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Changes in Diffusion Metrics of the Red
Nucleus in Chronic Stroke Patients With Severe
Corticospinal Tract Injury: A Preliminary Study
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Objective To explore plastic changes in the red nucleus (RN) of stroke patients with severe corticospinal tract (CST)
injury as a compensatory mechanism for recovery of hand function.

Methods The moderate group (MG) comprised 5 patients with synergistic hand grasp movement combined
with limited extension, and the severe group (SG) included 5 patients with synergistic hand grasp movement
alone. The control group (CG) included 5 healthy subjects. Motor assessment was measured by Motricity Index
(MI). Diffusion tensor imaging was analyzed using fractional anisotropy (FA) and radial diffusivity (RD) in the
individual regions of interest (ROIs)—bilateral internal capsule and anterior pons for CST injury and bilateral RN
for rubrospinal tract (RST) injury.

Results The SG showed a significantly lower MI score than the MG mainly due to differences in hand subscores.
Significantly reduced FA was observed in both MG and SG compared with CG, while SG showed increased MD
and RD in the affected ROIs of CST, and increased FA on the unaffected side compared with CG. However, in the
RN RO], a significantly increased FA and decreased RD on the unaffected side similar to the affected side were
found only in the SG. The relative index of FA was lower and RD in SG was higher than in CG in RST.

Conclusion The diffusion metrics of RST showed changes in patients with severe CST injury, suggesting that RST
may play a role in the recovery of hand function in patients with severe CST injury.
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INTRODUCTION descending pathway connecting the brain and spinal
cord in mammals. In primates, it is especially important
The corticospinal tract (CST) is a well-known major for the control of hand movements, and considerable
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Red Nucleus Diffusion Metrics After Severe CST Injury in Stroke

evidence points to its pivotal role in hand dexterity [1].
Damage to the CST is caused by various pathological
conditions such as stroke and spinal cord injury. It often
results in flaccid paralysis of the affected upper extremity.
Hand is the most common and seriously affected area,
as hand muscles are densely innervated by the CST for
dexterous voluntary finger control [2-6]. In the few weeks
following injury, many patients show partial recovery
of function reflecting reorganization of the neural path-
ways [7]. Most previous studies focused on existing CST
fibers for functional restoration of the hand [8]. However,
studies related to the recovery of hand function involve
mostly patients with mild-to-moderate weakness due to
the methodological limitations in patients with severe
paralysis [6,9-11]. Therefore, motor recovery in severe
paralysis is a matter of debate that warrants investigation.
The rubrospinal tract (RST) is one of the descending
extrapyramidal motor tracts closely related to limb move-
ment in lower vertebrates [12,13]. RST facilitates muscle
tone in the upper extremity while reaching and grasping
with the activated hand flexor muscles in primates [14].
Red nucleus (RN) lesions interfere with several compo-
nents of the reaching action, including aiming the limb
using the proximal shoulder, elbow, and supination of
the paw in animals [15-17]. A few animal [18-21] and
human studies [22,23] published recently have demon-
strated plastic changes in the RST that compensate for
CST injury. This functional redundancy between the RST
and CST was documented decades ago in monkeys in the
seminal series of studies by Lawrence and Kuyper [16,17],
which reported improvements in reaching and grasp
functions following complete bilateral pyramidotomy.
These studies strongly suggest a potential compensatory
role of RST in hand recovery of patients with severe CST
injury, which has not been fully elucidated in humans.
Recent advances in diffusion tensor imaging (DTTI) tech-
niques have facilitated the investigation of connectivity
and integrity of subcortical structures and fiber tracts
based on water diffusion characteristics [24,25]. Recently,
a method for measuring RST integrity in humans by
studying healthy controls [26] and stroke patients [22,23]
was published. Although, Jang and Kwon [23] described
changes in RN connectivity in patients with relatively
severe CST injury measured by CST tractography, their
study included patients with moderate CST injury with-
out a control group, which may be difficult to interpret as

the influence of CST cannot be excluded.

We hypothesized that the degree of compensatory
changes in the diffusion metrics of RST were greater in
the presence of a higher degree of CST injury.

MATERIALS AND METHODS

Subjects

This study was conducted using a retrospective, con-
trolled clinical trial design. Patients were recruited from
inpatients in the rehabilitation department between Jan-
uary 2012 and July 2016 based on the following inclusion
criteria: (1) history of chronic stroke, defined as stroke
occurring for more than 6 months, (2) first-ever stroke, (3)
middle cerebral artery (MCA) infarction or intracerebral
hemorrhage (ICH) in the basal ganglia (BG), and (4) no
demonstrable abnormal findings in the RST including RN
on MRI. The exclusion criteria were: (1) operative man-
agement of stroke and (2) presence of other neurological
diseases such as epilepsy or degenerative brain disease.
A study was planned to compare three groups. Prior to
a full-scale study, we conducted a preliminary study to
elucidate the appropriate direction. A total of 15 partici-
pants were included and divided into three groups of 5
participants each. The moderate group (MG) comprised
patients who showed synergistic hand grasp movement
with partial extension of the affected hand, while the se-
vere group (SG) comprised patients with partial synergis-
tic hand grasp movement in the flexed-finger posture on
the affected upper extremity. Five age-matched healthy
subjects were enrolled as controls (CG).

Resting motor threshold and motor evoked potential
The stimulation set-up consisted of a Magnetic Stimu-
lator STM 9000 (ATES MEDICA Device, Verona, Italy) for
single pulse transcranial magnetic stimulation (TMS)
intervention. A figure-8 coil was placed tangentially over
the left primary motor cortex with the handle pointing
at a 45° angle posterolaterally. For the motor evoked po-
tential (MEP) measurement, surface electromyography
(EMG) was recorded using pre-gelled, disposable Ag/
AgCl electrodes with the active electrode in the contra-
lateral first dorsal interosseous muscle, the reference
electrode over the metacarpophalangeal joint, and the
ground electrode over the wrist. The EMG signal was
acquired at 3 kHz, filtered (10-500 Hz), amplified, and
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stored for offline analysis. The participants were seated in
a comfortable chair with a headrest and their hands rest-
ing on their laps. The resting motor threshold, defined as
the lowest stimulus intensity-evoked TMS-induced MEP
of at least 50 mV in 5 out of 10 consecutive trials in the
target muscle [27,28] was obtained over M1.

DTl and lesion volume rendering

DTI was acquired using a diffusion-weighted echo-
planar imaging sequence (TR=5,000 ms; TE=100 ms; slice
thickness=2.2 mm; no gap; in-plane resolution=2.4x2.4
mm, 45 independent diffusion gradient directions using
b=1,000 s/mm?). DTI data were analyzed using FMRIB’s
Diffusion Toolbox from the FMRIB Software Library [13].
The region of interest (ROI) method was selected to mea-
sure tract integrity based on previous studies. Thus, RN
is an appropriate part to draw ROI and the ROI method
minimizes errors compared to the tract reconstruction
method. We drew ROI on the posterior limb of internal
capsule and the anterior pons on a color-coded map for
CST and on the RN for RST individually. In each ROI,
we extracted fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD).
The ROI selection process is outlined in Fig. 1. A three-
dimensional reconstruction of the CST was performed
for each patient in the MG and SG, and discontinuation
of CST was found in all cases. To reduce motion artifacts
of DTI, patients were instructed to maintain their head
position during image acquisition. Furthermore, Eddy

current correction was used to compensate for motion

artifacts and distortion by the magnetic field.

Computer-assisted lesion volumes were acquired by
MRIcro (http://people.cas.sc.edu/rorden/mricro/index.
html).

Clinical assessment

The motor deficit was assessed using the Motricity In-
dex (MI), an index ranging from 0 (hemiplegia) to 99 (no
deficit). There are 33 points for hand pinch grip (0=no
movement, 11=beginning of prehension, 19=grips cube
but unable to hold against gravity, 22=grips cube and
holds against gravity but not against weak pull, 26=grips
cube against pull but weaker than the other/normal
side; 33=normal pinch grip). A score of 33 points each
was assigned for elbow flexion and shoulder abduction
(0=no movement, 9=palpable contraction in muscle but
no movement, 14=movement seen but not full range/
not against gravity, 19=full range against gravity but not
against resistance, 25=movement against resistance but
weaker than the other side; 33=normal power) [29]. The
O’Connor hand dexterity test, which measures small-
part manipulation ability, was also performed. This test
requires the patient to place pins in a series of holes on
a test board and the time for execution was measured
[30], the Mini-Mental State Examination, which is a quick
measure of cognitive function ranging from 0 (poor) to 30
(good), was performed to test cognition [31].

Statistical analysis
Statistical analysis was performed using SPSS version

Fig. 1. Region of interest (ROI) selection. (A) Internal capsule ROI of the corticospinal tract. The posterior limb of the
internal capsule within the projection fibers (dark and light blue color) was selected without including the retrosple-
nial fibers of internal capsule in the color-coded image. (B) Pons ROI of the corticospinal tract. The descending corti-
cospinal tract at the pons level was drawn by selecting the anterior corticospinal tract (blue color) in the color-coded
image. (C) The red nucleus. The dark area in the mid-brain was drawn on the T2 image.
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24.0 software (IBM, Armonk, NY, USA). The Kruskal-
Wallis test with Tukey’s post hoc and Mann-Whitney
U-test were used to evaluate the differences in clinical
assessment and diffusion metrics of the three groups.
We also calculated the relative index (RI) in the experi-
mental (affected/unaffected sidex100) and control (non-
dominant/dominant sidex100) groups to evaluate the
relative changes between the lesion and non-lesion sides
[32,33]. To determine the MI, we not only obtained the
total score of the affected upper extremity, but also the
detailed subscores of shoulder abduction, elbow flexion,
and hand pinch grasp to specifically evaluate the distal
and proximal functions of the upper extremity. Statistical
significance was defined as a p-value of <0.05.

RESULTS

Participant characteristics

There were no statistically significant differences in the
demographics of the three groups except for MI score.
The MI score of SG was significantly lower than in MG.
The MI subscores showed a statistically significant dif-
ference in hand pinch grasp but not in elbow flexion

or shoulder abduction between the MG and SG. The
O’Connor hand dexterity tests of the affected hand were
not feasible in all patients due to poor hand function.
Only a single patient in MG showed positive MEPs in
the affected hemisphere, while no MEPs were evoked in
other patients (Table 1).

CST integrity measured by ROIs from internal capsule
and pons

In Kruskal-Wallis test for group comparison of CST
diffusion metrics, the FA of both internal capsule ROI,
the RD of the affected internal capsule ROI, and the FA
of the affected pons ROI showed statistically significant
differences. Post-hoc analysis revealed that in MG and
SG, FAs of the affected internal capsule and pons ROIs
were significantly lower than in CG (p<0.05). The FA of
CST on the unaffected side was significantly higher than
that of the CG alone in the internal capsule of patients
in SG (p<0.05). Similarly, the MD and RD of CST on the
affected side was significantly higher than in CG alone
in the internal capsule of SG patients (p<0.05). Post-hoc
analysis of the AD values of CST showed no statistically
significant differences among the three groups. Kruskal-

Table 1. Demographic characteristics of control, moderate, and severe groups

Control group

Moderate group Severe group

(n=5) (n=5) (n=5) p-value
Age (yr) 48.9+8.5 51.3£10.0 50.8+1.9 0.126
Gender 0.107
Men 3 3 4
Women 2 2
Lesion 0.094
Right - 1 2
Left - 4 3
MEP 0.092
Positive - 1 0
Negative - 4 5
Lesion volume (cm®) - 7.97+1.04 8.12+0.98 0.118
MMSE 30 28.4+1.41 28.0+1.14 0.604
Motricity Index
Total 100 51.2+4.02* 32.8+4.91 0.001
Shoulder+elbow - 31.0+2.73 28.0£0.00 0.070
Hand - 20.2+1.64* 4.8+4.91 0.005
Values are presented as meantstandard deviation or number.
MEP, motor evoked potential; MMSE, Mini-Mental State Examination.
*p<0.05.
www.e-arm.org 399
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Table 2. Corticospinal tract diffusion metrics

Moderate group Severe group Relative index
Control &) b) ) b) Control Moderate Severe
group  Affected” Unaffected” Affected” Unaffected e - B
Internal capsule
FA 0.60+0.04 0.19+0.05* 0.61+0.02  0.15+0.08* 0.71+0.16* 0.98+0.07  0.31+0.08* 0.23+0.16***
MD 0.70+0.02 0.81+0.03 0.72+0.03 1.42+0.70* 0.59+0.14 0.97+£0.04 1.12+0.29  2.37+0.94***
AD 1.26+£0.06 0.96+0.26 1.32+0.07 1.61+0.74  1.21+0.13 0.96£0.05 0.73+£0.19* 1.29+0.49***
RD 0.41+0.03 0.73+0.21 0.41+0.02 1.33£0.69* 0.43+0.15 0.99+0.09  1.73+0.44* 3.61+2.77%**
Pons
FA 0.48+0.04 0.32+0.10* 0.41+0.02 0.33£0.08* 0.51%0.10 0.96£0.04 0.76+0.25* 0.66+0.17*
MD 0.71+0.04 0.75%0.08 0.63+0.03 0.77+019 0.50+0.19 1.06£0.04 0.99+0.15 1.13+0.06
AD 1.11+0.08 0.98+0.07 1.12+0.24 1.03+£0.06  1.08+0.21 1.04+0.04 0.87+£0.06 0.95+0.07
RD 0.50+0.03 0.63+0.11  0.57+0.03 0.64+0.17  0.49+018 1.08£0.06  1.12+0.27 1.38+0.27

Values are presented as meantstandard deviation.

FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity.
“Indicates affected (experimental group) or dominant (control group) side.

®Indicates unaffected (experimental group) or non-dominant (control group) side.
*p<0.05 indicates a significant different from control group.

**p<0.05 indicates a significant difference between moderate group and severe group.
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Fig. 2. Corticospinal metrics in the internal capsule (A) and pons (B) of the three groups. FA, fractional anisotropy;
MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity. *p<0.05.
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Wallis test for group comparisons of CST RI, RI of the FA,
MD, AD, and RD in the internal capsule and pons ROI
showed statistical significant differences. Post-hoc analy-
sis revealed that RI of the FA in MG and SG were signifi-
cantly lower than that of CG in the internal capsule and
pons ROI, while the RI of MD, AD, and RD in MG and SG
were significantly higher than in CG specifically in the
internal capsule ROI (p<0.05). Additionally, the RI of the
MD, AD, and RD in SG were significantly higher and the
RI of FA in SG was significantly lower than in MG, only in
the internal capsule ROI (p<0.05) (Table 2, Fig. 2).

RST integrity measured by ROIs from RN

In Kruskal-Wallis test for group comparison of RST
diffusion metrics, the FA and RD of the unaffected side
showed statistically significant differences. In post-hoc
analysis, the FAs of RN on the unaffected side of RST in
SG were significantly higher than those of CG. The RDs of
RN on the unaffected side of RST in SG were significantly
lower than in CG (p<0.05). The MD and AD values of RST

Table 3. Rubrospinal tract diffusion metrics

showed no statistically significant differences among the
three groups. In Kruskal-Wallis test for group compari-
sons of RI, the RI of FA and RD were significantly differ-
ent. Post-hoc analysis revealed that RI of FA was lower
and the RI of RD was higher in SG than in CG (p<0.05)
(Table 3, Fig. 3).

DISCUSSION

In this study, we found significantly higher FA and
lower RD in the unaffected RN ROI. A similar tendency
in the affected RN ROI was observed in SG. Furthermore,
the RI of RN showed statistically significant differences in
FA and RD of SG, which indicates altered RN integrity fol-
lowing severe CST injury.

It is now widely accepted that the CST is important
for voluntary control of hand and finger dexterity [1].
Therefore, lesions in CST interfere with the coordinated
voluntary movement of the fingers resulting in functional
impairment of the upper extremity. Several published

Control Moderate group Severe group Relative index
ontro
4 g 1 M
group Affected® Unaffected” Affected” Unaffected” OO oderate  Severe
group group group
FA 0.41+£0.09  0.34+0.07 0.46+0.17 0.49+0.14  0.64+0.16* 1.10£0.35 0.80+0.24  0.75+0.09*
MD 0.60+£0.03  0.60+0.04 0.63+0.05 0.53+0.13  0.50%0.13 0.95+£0.07  0.95+£0.05 1.05%0.09
AD 0.88+0.10  0.83+0.10 0.98+0.11 0.81+0.13 0.92+0.12 0.95+0.08  0.85%+0.09  0.88+0.06
RD 0.40+£0.05  0.49+0.03 0.46+0.12 0.39+0.14  0.29+0.15* 0.96+0.16  1.14+0.33  1.43%+0.35*
Values are presented as meantstandard deviation.
FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity.
“Indicates affected (experimental group) or dominant (control group) side.
YIndicates unaffected (experimental group) or non-dominant (control group) side.
*p<0.05 indicates a significant different from control group.
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Fig. 3. Metrics of rubrospinal tract in the three groups. FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffu-

sivity; RD, radial diffusivity. *p<0.05.
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studies report the role of CST and motor recovery in pa-
tients with acute and subacute [7,8], chronic stroke [34]
as well as in mild [35,36] and severe motor impairments
[7,8]. Despite the large amount of published evidence
supporting the role of CST in hand function recovery,
the relationship between hand function recovery and
severe CST injury has rarely been studied [37]. The con-
tralateral CST is recruited in severe injuries; however, the
possibility of RST involvement in plasticity has yet to be
extensively discussed due to the lack of an appropriate
measurement tool or test in addition to the absence of an
underlying conceptual hypothesis. Therefore, we studied
only patients with severe chronic CST injury. All patients
showed synergistic hand grasp movement, although
partial extension was only observed in MG patients, indi-
cating better CST integrity. Only a single patient showed
MEPs in the affected hemisphere, indicating that patients
in both SG and MG groups had severe damage involving
the CST. The results of DTI for CST integrity supported
this behavioral result. MD is the sum of AD and RD. When
the AD value is interpreted simply as axonal integrity and
the RD value as myelin integrity, injury involving the MG
may be interpreted as myelinopathy due to higher RD
than AD, while the injury in SG may be axonopathy as
both the AD and RD values showed increasing tendency.
Lawrence and Kuypers [16,17] documented the func-
tional redundancy between the CST and RST by demon-
strating relative preservation in reaching and hand grasp
functions following bilateral pyramidotomy. Since then,
a few animal [18-21] and human studies [22,23] reported
compensatory changes in the RST following CST injury.
However, the changes in the microstructural integrity of
RST in humans were only established by advances in DTI
techniques in which various diffusion metrics were cor-
related with the function (FA value) of a specific tract and
pathological status (MD, AD, RD) [38]. A few DTI studies
observed changes in the RN following a stroke with CST
injury in humans [22,23]. Takenobu et al. [22] investi-
gated microstructural changes in the RST of patients with
a mild subcortical stroke by conducting DTI three times
in 2 weeks, and at 1 and 3 months. FA was higher in the
affected RN than in the unaffected side only at 3 months
based on tract-based spatial statistics [22]. However, the
statistical power of this study was relatively low (uncor-
rected p<0.01). In addition, it lacked clinical significance
in patients with mild weakness, which is usually associ-
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ated with good recovery in CST plasticity. Another study
by Jang et al [23] showed RN changes following striato-
capsular hemorrhage, which was similar to our results.
The study found increased FA and tract volume in the RN
of the unaffected hemisphere compared with the affected
hemisphere in patients with significant CST injury.

Despite the similarities in results, several differences
need to be discussed. First, because we dealt with pa-
tients sustaining more severe CST injuries, we found
significant changes in RN diffusion. Use of the entire tract
volume rather than a single ROI should yield a larger
value. Furthermore, we provided comparable normative
data. Interestingly, although our patients were diagnosed
with severe CST injury, the subscores of upper extremity
MI indicate that MG and SG showed no significant dif-
ferences in shoulder or elbow function, but only signifi-
cantly reduced hand function in SG. This difference in
hand subscores had the maximum effect on differences
in the total upper extremity score. The CST is mainly dis-
tributed in the distal part of upper extremity, i.e., mostly
the hand, which is specialized for selective control and
dexterity, suggesting that the shoulder and elbow move-
ment required for reaching is comparable in MG and SG.
Higher levels of damage severity in CST integrity involv-
ing SG result in increased FA only in the RN to compen-
sate for the reduced hand function.

Finally, the relationship between RST and CST from an
evolutionary perspective offers interesting insights. Evi-
dence derived from lower vertebrates suggests that the
presence of RST is related to the presence of limbs [12,13].
The cellular composition of RN shows differences along
the evolutionary hierarchy from quadrupedal lower
vertebrates to bipedal primates such that the magnocel-
lular portion of RN, which is a major component of RST
in lower vertebrates, is comparatively small in primates
[39]. Further, the presence of a transient well-developed
magnocellular portion of RN involving the perinatal and
developmental stages [40] suggests that RST plays an im-
portant role in the quadrupedal period. This portion of
RN progressively changes as upper extremity function is
increasingly adapted to the skilled movements controlled
by CST and bipedalism. Following stroke-induced severe
CST injury, triggering severe dysfunction of the hand, it
is plausible that plasticity occurs in the functionally re-
dundant areas of RST regulating the hand grasp function.
Further studies involving the RST are warranted to dem-
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onstrate such plasticity.

Our study has a few limitations. First, because it is a
preliminary study, it has a relatively small sample size
without adequate statistical power. However, we recruit-
ed patients with severe CST injury and poor behavioral
function, showing relatively large changes in RST and
CST metrics compared with similar studies reported
previously. Therefore, our study is considerably mean-
ingful and is a stepping stone for larger studies in the
future. Second, there was lesion heterogeneity. A few
patients had BG ICH, while others were diagnosed with
MCA infarction. However, because all patients sustained
severe CST injuries based on both behavioral and objec-
tive measurements of the neural tract, we believe that
the heterogeneity of lesions did not result in bias. Third,
other factors such as initial severity of motor function
and spasticity of limb that affect the outcomes were not
investigated in this study. However, our study focused
on chronic patients. Therefore, the authors believe that
initial severity may not have a significant impact on the
outcomes. Furthermore, this is a study investigating
changes in RST integrity based on the degree of injury to
CST, suggesting a low possibility that spasticity induced
RST integrity. Nevertheless, these findings do not entirely
exclude bias and further studies are needed to investigate
such factors.

Despite the aforementioned limitations, this impor-
tant study documents the changes in diffusion metrics
associated with RN after severe CST injury. This study
demonstrated that both the integrity of RN was increased
in patients sustaining severe-to-complete CST injury.
Therefore, further large-scale studies to address the cur-
rent study limitations are warranted.
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