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Relationship of Recovery of Contralesional Ankle Weakness With
the Corticospinal and Corticoreticular Tracts in Stroke Patients
Sung Ho Jang, MD, and Min Kyeong Cho, PT, MS
What Is Known

• The importance of good recovery of weak ankle
dorsiflexor (DF) for achieving a good gait pattern
without braces in stroke patients and the relationship
of motor function with corticospinal tract (CST) and
corticoreticular tract (CRT) have been reported. How-
ever, very little has been reported about recovery
mechanisms of ankle DF weakness.

What Is New

• The number of fibers of the contralesional CST and CRT
was closely related to the recovery of contralesional
ankle DF weakness in stroke patients with complete
injuries of the ipsilesional CST and CRT. Moreover,
the contralesional CRT had a closer relationship to re-
covery than the contralesional CRT.
Objective:We investigated the relationship between contralesional ankle
weakness recovery and the corticospinal tract and corticoreticular tract in
stroke patients with complete injuries of the ipsilesional corticospinal tract
and corticoreticular tract.
Design: Thirty-six patients with complete injuries of the ipsilesional
corticospinal tract and corticoreticular tract were recruited. Medical
Research Council and the Functional Ambulation Category were used
to determine motor function of ankle dorsiflexor and gait function. Pa-
tients were assigned into two groups: group A (poor recovery) and
group B (good recovery). Fractional anisotropy, apparent diffusion co-
efficient, and tract volume were obtained for diffusion tensor imaging
parameter.
Results: A total of 58.3% of patients showed good recovery of
contralesional ankle dorsiflexor weakness, with remainder having
poor recovery. Tract volume of the contralesional corticoreticular tract
in group B was higher than that in group A (P < 0.05); no other dif-
fusion tensor imaging parameters were significantly different between
two groups. Tract volume of the contralesional corticoreticular tract
and corticospinal tract showed strong (r = 0.521) and moderate
(r = 0.399) positive correlations with Medical Research Council score
of contralesional ankle dorsiflexor, respectively (P < 0.05).
Conclusions:We found that the number of fibers of the contralesional
corticospinal tract and corticoreticular tract was closely related to the
recovery of contralesional ankle dorsiflexor weakness in stroke pa-
tients with complete injuries of the ipsilesional corticospinal tract
and corticoreticular tract. Moreover, the contralesional corticoreticular
tract had a closer relationship to recovery than the contralesional
corticoreticular tract.

Key Words:Motor Recovery, Diffusion Tensor Imaging,
Diffusion Tensor Tractography, Stroke, Ankle

(Am J Phys Med Rehabil 2022;101:659–665)
From the Department of PhysicalMedicine and Rehabilitation, College ofMedicine,
Yeungnam University, Daegu, Republic of Korea.

All correspondence should be addressed to: Min Kyeong Cho, PT, MS, Department
of Physical Medicine and Rehabilitation, College of Medicine, Yeungnam
University, 317-1, Daemyungdong, Namku, Daegu, 705-717, Republic of Korea.

Supported by the National Research Foundation of Korea grant funded by the
Korean Government (Ministry of Science, ICT and Future Planning,
No. 2021R1A2B5B01001386).

SHJ did the study concept and design, manuscript development, writing, funding,
and critical revision of manuscript for intellectual content. MKC did the study
concept, design, and critical revision of manuscript for intellectual content.

Financial disclosure statements have been obtained, and no conflicts of interest have
been reported by the authors or by any individuals in control of the content of
this article.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. This is
an open-access article distributed under the terms of the Creative Commons
Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND),
where it is permissible to download and share the work provided it is properly
cited. The work cannot be changed in any way or used commercially without
permission from the journal.

ISSN: 0894-9115
DOI: 10.1097/PHM.0000000000001881

American Journal of Physical Medicine & Rehabilitation • Volume 101, Numb
M otor weakness is one of the serious sequelae of stroke,
with more than 50% of stroke patients experiencing mo-

tor function impairment.1 Stroke patients with motor weakness
have their independent activities of daily living hindered, and
their quality of life degraded. Especially, severe motor weakness
of the ankle dorsiflexor (DF) requires some form of supportive
device, such as an ankle-foot orthosis or high-top shoes to im-
prove toe clearance during gait.2 Consequently, good recovery
of a weak ankle DF is mandatory for achieving a good gait pat-
tern without braces; in particular, recovery is important for pa-
tients with severe motor weakness due to complete injuries of
the ipsilesional corticospinal tract (CST) and corticoreticular tract
(CRT), which are the major neural tracts for motor function.3,4

Detailed information on motor recovery mechanisms of
ankle DF weakness after stroke can be useful when establish-
ing effective rehabilitation strategies. Specifically, recently de-
veloped noninvasive brain stimulation therapies such as repet-
itive transcranial magnetic stimulation or transcranial direct
current stimulation can be applied to specific neural tracts to
assist in the recovery of contralesional ankle DF weakness.5,6

Several motor recovery mechanisms after stroke have been
suggested, including recovery of the injured ipsilesional neural
tract, perilesional tract reorganization, activation of the contralesional
neural tract, and contributions from secondary motor areas or
aberrant neural pathways.7–10 However, most of these studies
have focused on recovery mechanisms of hand or entire limb
muscle weakness.8,9,11,12 By contrast, very little has been re-
ported about recovery mechanisms of ankle DF weakness.13

In the human brain, the neural tracts for motor function are
classified according to the pyramidal tract, which includes the
CST, and the nonpyramidal tract, which includes the CRT.14,15

The CST is the major tract for motor function, especially as it is
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TABLE 1. Demographic data of patient groups A and B

Group A Group B P

Patients, n 21 15 —
Sex, male/female 12:9 9:6 0.86
Age, yr 59.24 ± 12.11 61.53 ± 7.93 0.62
Lesion side, right/left 8:13 6:9 0.91
Stroke type, hemorrhage/infarct 12:9 4:11 0.07
Duration from onset to DTI, mos 12.41 ± 13.02 11.52 ± 10.36 0.60
MRC, onset 0.19 ± 0.40 0.40 ± 0.51 0.17
MRC, chronic 0.67 ± 0.48 3.60 ± 0.99 <0.01a

FAC, onset 0.19 ± 0.68 0.20 ± 0.77 0.68
FAC, chronic 1.95 ± 1.13 3.27 ± 1.00 0.03a

Orthosis,b n 9 1 —

Values are presented as mean ± SD.
a Significant difference between groups A and B, P < 0.05.
b Orthosis and high-top shoes for ankle.

FIGURE 1. Results of DTT of the CST and CRT in representative patients
of group A (32-yr-old woman) and group B (56-yr-old man). A,
T2-weighted brain magnetic resonance images were obtained at the
time of the DTI. B, Results of DTT of the CST and CRT. TheDTT results for
the ipsilesional CST and CRT in groups A and B showed tract
discontinuations. Moreover, the contralesional CRT in group A
(pink arrow) had a lower tract volume than that in group B (blue arrow).
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involved in the distal musculature used for fine movements. By
contrast, the CRT is mainly involved in motor functions of the
trunk and legs.14–16 The recent development of diffusion tensor
tractography (DTT), a neural tract imaging system derived from
diffusion tensor imaging (DTI) data, has enabled estimation of
the CSTand CRT via its capacity to produce three-dimensional
reconstructions of neural tracts.17,18 A unique advantage of
DTT is its ability to reveal changes in neural tracts through
configuration analysis and three-dimensional reconstruction
of the tracts of interest, such as the CSTand CRT.17,18 Changes
in the configuration and status of neural tracts can be determined
by examining changes in DTT parameters, such as the fractional
anisotropy (FA), apparent diffusion coefficient (ADC), and tract
volume (TV) parameters.19,20 The FAvalue indicates the state of
white matter organization as it is a measure of the degree of di-
rectionality and integrity of white matter microstructures, whereas
ADC value represents the magnitude of water diffusion. The TV
means the number of voxels within a neural tract, which repre-
sents the number of fibers within of a neural tract.19,20

Many studies have used DTT to describe the recovery of
injured ipsilesional CSTs or CRTs in stroke patients.9,21–23

However, no study has described the recovery mechanism for
contralesional ankle DF weakness in stroke patients with com-
plete injuries of the ipsilesional CST and CRT. However, one
study did useDTT to determine that activation of the contralesional
CRTwas closely associated with gait function in chronic stroke
patients with complete injury of the ipsilesional CST.24 There-
fore, we hypothesized the contralesional CRT might be related
with recovery of contralesional ankle DF weakness in stroke pa-
tients with complete injuries of the ipsilesional CST and CRT.

In this study, we used DTT to investigate the relationship
between the recovery of contralesional ankle DF weakness and
the state of the CST and CRT in stroke patients with complete
injuries of the ipsilesional CST and CRT.

METHODS

Subjects
Thirty-six stroke patients (21 male, 15 female; mean age =

60.19 ± 10.50 yrs; range = 32–77 yrs) who had no history of
660 www.ajpmr.com
neurological or psychiatric disease and visited the rehabilita-
tion department of a university hospital were enrolled in the
study (Table 1). Patients were recruited consecutively according
to the following inclusion criteria: (1) first-ever stroke, (2) age at
the time of stroke: 20–79 yrs, (3) more than 3 mos after stroke
onset, (4) supratentorial stroke confirmed by a neuroradiologist
(Fig. 1A), (5) hemiplegia after stroke onset, (6) severe motor
weakness of the contralesional ankle DF with a Medical Re-
search Council (MRC) score at onset of 0–1, and (7) complete
injuries of the ipsilesional CST and CRT (i.e., complete discon-
tinuation of the ipsilesional CRT and CRT around or below the
lesion) observed on DTT. All patients underwent comprehen-
sive rehabilitative therapy, including movement therapies pro-
vided by physical and occupational therapists (motor strength-
ening of the contralesional upper and lower limbs, and exercises
for trunk stability and control, static and dynamic balance train-
ing on sitting and standing positions; twice/day, 40 mins/time,
5 d/wk), and neuromuscular electrical stimulation for the
contralesional finger extensors and ankle DF. This study was
conducted retrospectively, and the study protocol was approved
by the institutional review board of a university hospital. The
participants provided written informed consent.

Clinical Evaluation
The motor and gait function were evaluated at stroke onset

and at DTI scanning. The MRC was used to measure
contralesional ankle DF motor function.25 Higher scores indicate
© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.



TABLE 2. Comparison of DTT parameter results between groups A
and B

Group A Group B P

Ipsilesional CST
FA 0.39 ± 0.05 0.42 ± 0.07 0.15
ADCa 0.60 ± 0.14 0.59 ± 0.12 0.89
TVb 143.71 ± 204.07 209.33 ± 216.64 0.20

Contralesional CST
FA 0.54 ± 0.03 0.53 ± 0.03 0.14
ADCa 0.78 ± 0.12 0.72 ± 0.07 0.13
TVb 922.52 ± 353.26 1113.87 ± 345.05 0.09

Ipsilesional CRT
FA 0.48 ± 0.04 0.48 ± 0.05 0.51
ADCa 0.74 ± 0.15 0.70 ± 0.08 0.86
TVb 421.00 ± 342.21 643.00 ± 414.02 0.69

Contralesional CRT
FA 0.48 ± 0.05 0.49 ± 0.03 0.09
ADCa 0.71 ± 0.10 0.68 ± 0.05 0.15
TVb 395.81 ± 213.28 864.60 ± 375.61 <0.01c

Values are presented as mean ± SD.
a Unit = 10−3 mm2/sec.
b Unit = mm3.
c Significant difference between groups A and B, P < 0.05.

TABLE 3. Correlation coefficients between the MRC scores of the
contralesional ankle DF and DTT parameter values for the
corticospinal and CRTs in groups A and B

MRC

r P

Ipsilesional CST
FA 0.227 0.18
ADCa −0.059 0.73
TVb 0.173 0.31

Contralesional CST
FA −0.246 0.15
ADCa −0.321 0.06
TVb 0.399 0.02c

Ipsilesional CRT
FA −0.007 0.97
ADCa −0.148 0.39
TVb 0.256 0.13

Contralesional CRT
FA 0.167 0.33
ADCa −0.114 0.51
TVb 0.521 0.01c

Values are presented as mean ± SD.
a Unit = 10−3 mm2/sec.
b Unit = mm3.
c Significant correlations between the MRC score and DTT parameters,

P < 0.05.
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better motor function. Scoring for the MRC was as follows: 0,
no ability to contract the muscle; 1, the ability to initiate a feeble
contraction or flicker of muscle or tendon movement that is vis-
ible or palpable, but the body part does not move; 2, the ability
to move the body part into the test position with gravity less-
ened; 3, the ability to move the body part into the test position
and hold against gravity; 4, the ability to move the body part into
the test position and hold against gravity and moderate resis-
tance; and 5, the ability to move the body part into the test posi-
tion and hold against gravity and maximum resistance. The
Functional Ambulation Category (FAC), designed to determine
the levels of assistance required during a 15-mwalk, was used to
assess gait function.26 Six categories are included in the FAC: 0,
nonambulatory; 1, needs continuous support from one person;
2, needs intermittent support from one person; 3, needs only
verbal supervision; 4, help is required on stairs and uneven sur-
faces; and 5, can walk independently anywhere. The validity
and reliability of the MRC and FAC are well established.25,27

We assigned the patients group into two groups based on the
MRC score of the contralesional ankle DF at DTI scanning (i.e.,
chronic stage; more than 3 mos after stroke onset). The enrolled 36
patients were assigned into one of two groups based on the recov-
ery of contralesional ankle DF weakness: group A (MRC < 2;
poor recovery, 21 patients) and group B (MRC ≥ 2; good re-
covery, 15 patients). The demographic characteristics of
groups A and B are summarized in Table 1. No significant dif-
ferences in the sex, age, lesion side, stroke type, duration from the
onset, MRC score at onset, and FAC score at onset compositions/
distributions were observed between groups A and B (P > 0.05).

Diffusion Tensor Imaging
The DTI data obtained for this study were acquired during

the patients’ poststroke chronic stage at an average of
© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
12.04 ± 11.83 mos after onset. The scanning system used a
6-channel head coil on a 1.5 T Philips Gyroscan Intera (Philips,
Ltd, Best, the Netherlands) and provided single-shot echo-planar
imaging. For each of the 32 noncollinear diffusion sensitizing
gradients, we acquired contiguous slices parallel to the anterior
commissure-posterior commissure line. Imaging parameters
were as follows: acquisition matrix = 96 � 96; reconstructed
to matrix = 192� 192 matrix; field of view = 240� 240 mm;
repetition time = 10,398 ms; echo time = 72 ms; parallel imag-
ing reduction factor (SENSE factor) = 2; echo planar imaging
factor = 59; b = 1000 sec/mm2; number of excitations = 1; slice
thickness = 2.5 mm. Before undertaking the fiber tracking,
eddy current correction was applied using the FMRIB Soft-
ware Library to correct for the head motion effect and image
distortion. DTI-Studio software (CMRM; Johns HopkinsMed-
ical Institute, Baltimore, MD) was used to evaluate the CSTand
CRT of each subject. The CST and CRT were reconstructed
based on the fibers passing through two regions of interest
(ROIs) as visualized on the DTI color map. For CST reconstruc-
tion, the seed ROI was placed on the CST portion of the
pontomedullary junction, and the target ROI was placed the
CST portion of the anterior midpons.18 For CRT reconstruction,
the seed ROI was located on the reticular formation of the me-
dulla, and the target ROI was placed at the tegmentum of the
midbrain.17 Fiber tracking termination criteria were: FA value
<0.2 and an angle of <60 degrees.28 The FA values and TVs
for the DTT-reconstructed CSTand CRTwere obtained for both
hemispheres in all patients.
www.ajpmr.com 661
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Statistical Analysis
Statistical analysis was performed by using SPSS 21.0 for

Windows software (SPSS, Chicago, IL). The Mann-Whitney
U test was used to determine the significance of differences
in DTT parameter values (FA, ADC, and TV) of the CST and
CRT, duration from the onset, and age distribution between
groups A and B. The χ2 test was used to examine the differ-
ences in sex composition, lesion side, stroke type, MRC score,
and FAC score between groups A and B. Spearman correlation
analysis was used to detect correlations between the MRC
score of the contralesional ankle DF and DTT parameters of
the CST and CRT in each of the patient groups. The signifi-
cance of a relationship was accepted when the P value was
<0.05. A correlation coefficient (r value) was interpreted as
FIGURE 2. Scatter plots showing the correlation of the MRC scores with DT
correlation with the TV of the contralesional CST (r = 0.399, P < 0.05).
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strong when >0.50, as moderate when between 0.30 and
0.49, and weak when between 0.10 and 0.29.29

RESULTS
Twenty one of the 36 patients (58.3%) showed good re-

covery (chronic stage MRC ≥ 2) of contralesional ankle DF
weakness, whereas 15 patients (41.7%) exhibited poor re-
covery (chronic stage MRC < 2). A comparison of the FA
and ADC values and TVs of the CST and CRT in groups
A and B is summarized in Table 2. A significant difference
was observed in the TVs of the contralesional CRT be-
tween groups A and B (P < 0.05). By contrast, there were
no significant differences between the two groups in the
FA and ADC values and TVs of the contralesional CST
T parameter values of the CST. The MRC scores show moderate positive

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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and the FA and ADC value of the contralesional CRT
(P > 0.05). Moreover, no significant differences in the FA
and ADC values and TVs of the ipsilesional CST and CRT be-
tween the group A and B were detected (P > 0.05; Table 2;
Fig. 1B).

The correlations between theMRC score of the contralesional
ankle DF and DTT parameters of the CST and CRT are shown
in Table 3. There was a strong positive correlation between the
TV of the contralesional CRT and the MRC score for the
contralesional ankle DF (r = 0.521, P < 0.05) and a moderate
positive correlation between the TVof the contralesional CST
and the MRC score of the contralesional ankle DF (r = 0.399,
P < 0.05; Figs. 2, 3). However, no significant correlations were
observed between the MRC score of the contralesional ankle
DF and the FA or ADC values or TVs of the ipsilesional
FIGURE 3. Scatter plots showing the correlation of the MRC scores with DT
correlation with the TV of the contralesional CST (r = 0.521, P < 0.05).

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
CST and CRT or the FA or ADC values of the contralesional
CST and CRT (P > 0.05).

DISCUSSION
In the current study, we used DTT to investigate the rela-

tionship between the recovery of contralesional ankle DF
weakness with the CST and CRT status in stroke patients with
severe motor function weakness due to complete injuries of the
ipsilesional CSTand CRT.We observed the following. (1) Among
the stroke patients who revealed nearly complete weakness of
the contralesional ankle DF at stroke onset, 58.3% showed
good recovery of contralesional ankle DF function, and the
others (41.7%) had poor ankle DF function recovery. Thus, ap-
proximately 40% of stroke patients with severe weakness due
to severe injuries of the ipsilesional CST and CRT could show
T parameter values of the CRT. The MRC scores show strong positive

www.ajpmr.com 663
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poor recovery of the contralesional ankle DF weakness. (2)
Comparison of the FA and ADC value and TV parameters of
the contralesional neural tracts between the two recovery groups
revealed that only the TVof the contralesional CRT in group B
was higher than that in group A, with no significant differences
in the other DTT parameter values for the other neural tracts. (3)
Correlations betweenMRC score of the contralesional ankle DF
and the various DTT parameters were only detected for the TV
of the contralesional CRT and CST, strong and moderate posi-
tive correlations, respectively.

In many studies, the FA, ADC, and TV results have been
used to determine the status of neural tracts in stroke patients.28,30

A relatively high FA value for a neural tract indicates high di-
rectionality of the tract, whereas a high ADC value for a neural
tract indicates high diffusivity of the tract. High TV for a neural
tract indicates a high number of neural fibers in the neural
tract.28,30 Therefore, the higher TVof the contralesional CRT
in group B compared with group A indicates that the number
of neural fibers within the contralesional CRT was higher in
patients who showed good recovery of contralesional ankle
DF weakness than that in patients with poor weakness recov-
ery. These results suggest that the number of neural fibers in
the contralesional CRT seems to be related to the amount of re-
covery of contralesional ankle DF weakness in stroke patients
with complete injuries of the ipsilesional CSTand CRT. Our re-
sults indirectly support those in a previous study showing that
the contralesional CRT contributes to functional gait recovery
in stroke patients with complete injury of the ipsilesional CST.24

Our assessment of the correlations between the MRC score
of the contralesional ankle DF and DTT parameters revealed
positive correlations between theMRC score of the contralesional
ankle DF and the TVs of the contralesional CST and CRT
(contralesional CST: moderate correlation, contralesional CRT:
strong correlation). These results indicate that an increase in the
number of neural fibers in the contralesional CSTandCRT seems
to be related to an increase in the degree of recovery of
contralesional ankle DF weakness in stroke patients with com-
plete injuries of the ipsilesional CST and CRT. Interestingly,
compared with the contralesional CST, the contralesional CRT
seems to bemore closely associatedwith recovery of contralesional
ankle DF weakness.

As far as we are aware, only one previous study demon-
strated a recovery mechanism for ankle motor weakness in a
stroke patient.13 In 2021, Cho and Jang13 used DTT to demon-
strate that contralesional ankle DF weakness was recovered
through activation of leg somatotopic fibers of the ipsilesional
CSTand the application of transcranial magnetic stimulation in
a chronic patient with middle cerebral artery infarction. An-
other related study reported recovery of the gait function in pa-
tients with complete injury of the ipsilesional CST.24 In 2013,
Jang et al.24 used DTT to demonstrate a relationship between
the contralesional CRT state and gait function in 54 chronic
stroke patients. They found that the TV of the contralesional
CRTwas closely associated with gait function in chronic stroke
patients with complete injury of the ipsilesional CST.24 None-
theless, to the best of our knowledge, the present study is the
first to demonstrate a relationship between contralesional ankle
DF weakness and the contralesional CST and CRT status in
stroke patients with complete injuries of the ipsilesional CST
and CRT.
664 www.ajpmr.com
However, some limitations of this study should be consid-
ered. First, we observed complete discontinuations of the
ipsilesional CST and CRT around or below the lesion on DTT;
however, the discontinuations might not be complete because,
throughout the white matter of the brain, DTT may produce
false-negative results due to crossing fiber or partial volume ef-
fects.31 Small tracts with different directions within a single voxel
will not be imaged due secondary to partial volume artifacts. This
can arise not only when evaluating small fiber bundle but also
when attempting to visualize the beginning of large fiber tracts,
such as the subcortical portion of the pyramidal tracts. Thus, the
possibility of false-negative effect should be considered.32 Sec-
ond, because this study was conducted retrospectively, we could
not obtain DTT parameter data during the early (acute or sub-
acute) poststroke stage, sufficient clinical data including spas-
ticity. In addition, we could not provide detailed data on reha-
bilitation interventions and individual activities, which could
affect MRC of the ankle DF. Therefore, further prospective
studies that assess follow-up DTT data from early to chronic
stages should be encouraged. In addition, an investigation into
the effects of the application of repetitive transcranial magnetic
stimulation or transcranial direct current stimulation on the
contralesional CSTand CRTon contralesional ankle DF weak-
ness recovery is needed. In addition, the relationship between
contralesional ankle DF weakness recovery and neural tract
status should be assessed in patients with partial injuries of
the ipsilesional CST and CRT.

In conclusion, we found that the number of neural fibers
of the contralesional CST and CRTwas closely related to the
recovery of the contralesional ankle DF weakness in stroke pa-
tients with complete injuries of the ipsilesional CST and CRT.
Moreover, the contralesional CRT had a closer relationship to
such recovery than the contralesional CST. We suggest that
our results could be useful during neurorehabilitation planning;
for example, repetitive transcranial magnetic stimulation or
transcranial direct current stimulation could be directed to the
contralesional CRT (primary target) and CST (secondary target)
for recovery of contralesional ankle DF weakness in stroke pa-
tients with complete injuries of the ipsilesional CST and CRT.
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