-NDGD, 22-NDGDs 
and 66-NDGDs (left, middle, right column, respectively). 
FA median values vary along the tract, with a similar pat-
tern found in all the participants. MD values are constant 

Fig. 1   Tracking the corticospinal tract (CST) from the precen-
tral gyrus to the posterior limb of internal capsule and the pons at 
22-NDGD (top), 22-NDGD (middle) and 66-NDGD (bottom) in suc-
cessive slices of a coronal view of one subject. Normalized and thres-
holded connectivity distribution of the right and left CST are super-
imposed onto the 3D T1-weighted image. Voxel are color coded from 

10−4 (red) to 0.008 (yellow) samples passing through the voxel. At 
the right the area of the CST tract at level of the left corona radiata is 
enlarged to show the superposition of crossing fiber bundles. Mean 
direction vectors of the posterior distribution samples are shown, 
color-coded using normal DTI convention so that dominant fibers are 
red (inferior-superior) and second fibers are blue (left–right)
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until the 85th percentile, but in the upper part of the tract 
MD values show a great variability at each NDGDs.

An evaluation of intra-subject and inter-subject parame-
ter variance, considering separately left and right sides and 
22, 22-NDGDs and 66 NDGDs was performed; the results 
are reported in Table 1

The residual variances of FA and MD values, corre-
sponding to differences present only in certain portions of 

the tract were significantly higher than inter-subject vari-
ances. In addition, the residual variances of both FA and 
MD are higher at 22-NDGDs with respect to 22-NDGDs 
and 66-NDGDs.

Kolmogorov–Smirnov testing showed that FA, MD, and 
waytotal were normally distributed.

Descriptive statistics for FA, MD waytotal are reported 
in Table  2, along with the results of an RMANOVA test 

Fig. 2   Plot of median value of FA (a) and MD (b) for each percen-
tile at 22-NDGD (first column), 22-NDGD (second column) and 
66-NDGD (third column), in each subject (blue lines) for the right 

side of the brain and for the left side of the brain. Red line represents 
average values between subjects along the tract
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using brain hemisphere and NDGD as factors. No effects of 
the brain side were found, while NDGD was found to affect 
FA and waytotal, but not MD. Waytotal variability was sub-
stantial, reflecting anatomical and “trackability” differences 
between subjects.

Along‑tract analysis

Results of the paired t test for FA, and MD, considering as 
pairing parameters either brain hemisphere or NDGD, are 
shown in Figs. 3, 4. Differences that manifest in less than 

Table 1   REML estimation 
of partition of variance for 
fractional anisotropy (FA), 
mean diffusivity (MD)

NDGD number of diffusion gradient directions

Effect Common intrasubject  
variability, %

Whole tract intersubject  
variability, %

Residual  
variability, %

FA

 22-NDGD

  Right 64.0 9.1 26.9

  Left 66.1 6.6 27.4

22-NDGD

  Right 68.1 7.6 24.3

  Left 67.8 5.3 26.9

 66-NDGD

  Right 65.5 8.8 25.7

  Left 61.2 5.7 33.2

MD

 22-NDGD

  Right 40.9 4.5 54.7

  Left 50.9 5.5 43.5

 22-NDGD

  Right 48.9 6.0 45.0

  Left 57.8 5.2 37.0

 66-NDGD

  Right 45.8 3.8 50.3

  Left 53.8 4.7 41.5

Table 2   Descriptive statistics (top) and results of RMANOVA (bottom) for FA, MD, and waytotal

Significant results (p < 0.05) are reported in bold

NDGD number of diffusion gradient directions

Descriptive statistics (mean ± SD) FA MD (×10−3 mm2 s−1) Waytotal (×104)

22-NDGD

 Right 0.36 ± 0.03 0.78 ± 0.03 1.40 ± 1.21

 Left 0.36 ± 0.03 0.78 ± 0.04 2.04 ± 1.90

66-NDGD

 Right 0.33 ± 0.03 0.78 ± 0.04 4.02 ± 5.02

 Left 0.33 ± 0.03 0.79 ± 0.05 2.34 ± 1.91

RMANOVA FA MD Waytotal

F p F p F p

Effects

 Side 0.37 0.55 0.60 0.45 0.60 0.45

 NDGD 31.60 <0.001 0.68 0.42 5.14 0.037
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three consecutive percentiles correspond to a single signifi-
cant comparison and are not considered relevant, as the dis-
tance between percentiles is roughly one third of the slice 
thickness).

Comparing acquisition strategies, FA appeared to 
be elevated along the central portion of the CST at the 
level of the PLIC, using 22-NDGDs compared to 66 
NDGDs (Fig.  3b), from the 50th to the 75th percentile 
on the right side (Fig. 3b, left) and from the 40th to the 
60th percentile (from PLIC to corona radiata) on the left 

side. No significant differences were found in three con-
secutive percentiles comparing 22-NDGDs to 22-NDGDs 
(Fig. 3a). Figure 3c shows a small portion of tract (from 
3rd to 5th percentile at level of the pons) with a higher 
FA at right found at 22-NDGDs. MD was not significantly 
different both in the comparisons between 22-NDGDs 
and 22-NDGDs (Fig.  4a) or between 22-NDGDs and 
66-NDGDs. Figure 4c shows no significant difference in 
MD values comparing left with right side at each NDGDs 
comparison.

Fig. 3   Paired t test of FA. From the top, a illustrates FA distribu-
tions and differences between two NDGD (respectively 22 and 22) on 
given side (right and left etc). Black line represents FA at 22-NDGD 
and grey line at 22-NDGD on given side (respectively right and left). 
Red lines indicate values at 22-NDGD which are higher than those 
at 22 and green lines indicate the opposite.   b Illustrates FA distri-
butions and differences between 22-NDGD and 66-NDGDs. Black 
line represents FA at 22-NDGD, and grey line at 66-NDGD on given 

side (respectively right and left). c Differences between sides of brain 
(right and left) for given NDGD (22, 22 and 66). Black line represents 
the right side and grey line the left side of the brain for given NDGD 
(respectively 22 on the left, 22 in the middle and 66 on the right). Red 
lines indicate values in the right side, which are higher than in the left 
side and green lines indicate the opposite. Differences are considered 
significant at p < 0.05 correcting using FDR
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To better understand the results found for FA and MD, 
we performed the same analysis for individual eigenvalues 
λ1, λ 2 and λ 3 (Supplementary Figure S.4, S.5, and S.6).

Spatial distribution of the tract

A 2D Pearson correlation coefficient of the binarised tract 
(Fig. 5) showed a good level of correlation between tracts 
obtained using either 22 or 66 NDGDs (in the range 0.5 to 

0.6) and as expected an even higher correlation between 
tracts obtained using either 22 or 22 NDGDs.

The mean Dice coefficient (±SD) between CST deline-
ated with 22- and 22-NDGD was 0.65 ± 0.09 for the right 
side and 0.68 ± 0.12 for the left side, and 0.53 ± 0.15 for 
the right and 0.57 ± 0.14 for the left when comparing CST 
delineated with 22 and 66-NDGDs.

Figure  6 reports the superimposition of all binarised 
tracts, which represents the spatial distribution of all tracts 

Fig. 4   Paired t test of MD. From the top, a illustrates MD distribu-
tions and differences between two NDGD (respectively, 22 and 22) 
on given side (right and left). Black line represents MD at 22-NDGD, 
and grey line at 22-NDGD on given side (respectively right and left). 
Red lines indicate values at 22-NDGD which are higher than those 
at 22 and green lines indicate the opposite. b Illustrates MD distri-
butions and differences between 22-NDGD and 66-NDGDs. Black 
line represents MD at 22-NDGD, and grey line at 66-NDGD on given 

side (respectively right and left). c Differences between sides of brain 
(right and left) for given NDGD (22, 22 and 66). Black line represents 
the right side and grey line the left side of the brain for given NDGD 
(respectively, 22 on the left, 22 in the middle and 66 on the right). 
Red lines indicate values in the right side which are higher than in the 
left side and green lines indicate the opposite. Differences are consid-
ered significant at p < 0.05 correcting using FDR
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volume. Results of the paired t test for COG of the x coordi-
nate (COGx), are reported in the Supplementary Materials 
comparing 22-NDGDs to 22-NDGDs (Supplementary Fig-
ure S.7 panel A) and comparing 22-NDGDs to 66-NDGSs 
(Supplementary Figure S.7 panel B). Results of the paired 
t test for the COG of the y coordinate (COGy) are reported 
in the Supplementary Materials comparing 22-NDGDs to 
22-NDGDs (Supplementary Figure S.8 panel A) and com-
paring 22-NDGDs to 66-NDGSs (Supplementary Figure 
S.8 panel B).

Crossing fibers analysis

Quantitative comparisons of the first fibers, and second 
fibers where present, were conducted performing a paired 
t test of the f1 and f2 volumes (Figs.  7 and Supplemen-
tary Figure S.9). The f1 and f2 volumes were greater at 
66-NDGD than at 22-NDGD along most of the tract for the 
f1 volume (Figure S.9 panel B) and along the entire tract 
for the f2 volume (Fig. 7, panel B). The greatest difference 

was found in the f2 volume at 66-NDGD in the range of 
45th–65th percentiles. This range was comparable to the 
central portion of the tract where FA has shown significant 
differences between 22-NDGD and 66 NDGDs (Fig.  3b). 
No substantial difference was found in the f1 and f2 vol-
umes between 22-NDGD and 22-NDGD (Fig. 7a and Sup-
plementary Figure S.9 panel A).

Discussion

In the present study, we investigated the effect of two 
acquisition protocols based on different number of dif-
fusion gradient directions on MR diffusion parameters of 
the CST, reconstructed from diffusion data obtained from 
healthy subjects. To individuate the effects of different 
NDGDs, the protocols 22- and 66-NDGDs differed only 
for this parameter.

Tracts were delineated applying the probabilistic trac-
tography algorithm, probtrackx2, which tracked the CST 

Fig. 5   Distribution along the tract of the Pearson correlation coeffi-
cient for right side (left upper panel)  and left side (left lower panel) 
comparing 22 and 22-NDGDs. Distribution along the tract of the 

Pearson correlation coefficient for right side (right upper panel) and 
left side (right lower panel) comparing 22 and 66-NDGDs
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from the primary motor cortex in the precentral gyrus to 
the pons. Other recent studies have also delineated the CST 
using similar anatomical location for ROIs [2, 33, 34]; our 
protocol varied in that we employed a Freesurfer segmen-
tation mask of the primary motor cortex which automati-
cally assures a subject specific seed; moreover, we drew the 
other ROIs on a study specific FA template. This procedure 
limits operator dependence and can be employed in studies 
with large numbers of subjects.

Some previous studies have investigated tract recon-
struction and evaluated diffusion parameters along the 
tract using different approaches to parameterization [13, 
14, 16, 35]. In order to improve regional specificity of the 
spatial statistics of the diffusion properties, we performed 
a division of each tract delineated into 100 segments for 
every subject, along the inferior-superior direction. FA val-
ues varied along the entire tract and across different sub-
jects (Fig. 2). In addition, regional variability was signifi-
cantly higher than subjects’ whole-tract variability for both 
FA and MD values (Table  1). These results confirm the 
utility of performing an along-tract analysis, since a tract-
average statistic could hide localized parameter differ-
ences [36]. The fact that the residual variances of both FA 
and MD are higher at 66-NDGDs with respect 22-NDGDs 
suggests that a protocol with higher NDGDs is able to give 
spatial details of the tract accounting for a greater intra-
subject variability.

In order to investigate specific regional differences along 
the tract, we compared each respective percentile between 

subjects, using different NDGDs and for left and right hem-
ispheres. Beyond the 90th percentile (Fig. 2), FA and MD 
values were found to be unreliable. Values beyond the 90th 
percentile were unreliable due the presence of liquor and 
meninges which increased apparent MD, while in the final 
few percentiles close the skull, DTI parameters were not 
reliably calculated.

The comparison of FA values at 22-NDGDs and 66 
NDGDs is particularly interesting (Fig.  3b). On the right 
side of the brain, FA values at 22-NDGDs showed an 
increase immediately above the PLIC (50th–70th percen-
tiles), while on the left side differences were present in a 
wider central region of the CST. To test the hypothesis that 
FA differences could be due to the presence of the second 
fiber, which was differentially detected by analyses using 
different NDGDs, we investigated the volume of the first 
and second detected fiber. For both sides of the brain, 
along most of the central portion of the tract for the first 
fiber (Supplementary Figure S.9), and along the most of the 
CST for the second fiber (Fig. 7), the volumes at 66-NDGD 
were higher respect to those at 22-NDGDs.

In particular, differences in f2 volumes peaked at the 
level of the pons and of the 50th percentile, where the vol-
ume was tripled for the acquisition using 66 NDGDs. Dif-
ferences in volume depended on the fact that for 66-NDGD 
data, the algorithm more readily detects dominant fiber 
directions beyond the first. Although the CST is one of the 
major descending white matter tracts in the human brain 
and its topographical localization at different levels has 

Fig. 6   Sum of binarised tracts of all subjects at 22-NDGD (top), 22
-NDGD (middle) and 66-NDGD (bottom) superimposed onto the 
mean FA template, views as successive slices. Intensity of this super-

imposition varies from 1 to 18 (total number of subjects). Color leg-
end indicates red for minimum value of intensity and yellow for max-
imum value
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been extensively studied, important issues regarding its 
in vivo reconstruction are still in debate. Previous MR and 
anatomical studies of human brain have shown that the por-
tion of the CST passing through the corona radiata (corre-
sponding to our 50th percentile) intersects other fasciculi, 
such as the superior longitudinal fasciculus, as well as fib-
ers of the corpus callosum [37, 38]. In addition, it is known 
that the pons contains many crossing fibers corresponding 

to the middle cerebellar peduncle, the pontine crossing tract 
(both in lateral orientation), the corticospinal tract (supe-
rior-inferior orientation), and the medial lemniscus [39]. 
The ability to resolve crossing fibers depends on diffusion 
models more complex than a tensor model. Specifically, it 
has been shown that tensor models are unable to visualize 
fibers of the CST crossing the arcuate fasciculus [40] while 
bedpostx can detect the projections of the CST to lateral 

Fig. 7   Paired t test on f2 volume. From the top, a illustrates f2 vol-
ume distributions and differences between two NDGD (respectively, 
22 and 22) on given side (right and left). Black line represents f2 vol-
ume at 22-NDGD, and grey line at 22-NDGD on given side (respec-
tively right and left). Red lines indicate values at 22-NDGD which are 
higher than those at 22 and green lines indicate the opposite. b Illus-
trates f2 volume distributions and differences between 22-NDGD and 
66-NDGDs. Black line represents f2 volume at 22-NDGD, and grey 

line at 66-NDGD on given side (respectively right and left). c Dif-
ferences between sides of brain (right and left) for given NDGD (22, 
22 and 66). Black line represents the right side and grey line the left 
side of the brain for given NDGD (respectively, 22 on the left, 22 in 
the middle and 66 on the right). Red lines indicate values in the right 
side which are higher than in the left side and green lines indicate the 
opposite. Differences are considered significant at p < 0.05 correcting 
using FDR
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portions of the sensorimotor cortex [24] that may well be 
responsible for the major differences in the paired t test of 
the volume of the second fiber between 22 and 66-NDGD.

The decrease of FA values relative to diffusion data with 
a larger number of gradients has already been reported [22, 
41, 42]. We interpreted the increase in FA at 22 NDGDs 
by considering that the second fiber detected by 22-NDGD 
acquisition has a volume substantially inferior to that 
detected by a 66-NDGD acquisition (Fig. 7b); this means 
that 66-NDGD acquisitions have a better sensitivity in 
detecting portions of the tract where different fiber orienta-
tions are present, thus leading to a decrease in average ani-
sotropy values.

A comparison between different NDGDs for MD values 
showed no significant differences on either side of the brain 
(Fig. 4).

The along-tract analysis of eigenvalues is in line with 
results obtained for MD (Supplementary Figures S.3–S.5). 
Small portions of the tract show differences between 22-
NDGDs and 66-NDGDs with opposing tendencies of λ1 
with respect to λ2 and λ3 that in combination do not gener-
ate significant difference in MD results.

Comparing protocols that differed only for SNR, fix-
ing the number of gradient directions, namely 22- and 22
-NDGDs, we observed no substantial differences in diffu-
sion parameters (FA, f1 and f2 volume) and spatial charac-
teristics of the CST between.

Considering differences between the left and right cor-
ticospinal tracts, plots of all three eigenvalues showed no 
left–right differences, in agreement with the analogous MD 
distribution, although we did find some significant differ-
ences in FA, f1 and f2 volumes using either the 22-NDGDs 
or the 66-NDGDs protocols, most notably higher FA val-
ues in the right lower portion of CST (at the level of pons 
and cerebral peduncle). The fact that the signs of asym-
metry observed were at the level of the pons may reflect 
hemilateral differences in the proportion of fibers that form 
ipsi- and contralateral tracts in the decussation immedi-
ately below the pons [43]. While many studies have ana-
lyzed asymmetries of white matter tracts and in particular 
of CST, and their correlation with handedness, this issue 
is still debated in literature. Some studies have found that 
this asymmetry takes the form of a preponderance of corti-
cospinal fibers in the right side of the spinal cord [44]. But 
other post-mortem [45] and in  vivo tractography studies 
[40, 46] have found a leftward asymmetry in the precentral 
component of the pyramidal tract and arcuate fasciculus. 
Moreover, Herve et al. [47] found the existence of an asym-
metry that is hand dominance-dependent in the precentral 
gyri, while other works, like the study of Westerhausen 
et al. [48], showed asymmetry of the corticospinal tract at 
the level of the internal capsule, but failed to demonstrate 
a direct correlation with hand dominance. We think that 

a confirmation of any possible asymmetry of CST needs 
to be investigated with an isotropic, high-resolution DWI 
investigation with a greater number of subjects.

Many studies have analyzed the influence of NDGD on 
diffusion-weighted imaging, to optimize DWI acquisition, 
possibly in a clinical setting, where total scan time cannot 
be too long and diffusion measures have to be both robust 
and reasonably accurate. As is often the case, the findings 
are not unambiguous: some studies have found that the 
minimum NDGD (6) is sufficient or even optimal for meas-
uring mean diffusivity and FA in the brain [49, 50]. Other 
researchers determine the minimum NDGD for robust 
estimation of FA to be 18–21 [51]. Simulation allows the 
appropriate number of diffusion gradient orientations to be 
calculated for accurate estimation of various diffusion met-
rics [22]. Few have investigated the effect of the NDGD on 
DTI measurements in  vivo: Ni et  al. [21] compared DW 
protocols with 6, 21, and 31 NDGD and found in a ROI 
based analysis that FA and MD were not significantly dif-
ferent among the three protocols, but there were signifi-
cant differences in the values of eigenvalues. In particular 
λ1 and λ2 were higher and λ3 was lower at 6-NDGD with 
respect to 21 and 31-NDGD. As far as we know, only one 
study has quantitatively estimated how diffusion measures 
related to specific tracts under evaluations changes with 
the number of diffusion gradients directions. Yao et al [52] 
assessed the effect of different NDGD (6, 11, 21, and 31) 
on diffusion tensor fiber tracking, using a deterministic 
algorithm for tractography and an averaged analysis for 
the tracts they chose to delineate. By visual assessment, 
they found that protocols with higher NDGD gave better 
tracking results, while concerning the diffusion-averaged 
measurements all parameter values were significantly 
greater at 6-NDGD than those with the other NDGDs, apart 
from average tract length which proved to be significantly 
smaller. The authors assert that one limitation of the study 
was the inability to distinguish pathways in voxels that con-
tain crossing fibers.

In addition to the effects of NDGD in an along-tract 
tractography analysis of the CST, we also investigated the 
spatial correlation of CSTs obtained at 22-NDGDs with 
respect to 66-NDGDs. Figure 6 shows the distribution of all 
superimposed tracts and highlights the close correspond-
ence among subjects and between different NDGD data 
sets. The major difference is at the level of the projection of 
CST to the lateral portions of the sensorimotor cortex.

The Dice coefficient showed a concordance between 
tracts obtained at different NDGD which ranged from 
moderate to good. Similarly, performing a 2D spatial com-
parison, we observed a Pearson correlation coefficient in a 
range between 0.5 and 0.7. Overall, the spatial correlation 
is better between 22-NDGD and 22-NDGDs than the cor-
relation between 22-NDGDs and 66-NDGD, as expected.
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While the spatial correlation results demonstrated the 
reliability of the CST obtained at 22-NDGD, the f2 volume 
distributions confirm the evidence of a greater number of 
fibers detected at 66-NDGD. In particular, this is apparent 
in the lateral portion of the CST which is not completely 
described by the first fiber alone.

Overall, 66-NDGD proved to be superior in CST recon-
struction and also shows a good absolute level of perfor-
mance for tractography reconstruction. However, the good 
spatial correspondence between tracts delineated with 
22-NDGD and 66-NDGD suggests that the 22-NDGD pro-
tocol may be suitable for clinical studies, when a short scan 
time is often needed.

Further spatial analyses were performed: the COG for x 
and y showed that the tracts delineated at 66-NDGD were 
somewhat more mesial (significant differences in COGx 
distribution for the right side, Supplementary Figure S.8) 
and more anterior (significant differences for COGy, Sup-
plementary Figure S.9) compared to those at 22-NDGDs.

This study has some limitations: the intensity of the 
static magnetic field (1.5  T) and the performance of the 
gradient system on our clinical scanner determines not 
only the limited spatial resolution, but also the relatively 
long duration of the acquisition time. Although our study 
is based on a well-established tractography algorithm, our 
results may have been affected by the spatial resolution and 
non-isotropic form of the voxel we used.

Another limitation is the voxel dimension employed: 
both a more isotropic form and reduced dimensions could 
improve the quality of tractography reconstruction.

Conclusion

In summary, in this study we applied an along-tract analy-
sis of diffusion parameters in the CST defined by a semi-
automatic procedure, to assess the effect of different 
NDGDs on a probabilistic tractography approach, which 
is particularly powerful in evaluating crossing fibers when 
present. The developed methodology offers a tool for trac-
tography analysis both for research and clinical studies. 
Our work provides an example of a comparison of trac-
tography results obtained using data from two schemes of 
acquisitions which can be used with a clinical scanner. The 
along-tract analysis we performed demonstrates the differ-
ences in the CST definition with such different acquisition 
schemes (mostly due to NDGDs and acquisition time), 
These results should aid in the choice of the most suitable 
protocol to be used depending on the clinical question, bal-
ancing the need to have the most accurate definition of the 
CST tract (for example in the pre-surgical evaluation of 
brain lesions) with the need to analyze the properties of the 
CST tract in a short acquisition time (for example in the 

evaluation of neurodegenerative diseases which may affect 
the whole tract).
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