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A B S T R A C T

Background and Purpose: Early studies have indicated that the cortico-rubro-spinal tracts play important roles in
motor dysfunction after stroke. However, the differential involvement of the rubral branches in capsular and
pontine stroke, and their associations with the motor impairment are still unknown.
Methods: The present study recruited 144 chronic stroke patients and 91 normal controls (NC) from three
hospitals, including 102 cases with capsular stroke (CS) and 42 cases with pontine stroke (PS). The rubral
branches, including bilateral corticorubral tracts (CRT), dentatorubral tracts (DRT), and rubrospinal tracts
(RST), and the cortico-spinal tract (CST) were reconstructed based on the dataset of the Human Connectome
Project. Group differences in diffusion scalars of each rubral branch were compared, and the associations be-
tween the diffusion measures of rubral branches and the Fugl-Meyer assessment (FMA) scores were tested.
Results: The bilateral CRT of the CS cases showed significantly lower factional anisotropy (FA) than in the NC.
The bilateral DRT of the PS cases had lower FA than in the NC. Both CS and PS cases had significantly lower FA
of the bilateral RST than the NC. Besides, the stroke patients demonstrated significantly lower FA in bilateral
CSTs than the NC. Partial correlation analysis identified significantly positive correlations between the FA of the
ipsilesional and CRT and the FMA scores in the CS group, and significantly positive correlations between the FA
of the RST bilaterally and the FMA scores in the CS and PS groups. Furthermore, the association between RST
integrity and FMA scores still survived after controlling for the effect of the CST. Finally, multiple regression
modelling found that rubral tract FA explained 39.2% of the variance in FMA scores for CS patients, and 48.8%
of the variance in FMA scores for PS patients.
Conclusions: The bilateral rubral branches were differentially involved in the chronic capsular and pontine
stroke, and the impairment severity of each rubral branch was dependent on lesion locations. The integrity of the
rubral branches is related to motor impairment in both the chronic capsular and pontine stroke.

AD= axial diffusivity
CRT= corticorubral tract
CS= capsular stroke
CST= corticospinal tract
DRT= dentatorubral tract
DSI= diffusion spectrum imaging
DTI= diffusion tensor imaging
FA= fractional anisotropy
FMA= Fugl-Meyer Assessment
FWE= Family-wise error
FDR= False-discovery rate

HCP= Human Connectome Project
NC= normal control
PS= pontine stroke
RD= radial diffusivity
ROI= region of interest
RST= rubrospinal tracts

1. Introduction

The red nucleus is a key relay that links the cerebral cortex, cere-
bellum and the spinal cord; it receives projections from the cerebral

https://doi.org/10.1016/j.nicl.2019.102090
Received 10 July 2019; Received in revised form 6 November 2019; Accepted 10 November 2019

⁎ Corresponding author at: Department of Radiology, Tianjin Medical University General Hospital, No. 154, Anshan Road, Heping District, Tianjin 300052, China.
E-mail address: wayne.wenqin@gmail.com (W. Qin).

NeuroImage: Clinical 24 (2019) 102090

Available online 12 November 2019
2213-1582/ © 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2019.102090
https://doi.org/10.1016/j.nicl.2019.102090
mailto:wayne.wenqin@gmail.com
https://doi.org/10.1016/j.nicl.2019.102090
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nicl.2019.102090&domain=pdf


cortex through the corticorubral tracts (CRT), and projections from the
dentate nucleus(DN) of the cerebellum through the dentatorubral tracts
(DRT) (Cacciola et al., 2019), and yields efferents to the interneurons
and motor neurons of the spinal cord through the rubrospinal tracts
(RST) (Lemon, 2016; Milardi et al., 2016). In vivo studies using diffu-
sion tensor imaging (DTI) reconstruct the connections between the red
nucleus and the ipsilateral cerebral cortex, thalamus and contralateral
cerebellar dentate nucleus (Habas and Cabanis, 2006, 2007;
Meola et al., 2016). However, in traditional DTI, it is hard to resolve the
cross-fiber in rubral pathways, such as the decussating fibers of the DRT
and RST, thus making it hard to reconstruct the full branches of the
rubral pathways.
The structural integrity of corticospinal tracts (CST) is closely re-

lated to the degree of motor dysfunction and recovery after stroke
(Lotze et al., 2012; Schaechter et al., 2009; Sterr et al., 2010;
Stinear et al., 2007). Moreover, some studies have indicated that the
cortico-rubro-spinal tracts play important roles in motor dysfunction
and recovery after stroke (Kim et al., 2018; Ruber et al., 2012;
Siegel et al., 2015; Yeo and Jang, 2010). However, it remains unknown
whether the rubral branches are differentially involved in the stroke,
which is important for understanding the roles of each rubral branch in
stroke-induced disability and recovery. Early studies have also shown
that the lesion locations of stroke were closely associated with the types
and severity of dysfunction and recovery potentials (Cheng et al.,
2014); moreover, different infarction location can induce differential
types of structural damage and reorganization of brain gray matter,
even in brain regions outside of the lesion (Jiang et al., 2017). Thus, it
also interesting to elucidate whether the patterns of damage/re-
organization of the rubral branches are also lesion-location dependent.
Because the brain regions with changed gray matter are connected

by the deep white matter tracts, the gray matter changes outside the
lesion (Jiang et al., 2017) might be the secondary to the changes of
their connected white matter. Thus, we hypothesized that patients with
capsular stroke (CS) and pontine stroke (PS) may induce differential
structural damage and reorganization along each branch of the rubral
pathway, which may account for the residual motor impairment at the
chronic stage. To validate our hypothesis, we recruited a relatively
large sample size of unilateral chronic stroke patients (including 102
cases with CS and 42 with PS) and normal controls (NC). Benefit from
the large sample size of recruited patients, we separately analyzed and
reported the findings with left- and right-side lesions to validate the
reproducibility of our findings. Because the infarct lesions may destruct
the continuity of rubral branches, causing the tractography failed, we

reconstruct the group-wise probabilistic fibers of each branch from a
large sample of healthy adults and applied them to the candidate cohort
to obtain the precise rubral branches. Specifically, we reconstructed
individual branches of rubral pathways (including the CRT, DRT and
RST) using multi-shell diffusion data collected by the Human Con-
nectome Project (HCP). The HCP acquires and shares high quality
human magnetic resonance (MR) imaging data for researches
(Van Essen et al., 2013). For example, diffusion weighted MR data were
collected with high spatial resolution (1.25 -mm3) and high-angular
resolution (270+ diffusion directions). In combination with state-of-
the-art reconstruction algorithms, it is hoped to dramatically improve
the resolution for cross-fibers along the rubral pathways
(Sotiropoulos et al., 2013; Ugurbil et al., 2013). Based on the re-
constructed rubral pathways, we then tried to investigate the micro-
structural changes along the rubral branches in chronic CS and pontine
stroke PS in a voxel-wise manner, and tried to associate the involve-
ment of the rubral branches with the severity of motor impairment.

2. Materials and methods

The authors declare that all supporting data are available within the
article and its online Supplemental files.

2.1. Participants

In the present study, 144 chronic stroke patients and 91 normal
controls were recruited for this study from three hospitals, including
102 cases with CS and 42 with PS. Normal controls were matched to the
stroke patients for gender and age. This research was approved by the
ethics committee of local medical institutions. All participants signed
informed consent forms prior to the study. The enrollment criteria for
patients were as follows: (1) first-onset ischemic stroke; (2) demon-
strated motor dysfunction at the initial inpatient; (3) initial CT or MR
imaging identified a single lesion involving the posterior limbs of the
internal capsule for the CS; or a single lesion at the level of the uni-
lateral pons for the PS;(4) the interval between stroke onset and en-
rollment was longer than 6 months; and (5) the age was range 40–80
years. The exclusion criteria were as follows: (1) patients with recurrent
cerebral infarction; (2) left-handedness before stroke; (3) a history of
drug dependence or psychiatric disorders; (4) other intracranial lesions,
such as tumors, vascular malformations, cerebral hemorrhage, etc.; (5)
poor image quality; and (6) cannot complete neurological and MR ex-
aminations. All patients underwent Fugl-Meyer assessment (FMA),

Table 1
Demographic and clinical data of patients with stroke and control subjects.

Capsular stroke Pontine stroke Normal controls Statistics P value

Patients with left lesions
Age(year) 43–75(55.65± 8.07) 49–69(58.48± 6.14) 40–75(55.54± 7.63) F=1.325 0.269
Gender (Male/Female) 39/10 13/8 47/40 χ2 =8.811 0.012
No. of patients for each scanner

(Trio Tim/ MR750/MR750)
9/23/17 5/9/7 26/34/27 χ2=2.258 0.689

FMA total
FMA upper extremity
FMA lower extremity

19–100(92.19± 18.90)
10–66(60.13± 14.55)
9–34(32.06±5.02)

12–100(90.05± 23.49)
9–66(59.10±16.29)
3–34(30.95±7.47)

/
/
/

t=0.401
t=0.261
t=0.725

0.689
0.795
0.471

Timing of follow-up imaging (days) 185–2099(609.0 ± 404.1) 181–1018(473.9 ± 253.7) / t=1.414 0.162
Lesion volume at Chronic stage(ml) 0.01–3.73(0.71± 0.85) 0.02–0.73(0.21± 0.21) / /
Patients with right lesions
Age(year) 41–71(56.78± 6.93) 42–72(57.12± 8.99) 40–75(55.54± 7.63) F=0.561 0.572
Gender (Male/Female) 26/18 11/6 47/40 χ2=0.800 0.670
No. of patients for each scanner

(Trio Tim/ MR750/MR750)
14/14/16 3/6/8 26/34/27 χ2=2.423 0.666

FMA total
FMA upper extremity
FMA lower extremity

28–100(87.89± 21.79)
3–66(56.91±17.06)
15–34(30.75± 5.98)

65–100(93.35± 10.11)
42–66(61.88± 6.74)
23–34(31.47± 3.61)

/
/
/

t=−1.334
t=−1.632
t=−0.574

0.188
0.108
0.569

Timing of follow-up imaging (days) 216–1612(537.1 ± 286.3) 204–1075(479.9 ± 276.9) / t=0.706 0.483
Lesion volume at Chronic stage(ml) 0.04–5.62(0.78± 1.14) 0.02–0.38(0.13± 0.10) / /
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which is frequently used to evaluate the motor impairment in clinical
practice. The detailed demographic and clinical data are described in
Table 1.

2.2. MR data acquisition

2.2.1. Stroke dataset
MR images (MRI) were acquired using three 3.0T MR scanners from

three hospitals, including a Magnetom Trio Tim MR scanner (Siemens,
Erlangen, Germany) and two Discovery MR750 scanners (GE
Healthcare).
For the Trio Tim scanner, 3D T1-weighted (T1W) images were ac-

quired using the magnetization prepared rapid acquisition gradient echo
(MPRAGE) sequence with the following parameters: repetition time (TR)/
echo time (TE) /inversion time (TI)=2000/2.26/900ms, flip angle=9°,
field of view (FOV)=256mm×232mm, matrix=256×232, thick-
ness=1mm, and slices=192, resulting in a 1mm isotropic voxel; dif-
fusion MRI (dMRI) images were acquired using single-shot spin-echo
planar imaging (SS-SE-EPI) sequence with the following parameters: TR/
TE=6000/85ms, flip angle=90°, FOV=256mm×256mm, ma-
trix=128×128, thickness=3mm, gap=0, slices=45, number of
none-diffusion volumes=1; and 64 diffusion directions with b=1000 s/
mm2.
For the MR750 scanners, 3D T1-weighted images were acquired

using the brain volume (BRAVO) sequence with the following para-
meters: TR/TE/TI= 8.14/3.17/450ms, flip angle =12°, FOV
=256mm×256mm, matrix= 256×256, thickness= 1mm, slices
=188, voxel size= 1mm×1mm×1mm; dMRI images were ac-
quired using the SS-SE-EPI sequence with the following parameters:
TR/TE=7100/60.5ms, flip angle= 90°, FOV=256mm×256mm,
matrix= 128×128, thickness= 2mm, gap= 0, slices= 70, number
of no diffusion volumes= 10; 64 diffusion directions with b=1000 s/
mm2. All subjects were informed to close their eyes and to be motion-
less during the scanning.

2.2.2. HCP dataset
The HCP dataset was obtained using the 3.0T WU-Minn-Ox HCP

scanner with very strong magnetic field gradients (100 mT/m) along with
new and optimized dMRI pulse sequences (Glasser et al., 2016). The 3D
T1W images were obtained using the MPRAGE sequence with the fol-
lowing parameters: TR/TE/TI =2400/2.14/1000ms, flip angle =8°, FOV
=224mm×224mm, matrix=320×320, and slice thickness
=0.7mm, resulting in a 0.7mm isotropic voxel. The diffusion images
were obtained using a multi-band SS-SE-EPI sequence with the following
parameters: TR/TE =5520/89.5ms, flip angle =78°, multi-band

factor=3, FOV=210mm×180mm, matrix=168×144, and slice
thickness=1.25mm, resulting in a 1.25mm isotropic voxel. The diffusion
session includes 6 runs, representing 3 different gradient tables, which
correspond to 3 shells of b=1000, 2000, and 3000 s/mm2, and each table
acquired once with right-to-left and left-to-right phase encoding directions,
respectively. Each gradient table includes approximately 90 diffusion
weighting directions plus 6 b=0 acquisitions interspersed throughout
each run. (http://protocols.humanconnectome.org/HCP/3T/imaging-
protocols.html)

2.3. Data processing

2.3.1. Stroke dataset
The image quality was first checked manually, and we excluded

some subjects due to poor quality DTI images, including 11 cases with
motion artifacts, 3 cases without T1 images, and 3 cases with severe
distortion caused by dentures. Finally, our study included 93 cases with
CS and 38 with PS and 87 normal controls.
The dMRI were preprocessed on the FSL 5.0.10 platform (https://

fsl.fmrib.ox.ac.uk/fsl/fslwiki/). First, the eddy current and suscept-
ibility- induced image distortion and head motion-induced displace-
ment were corrected using the “eddy current correction tool” im-
plemented in the FSL. Then, the brain tissues were extracted using the
“brain extraction tool v2.1″, which generates a non-diffusion (b0) brain
volume and mask. Then, a linear least square algorithm was used to fit
the diffusion tensor model at each voxel, and the fractional anisotropy
(FA) was calculated based on the decomposed eigenvalues of the dif-
fusion tensor, which quantifies the extent of diffusion anisotropy and is
broadly used to identify the microstructural properties of brain white
matter (Qin et al., 2012; Ruber et al., 2012). The FA maps were then
normalized into the Montreal Neurological Institute (MNI) space along
the following: first, non-diffusion b0 brain images were linearly cor-
egistered with the T1W brain images; then, the T1 images were seg-
mented into different tissue components and were normalized into the
MNI space using diffeomorphic anatomical registration through ex-
ponentiated lie algebra (DARTEL) algorithms; finally, the deformation
parameters of the preceding two-steps were concatenated and used to
write the native FA map of each subject into the MNI space. Finally, the
normalized FA maps were smoothed with full width at half maximum
(FWHM) of 8×8×8mm3. Probability maps of lesion distribution in
patients with CS and PS are shown in Fig. 1.

2.3.2. HCP-dataset
The downloaded diffusion HCP data had been preprocessed based

on minimal preprocessing pipelines (Glasser et al., 2013), which

Fig. 1. Probability maps of stroke lesions. (A) Capsular stroke (B) Pontine stroke. The color bar represents the lesion probability across patients.(For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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included b0 intensity normalization, EPI distortion correction (topup
toolbox), subject motion correction (eddy toolbox), gradient non-
linearity correction, b0 to T1W linear registration, etc.(http://dsi-
studio.labsolver.org/Manual/Parse-DICOM). The T1W images were
first segmented into different tissue components and were normalized
into the MNI space using DARTEL algorithms, and the diffusion-to-MNI
deformation parameters were calculated by concatenating the two
preceding registration steps (i.e., b0-to-T1W and T1W-to-MNI).
The orientation diffusion function (ODF) of each voxel was fitted

using generalized q-sampling imaging (GQI) algorithm. GQI estimates
the spin distribution function directly from diffusion MR signals that
can reliably resolve multiple fiber orientations within one single voxel
(Yeh et al., 2013; Yeh FC, 2010), thus it is far better than traditional
tensor-based tractography methods in resolving cross fibers such as the
rubral branches. In the ISMRM 2015 Tractography challenge, GQI-
based tractography has achieved the highest valid connections (92%)
among 96 fiber tracking methods (Maier-Hein et al., 2017). The para-
meters for ODF fitting included: diffusion sampling length ratio= 1.25,
ODF decomposition fraction=0.05 (Yeh et al., 2013). Subsequently,
we performed deterministic tractography to reconstruct the branches of
rubral pathways using the streamline method. The red nucleus was
chosen as the endpoint region of interest (ROI) of fibers. The ROI was
drawn on b0 images of each subject since the boundaries of red nuclei
can be clearly identified on them (Fig. 2A). In the present study, we
initially enrolled 100 subjects from the HCP dataset, in which 89 par-
ticipants were selected to track the rubral pathway according to the

following two principles: (1) the boundary of each red nucleus can be
clearly displayed and drawn; and (2) the sizes of the bilateral red nuclei
are comparable. The ROI of the red nuclei on each side of each subject
was manually drawn by a radiologist with 18 years of professional skills
using MRIcron software (www.nitrc.org/projects/mricron). The para-
meters for fiber tracking were as follows: 1,000,000 seeds were ran-
domly placed at the voxel of the whole brain, angular threshold =60°,
step size= 0.62mm, termination threshold for quantitative aniso-
tropy= 0.08, and fiber trajectories were smoothed by averaging the
propagation direction with 20% of the previous direction.
The fiber bundles that end in the red nuclei were further manually

trimmed by the same radiologist using the fiber bundle editing tool in
DSI Studio to remove pseudo-fibers. Then, three fiber bundles on each
side were isolated based on their terminating/pass regions, including
the CRT that terminates at the cerebral cortex, the DRT that terminates
at the dentate, and the RST that prolongates to the medulla (Fig. 2B).
The seeds for CST reconstruction were manually defined at each

subject, including the primary motor cortex (termination seeds), pos-
terior limb of internal capsule (pass seeds), and cerebral peduncle (pass
seeds). Fibers that terminate or pass through all the three ipsilateral
seeds were reconstructed using the same tractography algorithm and
parameters as described in rubral branches tractography.
The three pairs of rubral branches and the CSTs were then nor-

malized into the MNI space using the diffusion-to-MNI deformation
parameters. Finally, a group-level fiber probabilistic map of each fiber
bundle was calculated by averaging the normalized fibers of all subjects

Fig. 2. Rubral branches and CST reconstructed based on HCP dMRI data. (A) The seeds of red nuclei were defined based on b0 images. (B) An example of rubral
branches reconstructed by the GQI algorithm, which included the CRT (blue), DRT (pink), and RST (green). The CRT ascends from the red nucleus to the internal
capsule, and terminates into the prefrontal-parietal cortex. The DRT descends from the red nucleus to the ipsilateral cerebral peduncle, crosses the middle line, and
terminates into the contralateral dentate via the superior cerebellar peduncle. The RST descends from the red nucleus to the dorsal part of the bilateral midbrain,
pons, and medulla. (C) Probabilistic map (25%) of each rubral branch and corticospinal tract (red). Abbreviations: CRT=corticorubral tracts, CST= corticospinal
tract, dMRI=diffusion magnetic resonance imaging, DRT=dentatorubral tracts, HCP=Human Connectome Project, RST= rubrospinal tracts.(For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 2C). The tractography was conducted using DSI Studio 2017 build
(http://dsi-studio.labsolver.org).

2.4. Statistical analyses

To identify potential microstructural changes of the rubral branches
and CST after chronic CS and PS, a voxel-wise general linear model
(GLM) was carried out with groups (CS, PS and NC) as the fixed effects,
and age and gender nuisance covariates within each fiber mask in-
dependently, using SPM 12 (https://www.fil.ion.ucl.ac.uk/spm/
software/spm12/). According to a recent study showing that sys-
tematic bias of FA cannot be ignored in multicenter studies, different
scanners were also considered as random nuisance covariates in the
GLM model (Teipel et al., 2011). The fiber mask was created by
thresholding the group-level fiber probabilistic map higher than 25%
and binarizing the non-zero voxels. We chose this threshold because we
found that a lower threshold would cause a non-specific distribution of
the rubral branches, while a higher threshold would disrupt fiber
continuity between the cortex and red nuclei. Multiple comparisons
were corrected using a cluster-level family-wise error (FWE) method
(peak-wise P<0.001, corrected cluster-wise P <0.05).
The mean FA, axial diffusivity (AD) and radial diffusivity (RD) of

clusters with significant differences in each tract were extracted, and
ROI-wise post hoc analyses were carried out using the GLM model in
the PASW statistics 19 software (https://www.ibm.com/analytics/spss-
statistics-software) to compare group differences in these diffusion
scalars between each pair of groups. The false discovery rate (FDR)
method was used to correct for multiple comparisons (q < 0.05). To
test the associations of the microscopic integrity of each tract with the
motor impairment, partial correlation analyses (controlling for the ef-
fects of age, gender, and scanners) were performed to test the asso-
ciations between the FA values of all tracts (including the CST and three
rubral branches) and the FMA scores. Finally, to further elucidate
whether the integrity of the rubral branches contributes independently
to the residual motor impairment that is irrespective of the CST, the FA
values of ipsilesional CST in combination with the former covariates

(age, gender, and scanners) were regressed out in the correlations be-
tween the FA of each rubral branch and the FMA scores (q< 0.05, FDR
correction).
To evaluate the power of the integrity of rubral branches on explaining

the individual variance in severity of motor impairment, we additionally
introduce a multiple regression model with the total FMA score as the
dependent variable, and the FA value of the bilateral DRT and RST, and
that of ipsilesional CRT as the explained variables (features). We did not
introduce the FA of contralesional CRT as the explained variable because
this tract was only involved in patients with left lesion while not in whom
with right lesion, and there is no association between the FMA and FA of
the contralesional CRT (see Supplementary Datasheet 1). Before model
estimation, the effects of age, gender, and scanners were regressed out
from each feature, and each feature was then scaled into normal dis-
tribution with mean of 0 and standard deviation of 1 using Gaussian re-
placement method. A F-test was used to evaluate the statistical sig-
nificance (q<0.05, FDR corrected), and adjusted R-square value was used
to evaluate the power of the model.

3. Results

3.1. The trajectory of rubral branches and gross involvement in the stroke

Based on the HCP dataset, we reconstructed three pairs of rubral
fibers, including the CRT, RST and DRT, and one pair of CSTs. The CRT
mainly connects the red nucleus and ipsilateral frontal-parietal cortices
through the internal capsule. The CRT starts from the red nucleus, and
ascends through the anterior and posterior limb of the internal capsule,
and terminates into ipsilateral prefrontal-parietal cortex. The DRT
descends along the ipsilateral cerebral peduncle, crosses the middle line
at the junction between the midbrain and pons, passes along the con-
tralateral superior cerebellar peduncle and then terminates into the
contralateral dentate. The RST originates from the red nucleus and
mainly extrapolates along the dorsal part of the bilateral midbrain,
pons, and medulla (Fig. 2B). The probabilistic map of each rubral
branch and the CST was shown in Fig. 2C.

Fig. 3. Spatial relationships between lesion locations and rubral branches. (A) The relationship between CS lesions (left lesion: warm, right lesion: cool) and
CRT, (B) between PS lesions and DRT, and (C) between PS lesions and RST (left tract: cyan, right tract: violet). Percentage of direct (orange) and indirect damage
(blue) of the CRT (D), DRT (E), and RST (F) was shown in the bottom panel. Abbreviations: CRT=corticorubral tracts, CS=capsular stroke, DRT=dentatorubral
tracts, PS=pontine stroke, RST= rubrospinal tracts.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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The percentage of stroke patients with direct damage was 18.29% in
the left and 14.2% in the right CRT, 0.66% in the left and 1.49% in the
right DRT, and 2.67% in the left and 1.20% in the right RST (Fig. 3C).

3.2. Differences in integrity of ipsilesional rubral branches between the
stroke patients and the NC

VBA analyses identified significant differences in FA of ipsilesional
rubral branches in patients with left (Fig. 4A) and right (Fig. 4B) stroke
lesions (P< 0.05, cluster-wise FWE correction). ROI-wise post hoc
analyses demonstrated significantly lower FA in the ipsilesional CRT of
the CS than those of the PS and NC. The ipsilesional RST of both CS and
PS on both sides had significantly lower FA than those of the NC (P<
0.05, FDR correction). The FA values of the ipsilateral DRT of the left PS
were significantly lower than those of the left CS and NC, while the
ipsilateral DRT of the right CS and PS had significantly lower FA than
the NC (q< 0.05, FDR correction) (Fig. 4C and D).
Besides, the ipsilesional CRT had significantly higher AD and RD for

the CS than the PS and NC. The ipsilesional DRT had higher AD and RD
for the left PS than the left CS and NC, and the ipsilesional DRT had
higher AD and RD for the right PS and CS than the NC. The ipsilesional
RST had higher AD for the right PS and CS than the NC, and higher RD
for the PS and CS than the NC (q < 0.05, FDR correction)
(Supplementary Table 1).

3.3. Differences in integrity of contralesional rubral branches between the
stroke patients and the NC

Significant differences in FA were also shown in the contralesional
rubral branches in patients with both left (Fig. 5A) and right (Fig. 5B)
infarction lesions by VBA (P< 0.05, cluster-wise FWE correction).
Further post hoc analyses found that the contralesional CRT in the left
CS had significantly lower FA than the NC. The contralesional RST in
both the CS and PS on both sides had significantly lower FA than the NC
(q< 0.05, FDR correction). Finally, the FA values of the contralesional
DRT of the left PS were significantly lower than those of the left CS and
NC, while the contralesional DRT of the right CS and PS had sig-
nificantly lower FA than the NC (q<0.05, FDR correction) (Fig. 5C and
D).
Besides, the contralesional CRT had higher RD for the left CS and

left PS than the NC. The contralesional DRT had higher AD and RD for
the left PS than the left CS and NC, and higher AD and RD for the right
PS and right CS than the NC. The contralesional RST had higher RD for
the left CS than the NC, and higher RD for the right PS than the NC (q<
0.05, FDR correction) (Supplementary Table 2).

3.4. Differences in integrity of CST between the stroke patients and the NC

Additionally, VBA analyses identified significant differences in FA of

Fig. 4. Intergroup differences in FA of ipsilesional rubral branches. Voxel-wise one-way analyses of variance in FA of the ipsilesional rubral branches in patients
with (A) left and (B) right infarction lesions were carried out after controlling for the effects of age, gender, and scanners (family-wise error correction, P < 0.05),
respectively. The color map represents the F values. Post hoc analyses of the (C) left and (D) right ipsilesional rubral branches were corrected using false discovery
rate (q < 0.05). Abbreviations: CRT=corticorubral tracts, CS=capsular stroke, DRT=dentatorubral tracts, FA=fractional anisotropy, NC=normal control,
PS=pontine stroke, RST= rubrospinal tracts.

J. Guo, et al. NeuroImage: Clinical 24 (2019) 102090

6



both ipsilesional and contralesional CST in stroke patients (P< 0.05,
cluster-wise FWE correction). Post hoc analyses demonstrated that
stroke patients had significantly lower FA in the ipsilesional and con-
tralesional CST than the NC, and patients with right-lesion PS had
significantly lower FA in the contralesional CST than the CS (q< 0.05,
FDR correction) (Fig. 6).

3.5. The correlation between the FA of rubral branches and FMA scores

Partial correlation analyses identified significantly positive corre-
lations between the FA of ipsilesional CST and all FMA scores in both
the CS and PS (q< 0.05, FDR correction). Significantly positive corre-
lations were also shown between the FA of ipsilesional CRT and the
FMA total and upper extremity scores in the CS, between the FA of
ipsilesional RST and the FMA total and upper extremity scores in both
the CS and PS, between the FA of contralesional RST and the FMA
upper extremity score in the CS, between the FA of contralesional RST
and the FMA total, upper and lower extremity scores in the PS, and
between the FA of contralesional DRT and FMA total, upper and lower
extremity scores in the PS (q < 0.05, FDR correction) (Table 2).
To further elucidate whether the integrity of the rubral branches

contributes independently to the severity of motor impairment that
cannot be explained by the impairment of ipsilesional CST, the FA of
ipsilesional CST were additionally regressed out from the partial

correlation model. We still found significantly positive correlations
between the FA of both ipsilesional and contralesional RST and FMA
lower extremity scores in the PS (q< 0.05, FDR correction). Besides, we
also found weak positive correlations between the FA of ipsilesional
CRT/RST and FMA upper extremity score in the CS, between the FA of
ipsilesional RST and FMA total score in the PS, and between the FA of
contralesional RST and FMA total and upper extremity scores in the PS
(P< 0.05 uncorrected) (Table 3).

3.6. The power of the integrity of rubral branches on explaining the
individual variance in motor impairment severity

To evaluate the power of the integrity of rubral branches on ex-
plaining the individual variance in severity of motor impairment after
CS and PS, a multiple linear regression model was introduced and we
found that the composite FA features of all the involved rubral branches
explained 39.2% of the variance in FMA scores for CS patients
(F=6.023, P < 0.001), and explained 48.8% of the variance in FMA
scores for PS patients (F=4.817, P=0.008) (Fig. 7).

4. Discussion

In this study, we investigated the possible microstructural changes
of rubral branches in chronic unilateral capsular and pontine stroke

Fig. 5. Intergroup differences in FA of contralesional rubral branches. Voxel-wise one-way analyses of variance in FA of the contralesional rubral branches in
patients with (A) left and (B) right infarction lesions were carried out after controlling for the effects of age, gender, and scanners (family-wise error correction, P<
0.05), respectively. The color map represents the F values. The region-of-interest post hoc analyses of the (C) left and (D) right contralesional rubral branches were
corrected using false discovery rate (q < 0.05). Abbreviations: CRT=corticorubral tracts, CS=capsular stroke, DRT=dentatorubral tracts, FA=fractional aniso-
tropy, NC=normal control, PS=pontine stroke, RST= rubrospinal tracts.(For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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based on a fine-sculptured dMRI-based fiber-tracking procedure. We
found that both the ipsilesional and contralesional rubral branches were
impaired in patients with capsular and pontine stroke, and location-
specific changes of these rubral branches were also present.
Furthermore, the integrity of the most rubral branches were closely
associated with the severity of motor impairment as revealed by FMA

scores, and the association between integrity of RST and the FMA scores
of lower extremity still survived after regressing out the effect of the
ipsilateral CST. Finally, multiple regression model demonstrated that at
least 39% of the individual variance in severity of motor impairment
can be explained by the integrity of all the involved rubral branches in
both the CS and PS.

Table 2
Correlations between the FA of rubral branches and motor impairment.

Group fiber statistics FMA total FMA upper extremity FMA lower extremity FMA hand FMA finger

CS IL_CRT r 0.652 0.681 0.373 0.701 0.714
p <0.001 <0.001 0.027 <0.001 <0.001

IL_RST r 0.526 0.559 0.332 0.537 0.458
p 0.001 <0.001 0.051 0.001 0.006

IL_CST r 0.735 0.693 0.686 0.723 0.694
p <0.001 <0.001 <0.001 <0.001 <0.001

CL_RST r 0.534 0.592 0.238 0.568 0.568
p 0.040 0.020 0.393 0.027 0.027

PS IL_RST r 0.735 0.682 0.814 0.760 0.690
p 0.001 0.003 <0.001 <0.001 0.002

IL_CST r 0.638 0.591 0.709 0.631 0.563
p 0.006 0.012 0.001 0.007 0.019

CL _DRT r 0.575 0.585 0.585 0.422 0.294
p 0.016 0.014 0.014 0.091 0.252

CL_RST r 0.639 0.571 0.757 0.685 0.660
p 0.006 0.017 <0.001 0.002 0.004

Note: Partial correlation was carried out with age, gender, scanner as the nuisance covariates. Multiple comparisons were corrected using false discovery rate (FDR)
methods (q< 0.05). Survived correlations were highlighted with Underlined bold. Abbreviations: CL=contralesional, CRT=corticorubral tracts, CS=capsular
stroke, CST=corticospinal tract, FA=fractional anisotropy, FMA=Fugl-Meyer Assessment, IL=ipsilesional, PS=pontine stroke, RST=rubrospinal tracts.

Fig. 6. Intergroup differences in FA of ipsilesional and contralesional CST. Voxel-wise one-way analyses of variance in FA of in patients with left (A) and right
(B) infarction lesions were carried out after controlling for the effects of age, gender, and scanners (family wise error, P<0.05), respectively. The color map
represents the F values. The region-of-interest post hoc analyses of the ipsilesional and contralesional CST in patients with left (C) and right (D) infarction lesions
were carried out (false discovery rate correction, q < 0.05). Abbreviations: ANOVA=analysis of variance, CRT=corticorubral tracts, CS=capsular stroke,
DRT=dentatorubral tracts, FA=fractional anisotropy, NC=normal control, PS=pontine stroke, RST= rubrospinal tracts.
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4.1. The integrity of the rubral branches plays important roles in motor
dysfunction

Early studies have indicated that the cortico-rubro-spinal tracts
were impaired in stroke with motor dysfunction (Ruber et al., 2012;
Schulz et al., 2017; Siegel et al., 2015). In the present study, based on a
larger sample size (including 93 capsular and 38 pontine stroke cases),
we also found that both the ipsilesional and contralesional rubral
branches were impaired in chronic stroke, and these findings can be
replicated in patients with lesions in the left and right hemispheres,
respectively. Moreover, the integrity of the microscopic structure of the
CRT and RST was closely associated with the severity of motor im-
pairment at the chronic stage, and the association between integrity of
RST and the impairment severity of lower extremity still survived after
regression out the effect of the ipsilateral CST, indicating that the RST
may contribute independently to the lower limb function. Our findings
further supported the notion that the integrity of the rubral branches
plays important roles in motor dysfunction and recovery after stroke
(Lindenberg et al., 2010; Ruber et al., 2012; Schulz et al., 2017;
Siegel et al., 2015). The lower FA values along the rubral pathways can
be attributed to increased radial diffusivities, which are features of
chronic white matter degeneration (Qin et al., 2012) (Yu et al., 2009).
The regions identified with lower FA were outside the lesion sites,
especially in the DRT and RST, further suggesting the existence of
secondary degeneration in addition to direct damage by stroke.

4.2. Differential involvement of rubral branches in chronic capsular and
pontine stroke

One of the most important findings in the present study is the dif-
ferential damage of the rubral branches after stroke. Early studies have
shown that the variances in infarction location are closely associated
with the types and severity of dysfunction and recovery potentials
(Jiang et al., 2017). A recent voxel-based morphometry study also

identified that capsular and pontine stroke induced different types of
structural damage and reorganization of brain gray matter, even in
brain regions outside of the lesion (Jiang et al., 2017). However, the
infarction locations of previous studies about rubral pathways were
heterogeneous across subjects and thus do not illustrate whether the
patterns of microscopic damage of the rubral branches are dependent
on the locations of the infarctions. Thus, the present study recruited two
types of patients with restricted subcortical stroke, capsular stroke and
pontine stroke, which directly clipped the supra-rubral and infra-rubral
motor pathways, respectively. We found that the ipsilesional CRT was
selectively impaired by supra-rubral capsular infarction lesions, while
the bilateral RST and contralesional CRT were damaged by both cap-
sular and pontine stroke, and these patterns consistently existed in
patients with left- and right-hemispheric lesions, respectively. Finally,
the ipsilesional and contralesional DRT were consistently impaired in
all pontine stroke cases with both left- and right-sided lesions. The DRT
was also impaired in capsular stroke with right lesions, but there was no
evidence of impairment of DRT in capsular stroke with left lesions.
The selective impairment of the ipsilesional CRT in the capsular

infarction was consistent with a recent study showing that the gray
matter volume of the ipsilesional sensory-motor cortex was reduced in
only capsular stroke rather than in pontine stroke (Jiang et al., 2017).
The relatively intact integrity of the CRT in pontine stroke may be ex-
plained by that the lesion locations are far from the CRT and the trans-
synaptic retrograde degeneration is much slower in the central nervous
system of humans (Dinkin, 2017). It is also interesting to note that the
FA of the ipsilesional CRT of capsular stroke was positively associated
with the severity of motor impairment. Combined with early studies
(Peters et al., 2018), our findings indicate that the integrity of ipsile-
sional CRT may contribute to residual motor impairment.
The RST derives from the magnocellular of the red nucleus and

crosses and descends to the contralateral spinal cord (Humphrey et al.,
1984), which is closely associated with proximal gross movement
controls in human, such as promoting extension and inhibiting flexion

Table 3
Correlations between the FA of rubral branches and motor impairment after additionally controlling for the effect of ipsilesional CST.

group fiber statistics FMA total FMA upper extremity FMA lower extremity FMA hand FMA finger

CS IL_CRT r 0.264 0.365 −0.235 0.380 0.430
p 0.131 0.034 0.181 0.027 0.011

IL_RST r 0.294 0.360 0.007 0.317 0.201
p 0.091 0.037 0.967 0.068 0.255

PS CL_RST r 0.501 0.407 0.685 0.570 0.535
p 0.048 0.118 0.003 0.021 0.033

IL_RST r 0.577 0.512 0.696 0.620 0.536
p 0.019 0.043 0.003 0.010 0.032

Note: Partial correlation was carried out with age, gender, scanner, and ipsilesional FA of the CST as the nuisance covariates. Multiple comparisons were corrected
using false discovery rate (FDR) methods (q<0.05). Underlined bold represents survived after FDR correction, and only bold represents survived without correction
for multiple comparisons. Abbreviations: CL=contralesional, CRT=corticorubral tracts, CS=capsular stroke, CST= corticospinal tract, FA=fractional anisotropy,
FMA=Fugl-Meyer Assessment, IL=ipsilesional, PS=pontine stroke, RST= rubrospinal tract.

Fig. 7. The Association between the measured and pre-
dicted FMA scores using multiple regression. A multiple re-
gression model was introduced to evaluate the power of the in-
tegrity of all involved rubral branches on explaining the
individual variance in severity of motor impairment in the cap-
sular stroke (A) and pontine stroke (B), respectively.
Abbreviations: FMA=Fugl-Meyer Assessment, FA= fractional
anisotropy.
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(Cahill-Rowley and Rose, 2014). It should be noted that in our fiber-
tracking results, the “RST” also comprises a part of fibers that connect
the red nucleus and ipsilateral inferior olive nucleus (Onen et al., 2018),
which is correlated with motor coordination and learning (Owen et al.,
2017). In contrast to the CRT, the bilateral RST was impaired in both
the unilateral capsular and pontine stroke; furthermore, the integrity of
the RST was significantly correlated with motor impairment, and the
correlation still survived after controlling for the contribution of ipsi-
lesional CST damage. Our findings were consistent with a recent study
showing lower FA in the RST of chronic stroke individuals and a sig-
nificant correlation between the FA of RST and hand impairment se-
verity (Owen et al., 2017). Furthermore, most of the involved RST
voxels are outside the lesion location (see Fig. 3), indicating that both
the direct and indirect damages of the RST can induce motor dysfunc-
tion. It should be noted that we still found significantly positive cor-
relations between the FA of both ipsilesional and contralesional RST
and FMA lower extremity scores even after controlling for the ipsile-
sional CST damages. It should be noted that we still found significantly
positive correlations between the FA of both ipsilesional and contrale-
sional RST and FMA lower extremity scores after regressing out the FA
of ipsilesional CST. Thus, we speculated that the RST may contribute
independently to the residual motor impairment that cannot be ex-
plained by the impairment of ipsilesional CST, especially for the lower
limbs. This hypothesis was consistent with a recent study showing that
alternate corticofugal motor fibers and CST contributed independent
and synergistic role for the residual motor output (Schulz et al., 2017).
The DRT is one of the main efferent pathways of the cerebellum. It

emits from the dentate nucleus through the superior cerebellar ped-
uncle, intersecting in the midbrain, and ending in the contralateral red
nucleus (Petersen et al., 2018). Because the DRT is the major pathway
that transfers information between the cerebrum and cerebellum, it
relates to many functions of the cerebellum, such as voluntary move-
ments and fine motor skills (Mottolese et al., 2013). In the current
study, we found that the FA values of ipsi- and contralesional DRT were
significantly lower in patients with both left and right unilateral pon-
tine stroke and in those with right unilateral capsular stroke. The im-
pairment of the DRT found in the present study can explain the early
reports of reduced GMV in the cerebellum (Jiang et al., 2017) and
disrupted contralesional cerebrocerebellar connectivity in pontine
stroke (Lu et al., 2011). The DRT and the RST are the important ana-
tomical components of the Guillain-Mollaret Triangle (GMT), which
forms a feedback loop connected to the brain stem and cerebellum to
control the motor activity of the spinal cord (Smets et al., 2017) .Thus,
the impairment of RST would cause a secondary degeneration of the
DRT. In addition, supratentorial brain damage could induce a reduction
in metabolic activity and blood flow of the contralesional cerebellum
(named crossed cerebellar diaschisis) (Baron et al., 1981), which can
also induce rupture of the corticopontocerebellar tract (Feeney and
Baron, 1986; Kim et al., 1997; Tien and Ashdown, 1992). We also found
a significant positive correlation between the integrity of contralesional
DRT and the motor impairment. However, the correlation was not
evident after controlling for the effect of the CST impairment. The
possible explanation may be that the impairment of the DRT was in-
direct and the degeneration of the DRT was too mild. It should be noted
that the DRT damages in unilateral capsular stroke in the left and right
hemispheres were not consistent, which may be caused by the relatively
mild deficit in motor function of the recruited patients in the present
study, which should be validated in the future.

4.3. The contralesional rubral branches are indirectly involved in patient
with chronic stroke

Another important finding was that the contralesional rubral bran-
ches, although not directly involved, also demonstrated lower white
matter FA in both the unilateral capsular and pontine stroke. Early
studies reported that the FA of contralesional cortico-spinal tracts (CST)

was lower and a significant association between the FA of the con-
tralesional CST and motor skills was identified in chronic stroke pa-
tients (Ruber et al., 2012; Schaechter et al., 2009). Moreover, brain-
computer interface (BCI) training after stroke could enhance the FA of
contralesional CST, and the increases in FA were correlated with im-
provements in finger dexterity (Atasoy et al., 2016). In the present
study, we further found that the integrities of the contralesional CRT
and RST were significantly associated with severity of motor impair-
ment at the chronic stage, and the correlations still survived after
controlling for the contribution of ipsilesional CST damage. Thus, these
findings suggest that the integrity of the contralesional rubral branches
may also contribute to individual residual motor impairment after
stroke.
Several limitations should be noted in the present study. First, only

21 patients with left PS and 17 patients with right PS were included in
the present study. The relatively small sample size of pontine stroke
might be the cause of the missing correlation between the integrity of
contralesional CRT/DRT and motor impairment. Second, the cross-
sectional design in the present study cannot reveal the dynamic evo-
lution of the integrity of the rubral pathway caused by stroke and thus
cannot elucidate the contribution of reorganization of the rubral
branches on the motor recovery. Third, Fugl-Meyer assessment may be
not a sensitive measure to evaluate the functional impairment caused
by disrupted rubral branches, which can partly explain the missing
association between the integrity of DRT and FMA, and explain the
missing associations for many other metrics after controlling for the
effect of CST. Finally, most patients enrolled in the present study had
mild motor impairment, thus the association between the FA of rubral
branches and FMA scores found in the present study may not be gen-
eralized to whom had severe motor impairment.
In summary, differential impairment of rubral branches was found

in patients with chronic capsular and pontine stroke; furthermore, the
integrity of the rubral branches can explain the induvial variance in
severity of motor impairment in both chronic capsular and pontine
stroke, which cannot be completely explained by the impairment of
corticospinal tract. Our findings indicate that the rubral branches may
contribute independently to the residual motor output in individuals
after stroke.
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