The Fate of Injured Corticospinal Tracts in
Patients with Intracerebral Hemorrhage: Diffusion

ORIGINAL .
rReseArcH | Tensor Imaging Study
Y.J. Jung BACKGROUND AND PURPOSE: Little is known about the fate of the injured CST for a large number of
S.H. Jang patients with ICH. Using DTT, we investigated the longitudinal changes of injured CSTs in patients with
an ICH.
5%%%‘33 MATERIALS AND METHODS: \We recruited 45 patients with CST injury by an ICH in the supratentorial
cLus subcortical area. Two longitudinal DTTs were acquired: 1 within 30 days and the other after 3 months

from onset. DTTs for the CST were classified into 3 types: type A, the CST was preserved around the
hematoma; type B, the CST was interrupted around the hematoma; and type C, the CST did not reach
the hematoma.

RESULTS: At the first DTT, the motor functions of type C were worse than those of types Aand B (P <
.01), and motor functions of type A were better than those of type C at the second DTT (P < .01). Of
14 type A, 2 changed to type B (14.3%) and 12 did not change (85.7%); of 12 type B, 11 changed to
type A (91.7%) and 1 changed to type C (8.3%); of 19 type C, 3 changed to type A (15.8%) and 16 did
not change (84.2%).

CONCLUSIONS: \We found that the injured CST could change from the early stage to the chronic stage
during the motor recovery phase in patients with an ICH. These results would be helpful in prediction

of longitudinal DTT changes from the early stage to the chronic stage following ICH.

ABBREVIATIONS: CST = corticospinal tract; DTT = diffusion tensor tractography; FAC = functional
ambulation category; FACT = fiber assignment continuous tracking; ICH = intracerebral hemor-
rhage; M| = Motricity Index; MBC = modified Brunnstrom classification; SENSE = sensitivity

encoding

M otor weakness is one of the most serious disabling se-
quelae of ICH, with over 70% of ICH patients experienc-
ing a residual motor deficit.' The CST is the most important
neural tract for motor control in the human brain. Recovery of
an injured CST is mandatory for good motor recovery after
ICH, and degeneration of an injured CST accompanies poor
motor function in patients with ICH.*® Therefore, elucida-
tion of the CST state is an important topic for rehabilitation in
patients with ICH.

Recent advances in development of DTI techniques allow
3D visualization and estimation of the CST.”® Several studies
using DTT have reported that injury to the CST resulting from
ICH could be recovered or degenerated during the critical pe-
riod for motor recovery.>>'>!'" However, little is known about
the fate of the injured CST for a large number of patients with
ICH. We hypothesized that the injured CST, when confirmed
during the early stages of ICH, could be changed with time by
the process of recovery or degeneration.

In the current study, we attempted to elucidate the longi-
tudinal changes of the injured CST in patients with an ICH
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using follow-up DTI studies that were taken at early and
chronic stages of ICH.

Materials and Methods

Participants

Among patients with ICH who were admitted to the rehabilitation
department of a university hospital, we recruited 45 consecutive pa-
tients (26 males, 19 females; mean age, 55.4 = 11.0 years; range, 4—82
years) according to the following selection criteria: 1) first-ever
stroke; 2) age 20—85 years; 3) an ICH lesion at the level of the corona
radiata or posterior limb of the internal capsule explaining the CST
injury,'>"7
ness of the affected extremities, to the extent of an inability to move
without gravity at ICH onset; 5) the first DTT scanned within 30 days
after onset and the second after 3 months from onset; 6) patient re-
habilitation from the time of first DTI to the time of second DTI; and
7) absence of serious medical complications, such as pneumonia or

with confirmation by a neuroradiologist; 4) severe weak-

cardiac problems, from onset to final evaluation. Patients who
showed apraxia, somatosensory problems, severe spasticity (modified
Ashworth scale >2), or severe cognitive problems (Mini-Mental State
Examination <25) were excluded from this study. The local ethics
committee of a university hospital approved the study protocol.

Clinical Evaluation

Motor function of patients was evaluated twice: at onset (within 24
hours of symptom onset) and at the time of the second DTT scanning
(> 3 months after onset). The MI was used for measurement of motor
function, with a maximum score of 100.'® Function of the affected
hand was categorized according to the MBC'®*: 0 (unable to move
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Fig 1. Classification of DTT for an injured CST (red). A, T2-weighted brain MR images, coronal images of DTT (B), axial images of DTT at or around or below the lesion level and at the
cortex level (showing the integrity or disintegrity of DTT) (C and D): type A, the CST originating from the cerebral cortex is preserved around the hematoma; type B, the CST is interrupted
at or around the hematoma; and type C, the CST does not reach the hematoma due to wallerian degeneration.

fingers voluntarily); 1 (able to move fingers voluntarily); 2 (able to
close hand voluntarily, unable to open hand); 3 (able to grasp a card
between the thumb and the medial side of the index finger, able to
extend fingers slightly); 4 (able to pick up and hold a glass, able to
extend fingers); and 5 (able to catch and throw a ball in a near-normal
fashion, able to button and unbutton a shirt). Walking ability was
determined according to the FAC.?' Six categories are included in the
FAC: 0 (nonambulatory); 1 (needs continuous support from 1 per-
son); 2 (needs intermittent support from 1 person); 3 (needs only
verbal supervision); 4 (help is required on stairs and uneven surfaces);
and 5 (can walk independently anywhere). The reliability and validity
of the MI, MBC, and FAC are well established.'®2!

Diffusion Tensor Imaging

Two longitudinal diffusion tensor MR images were acquired from
each patient (first DTI, mean duration 20.3 * 7.9 days; second DTI,
mean duration 430.7 = 592.3 days), using a 1.5T Gyroscan Intera
system (Philips Healthcare, Best, the Netherlands) equipped with a
Synergy-L SENSE head coil, with a single-shot spin-echo-planar im-
aging sequence. For each of the 32 noncollinear and noncoplanar
diffusion-sensitizing gradients, we acquired 60 contiguous sections
parallel to the anterior/posterior commissure line. Imaging parame-
ters were as follows: matrix = 128 X 128, field of view = 221 X 221
mm?, TE = 76 ms, TR = 10,726 ms, SENSE factor = 2, echo-
planar imaging factor = 67, b = 600 mm?s~ !, NEX = 1, and section
thickness of 2.3 mm. Preprocessing of DTI datasets was performed
using the Oxford Centre FMRIB Software Library (http://www.fmrib.
ox.ac.uk/fsl). Eddy current-induced image distortions and motion
artifacts were removed using affine multiscale 2D registration. DTT
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for CST was depicted using DTI Studio software (Johns Hopkins
Medical Institute, Baltimore, Maryland). Fiber-tracking was based on
the FACT algorithm, a brute-force reconstruction approach, and a
multiple ROIs approach. The CST was ascertained by selection of the
fibers passing through both of the ROIs on the color map.”'®!”??
Fiber-tracking was initiated at the center of the seed voxel with frac-
tional anisotropy >0.2 and ended at the voxel having a fiber assign-
ment <0.2 and a tract turning-angle <60.*>

DTT was classified into 3 types: type A, the CST originating from
the cerebral cortex was preserved around the hematoma; type B, the
CST was interrupted (discontinuation of the integrity of the CST) at
or around the hematoma; and type C, the CST did not reach the
hematoma (Fig 1).

Statistical Analysis

Data were analyzed using the Statistical Package for the Social Sci-
ences (SPSS, Chicago, Illinois) 17.0 software. We used the parametric
1-way ANOVA test for comparison of sex ratio, age, the ratio of af-
fected side to unaffected side, duration from onset to rehabilitation,
and motor function—MI, MBC, and FAC—scores at the time of sec-
ond DTT between 3 types of CST on each DTI. The Fisher least sig-
nificant difference test was used as the post hoc comparison of motor
function scores between 3 types of CST on each DTI. The level of
statistical significance was set at P < .01.

Results

Demographic data for patients are shown in Table 1. There
were 2 significant differences between 3 types of CST at the
time of first DTT, in terms of age (P = .0066), and at the time



Table 1: Demographic data according to corticospinal tract type on diffusion tensor tractography

CST Type on 1st DTT

CST Type on 2nd DTT

A B C A B C Total
No. (%) 14(31.1) 12(26.7) 19(42.2) 26 (57.8) 2(4.4) 17(37.8) 45(100.0)
Sex (M:F) 8:6 6:6 12:7 15:11 11 10:7 26:19
Age (years) 616+ 11.3 56.7 =99 499 + 91 575*+119 650+ 2.8 509+ 86 554+ 11.0
ICH side (R:L) 410 5.7 9:10 10:16 0:2 8.9 18:27
Duration (days) 170+=9.0 18878 248 +97 173+73 285+ 134 253102 208 £ 95
Note:—For Age and Duration, values are means = standard deviation. Duration is the duration from stroke onset to rehabilitation.
Table 2: Motor function according to corticospinal tract type on diffusion tensor tractography
CST Type on 1st DTT CST Type on 2nd DTT

A B C A B C Total
Ml 814 +182 742 =204 404 = 243" 81.1 +16.7 57.8 +29.0 337 £16.7% 622 =284
MBC 443 +1.09 3.83 +1.34 1,53 + 1.50% 431 +0.93 3.00 +283 112 = 1.11° 3.04 187
FAC 443 =1.02 3.92 +1.00 2.32 + 153%® 435+ (.85 350 + 212 1.94 = 1.25% 3.40 = 156

Note:—Values are means = standard deviation.
@ P < 0.01 when compared with type A.
b P < 0.01 when compared with type B.

Table 3: The change of corticospinal tract type

CST Type on 2nd DTT

CST Type

on 1st DTT A B C
A(n =14 12 (85.7%) 2(14.3%) 0(0%)
B(n=12 11(91.7%) 0(0%) 1(8.3%)
C(n=19 3(15.8%) 0(0%) 16 (84.2%)

of second DTT, in terms of duration from ICH onset to begin-
ning of rehabilitation (P = .0098). The other variables showed
no significant difference (P > .01). Clinical data for patients
are shown in Table 2. At the time of first DTT, the motor
functions of type C—in terms of MI, MBC, and FAC—were
significantly worse than those of type A and B (P < .01), and
there were no significant differences between type A and B in
all motor functions (P > .01). At the time of the second DTT,
we could observe that the motor functions—MI, MBC, and
FAC—of type A were significantly better than those of type C
(P < .01), and type B showed no significant differences com-
pared with type A and C in all motor functions (P > .01).

On the first DTT, 14 patients (31.1%) belonged to type A,
12 patients (26.7%) to type B, and 19 patients (42.2%) to type
C. By contrast, on the second DTT, 26 patients (57.8%) were
classified as type A, 2 patients (4.4%) as type B, and 17 patients
(37.8%) as type C. We found that the CST changed according
to the CST type: On the first DTT, of 14 patients of type A, 2
patients (14.3%) showed a change to type B, and no change
was observed in 12 patients (85.7%); on the first DTT, of 12
patients of type B, 11 patients (91.7%) showed a change to type
A and 1 patient (8.3%) showed a change to type C; on the first
DTT, of 19 patients of type C, 3 patients (15.8%) showed a
change to type A, and no change was observed in 16 patients
(84.2%) (Table 3).

Discussion

In the current study, we found that DTT findings obtained at
an early stage of ICH could change 3 months after onset. Sev-
enteen (37.8%) of 45 patients showed change of CST type and
the others did not change their types; 14.3% of patients of type
A changed to type B, 91.7% of patients of type B changed to
type A, 8.3% of patients of type B changed to type C, and

15.8% of patients of type C changed to type A. In addition, we
found that the motor functions were different according to the
types of CST at each time of DTT scanning. The CST can
recover by adaptive plasticity or show wallerian degeneration
after injury. No studies of the repeatability of an injured CST
on DTT in patients with ICH have been conducted; therefore,
although we cannot be certain that the DTT changes of the
current study are directly related to recovery or degeneration
of the CST, we think that there seems to be a possibility that
these changes of an injured CST on DTT could be associated
with recovery or degeneration of an injured CST. On the other
hand, there is another possibility that the DTT for a CST could
show false-positive or false-negative results, especially in the
patients who showed changes of DTT from type C at the first
DTT to type A at the second DTT. However, we believe that
the results of this study would be available as a reference for
prediction of longitudinal DTT changes from early stage to
chronic stage following ICH.

Several DTT follow-up studies of the CST in patients with
ICH have been conducted.>>'®'" In 2006, Jang et al demon-
strated the recovery of a partially damaged CST in a patient
with an ICH using changes in DTT parameters at the site of a
CST that was injured due to hematoma.> During the same
year, Jang et al also reported on a patient who showed decom-
pression of the CST compressed by subcortical ICH.'° Subse-
quently, in 2007, Jang et al reported on a patient with an ICH
in the left corona radiata and basal ganglia who experienced
nearly full recovery from complete paralysis of the affected
extremities at onset through the normalization process of the
damaged lateral CST of the affected hemisphere.'' DTT
showed that the origin of the CST had changed from the pos-
terior parietal cortex, primary sensory cortex, and primary
motor cortex. In 2008, using follow-up DTT and transcranial
magnetic stimulation, Yang et al demonstrated recovery of a
CST that was disrupted due to hematoma.? On the other hand,
although there were no serial DTT studies on degeneration of
the CST in ICH, a few studies have reported cerebral in-
farct.”>*® In 2007, Kim et al measured the degeneration speed
of the CST with 5 DTTs within an interval of 7 days, starting at
2 days after onset in 2 patients with cerebral infarct and found
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that CST degeneration could be detected at day 9 DTT, and the
most rapid CST degeneration was noted for 7 days at 16 days
from onset.>* In 2009, Yu et al performed 5 consecutive DTIs
(within 1 week, and at 2 weeks, 1 month, 3 months, and 1 year
after onset) in 9 patients with a degenerated CST and calcu-
lated the ratios of DTI parameters for the CST between the
affected and unaffected hemisphere.** They found that the
ratios changed significantly until 3 months after stroke and
then remained unchanged. Recently, in 2010, Puig et al mea-
sured relative fractional anisotropy value between affected and
unaffected pons at onset, 3 days, and 30 days after onset in 60
patients with middle cerebral infarct and found that the rela-
tive fractional anisotropy value was correlated with the motor
weakness at 30 days after onset.>®> Consequently, to the best of
our knowledge, this is the first study to investigate DTT
changes from early stage to chronic stage using longitudinal
DTT studies in a large number of patients with ICH.

Conclusions

We found that the injured CST could change from early stage
to chronic stage during the motor recovery phase in patients
with an ICH: 14.3% of patients of type A showed a change to
type B, 91.7% of patients of type B showed a change to type A,
8.3% of patients of type B showed a change to type C, and
15.8% of patients of type C showed a change to type A. These
results would be helpful in prediction of longitudinal DTT
changes from early stage to chronic stage after stroke. How-
ever, the relationship of the injured CST with regeneration or
degeneration should be confirmed by further studies on the
reliability and validity of the injured CST. This study is limited
by a small number of patients. Further complementary studies
involving larger case numbers are warranted.
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