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Abstract

We investigated changes in the subcortical white matter in the unaffected hemisphere in patients with unilateral intracerebral hemorrhage
(ICH) by applying tract-based spatial statistics (TBSS) analysis. Twenty-four patients with ICH and 17 healthy control subjects were
recruited for this study. Diffusion tensor imaging (DTI) data were obtained at least four weeks after ICH onset. TBSS analysis was
performed using fractional anisotropy (FA) DTI data. We calculated mean FA values across the tract skeleton and within 27 regions of
interest (ROIs) based on the observed intersections between the FA skeleton and the probabilistic Johns Hopkins University white matter
atlases. The FA values of 27 ROIs in the unaffected hemisphere in the patient group were significantly lower than those of the control
group (p < 0.05). In terms of a causal relationship between possible confounding factors (sex, age, lateralization [right], lesion volume),
a negative correlation coefficient was observed in five ROIs (the tapetum, sagittal stratum, column and body of the fornix, posterior
corona radiate, inferior cerebellar peduncle, superior cerebellar peduncle) in the regression analysis (p < 0.05). In the patient group,
moderate negative correlations were detected between ICH volume and the FA values of two ROIs: the sagittal stratum, » =-0.479, p <
0.05; the tapetum, » =—0.414, p < 0.05. We detected extensive neural injury of the subcortical white matter in the unaffected hemisphere
in patients with unilateral ICH. In addition, injury severities of neural structures located around the mid-sagittal line or periventricular
areas were correlated with ICH volume.
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1. Introduction lytic methods used to assess DTI data, tract-based spatial
statistics (TBSS) analysis is a widely used fully automated
method to perform whole-brain tract DTI analysis based on
the fractional anisotropy (FA) DTI parameter values [15].
The TBSS method is automated and a sensitive technique
that can be used to perform precise voxel-based white mat-
ter analysis of several subjects [15]. The TBSS approach
can compare whole-brain differences in neural tracts and
extract a dispersion index for the white matter skeleton
[15]. Therefore, TBSS analysis has been considered a re-
liable and appropriate method for obtaining information on
the condition of and global changes in microstructures of
the white matter of the brain [16]. A few studies have
used TBSS to identify neural injuries of subcortical white
matter in the affected hemisphere following unilateral ICH
[17,18]. However, no studies have reported on changes in
subcortical white matter in the unaffected hemisphere fol-
lowing unilateral ICH.

In this study, by using TBSS, we investigated changes
in the subcortical white matter in the unaffected hemisphere
in patients with unilateral ICH.

Spontaneous intracerebral hemorrhage (ICH) is a sub-
type of stroke associated with high mortality and morbid-
ity and accounts for about 15% of all deaths from stroke
[1]. Neurological manifestations of ICH are usually asso-
ciated with neural injury within the affected hemisphere;
therefore, patients with ICH usually present with neurolog-
ical manifestations on the contralateral side and related to
motor and somatosensory functions [2]. However, hemi-
paretic patients with stroke can present functional deficits
on the ipsilateral side [3—5]. Regarding the reported func-
tional deficits of the ipsilateral side, several pathophysio-
logical mechanisms have been suggested, including an in-
terhemispheric imbalance in excitability, injury of the ipsi-
lateral descending pathway, brain herniation, atrophy, and
diaschisis (transneural depression) [4,6—10]. In addition,
neural injury of the unaffected hemisphere via a biomechan-
ical mechanism induced by barotrauma has been suggested
[11,12]. However, the pathophysiological mechanisms of
unaffected hemisphere injury following unilateral ICH have
not been fully elucidated.

Diffusion tensor imaging (DTI) enables the assess-
ment of white matter tracts using its ability to image wa-
ter diffusion properties [13,14]. Among the various ana-
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Table 1. Demographic data for the patient and control groups.

Patient group (n =24)  Control group (n =17)

Age (years)
Sex, male/female

Hypoxemia/hypertension/diabetes mellitus/hematoma drainage OP

Duration from ICH onset (months)
ICH hemisphere (Rt/Lt)
Location of hematoma
Basal ganglia
Thalamus
Putamen
Corpus callosum
Temporal parietal lobe
Basal ganglia & thalamus
Basal ganglia & thalamus & corpus callosum
ICH volume
MMSE score

54.79 £9.67 50.94 £ 6.31
12/12 7/10
0/12/2/10
6.89 £3.02
11/13

12

N = O N =

2
29.90 + 23.88
23.63 +5.44

Values represent mean (+ standard deviation); ICH, intracerebral hemorrhage; OP, operation; MMSE, Mini Mental

State Examination.

2. Methods
2.1 Subjects

A total of 24 consecutive patients (12 men, 12 women;
mean age 54.79 + 9.67 years; range, 33—68 years) with
unilateral ICH and 17 age- and sex-matched healthy con-
trol subjects (seven men, ten women; mean age 50.94 +
6.31 years; range, 41-64 years) with no history of neuro-
logical/psychiatric disease or head trauma were recruited.
The patients were recruited consecutively according to the
following inclusion criteria: (1) first-ever stroke; (2) DTI
data obtained at least four weeks after onset; (3) age at the
time of ICH, 20~70 years; (4) ICH confined to a unilateral
supratentorial area, which was verified by by a neuroradi-
ologist using initial brain computed tomography (CT) re-
sults; (5) no subfalcine or transtentorial herniation on initial
CT; (6) no intraventricular hemorrhage and hydrocephalus
on initial brain CT or on T2-weighted images at DTI se-
quence of MRI images; (7) no previous history of neuro-
logic/psychiatric disease. In the community, the control
subjects were recruited consecutively according to the fol-
lowing inclusion criteria: (1) no previous history of neu-
rologic/psychiatric disease, (2) no medical problem. The
demographic data for the patient and control groups are
summarized in Table 1. Significant difference in age or
sex distribution was not detected between the patient and
control groups (p > 0.05). This study was performed ret-
rospectively, and the study protocol was allowed by the in-
stitutional review board of our university hospital. We ex-
plained for this study protocol and obtained the written in-
formed consent from each patient and control subjects.

2.2 Diffusion tensor imaging

DTI data were acquired at an average of 6.89 + 3.02
months after ICH onset by using a 6-channel head coil on a

1.5 T Philips Gyroscan Intera (Philips, Best, Netherlands)
with single-shot echo-planar imaging. Sixty-five contigu-
ous slices (reconstruction matrix = 192 x 192 matrix; ac-
quisition matrix = 96 x 96; TE = 76 ms; field of view =
240 mm x 240 mm; TR = 10,726 ms, NEX = 1, slice gap
= 0 mm, slice thickness = 2.5 mm, and b = 1000 s/mm?)
were acquired for each of the 32 noncollinear diffusion-
sensitizing gradients. The Oxford Centre for Functional
Magnetic Resonance Imaging of the Brain (FMRIB) Soft-
ware Library was used for the analysis of DTI data. Affine
multi-scale two-dimensional registration was used to cor-
rect head motion effects and image distortion due to eddy
currents.

2.3 Tract-based spatial statistics

Functional MRI assessment tools included in the FM-
RIB Software Library (FSL) were used to execute the data
analyses. A previously described method was used to gen-
erate the fractional anisotropy (FA) maps [15]. Voxel-wise
statistical analysis of the FA data was performed using
TBSS as implemented in FSL [16]. A nonlinear registra-
tion algorithm (www.doc.ic.ac.uk/~dr/software) was used
to align the FA data for all subjects, obtained via FSL tools,
to a template of average FA images (FMRIB-58) in Mon-
treal Neurological Institute space. A mean FA image was
produced and thinned to generate a mean FA skeleton repre-
senting the centers of all tracts common to the group mem-
bers. A threshold was applied to a binarized mean FA skele-
ton at FA > 0.2 before the resulting data were fed into
the voxel-wise statistical analysis. The aligned FA data
for each subject were then projected onto the mean skele-
ton, and voxel-wise cross-subject statistics were procured
to evaluate the differences between each group’s FA val-
ues. The results were corrected for multiple comparisons
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Fig. 1. Results of tract-based spatial statistics analyses comparing fractional anisotropy (FA) values of patient and control groups
and the standard template of the Johns Hopkins University HU diffusion tensor imaging-based white matter atlases. (A) T2-
weighted brain magnetic resonance images at the time of diffusion tensor image scanning in representative patients with unilateral right-
intracerebral hemorrhage (41-year-old female) and left-intracerebral hemorrhage (50-year-old male). (B) The blue and red voxels repre-
sent areas with significantly lower mean FA values in the patient group than in the control group. (C) The 27 regions of interest (ROIs):
(1) Middle cerebellar peduncle, (2) Pontine crossing tract, (3) Genu of corpus callosum, (4) Body of corpus callosum, (5) Splenium of
corpus callosum, (6) Column and body of fornix, (7) Corticospinal tract, (8) Medial lemniscus R, (9) Inferior cerebellar peduncle, (10)
Superior cerebellar peduncle, (11) Cerebral peduncle, (12) Anterior limb of internal capsule, (13) Posterior limb of internal capsule, (14)
Retrolenticular part of internal capsule, (15) Anterior corona radiata, (16) Superior corona radiata, (17) Posterior corona radiata, (18)
Posterior thalamic radiation (including the optic radiation), (19) Sagittal stratum (include inferior longitudinal fasciculus and inferior
fronto-occipital fasciculus), (20) External capsule, (21) Cingulum (cingulate gyrus), (22) Cingulum, (23) Fornix (crus), (24) Superior
longitudinal fasciculus, (25) Superior fronto-occipital fasciculus, (26) Uncinate fasciculus, and (27) Tapetum. Moderate negative corre-
lations between intracerebral hemorrhage volume and the fractional anisotropy value (red rectangular boxes) are observed in the sagittal
stratum (ROI 19) and the tapetum (ROI 27).
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by controlling for the family-wise error rate after perform-
ing threshold-free cluster enhancement. For further explo-
ration of the data, the voxels identified by TBSS analysis as
showing substantial differences in each tract were selected,
and the mean FA values for each subject were calculated.
To summarize the FA data in a conventional neuroanatom-
ical context and to identify relevant white matter tracts,
mean FA values were calculated across the skeleton and
within 48 regions of interest (ROIs); the ROIs were based
on the intersections between the skeleton and the proba-
bilistic Johns Hopkins University white matter atlases [15].
Differences in the FA values among 27 ROIs in the unaf-
fected hemisphere were determined by subtracting the av-
erage FA value of the patient group from that of the control
group. The obtained differences in the FA values were then
arranged in descending order (Fig. 1).

2.4 Measurement of ICH volume

To determine the ICH volume in each patient, a sim-
plified formula for calculation of the volume of an ellipsoid
was applied by using initial brain CT data in the formula:
ABC/2; where A = maximum length (cm), B = width per-
pendicular to A on the same head CT slice (cm), and C =
the number of slices multiplied by the slice thickness (cm)
[19].

2.5 Statistical analysis

Statistical analysis was performed by using SPSS 21.0
for Windows (SPSS, Chicago, IL, USA). The chi-squared
test was used to assess differences in the sex composition
of the groups. The Mann-Whitney U test was performed
for the assessment of age differences and the determination
of significant differences in FA values between the patient
and control groups. Statistical significance was accepted
for p values < 0.05. Multiple linear regressions was used
to determine the association between possible confounding
factors that could affect FA values of the 27 ROIs in the
unaffected hemisphere. The possible confounding factors
included in the regression model were sex, age, location of
hematoma (lobar), lateralization (right: R), lesion volume,
and hypertension. Multicollinearity was examined using
the variance inflation factors (VIF) for each possible con-
founding factor. The independent variable with the value
of tolerance less than the VIF more than ten, considered in-
dicative of multicollinearity was excluded [20]. Statistical
significance was determined as p-value < 0.05. In addi-
tion, The Spearman correlation coefficient was used to as-
sess the correlations between ICH volume and FA values in
the patient group and was considered significant when the
p-value was <0.05. A correlation coefficient >0.60 indi-
cated a strong correlation, a correlation coefficient between
0.40 and 0.59 indicated a moderate correlation, one between
0.20 and 0.39 indicated a weak correlation, and one <0.19
indicated a very weak correlation [21]. A minimum of 24
patients in each group was necessary to maintain a power

of at least 80 percent when using the Mann-Whitney U test
with a significance level of 0.05 to achieve an effect size
of 0.8. The sample size calculation was performed with
G-power 3.1.9.2 for Windows (University of Duesseldorf,
Germany).

3. Results

The results of the voxel-wise comparison of the FA
values of the patient and control groups are summarized in
Table 2. The FA values of 27 ROIs in the unaffected hemi-
sphere in the patient group were significantly lower than
those of the control group (p < 0.05) (Fig. 1C).

In the patient and control groups, the results of mul-
tiple linear regression analysis of the possible confound-
ing factors (sex, age) that contribute to the FA values of
27 ROIs of unaffected white matter are summarized in Ta-
ble 2. Multicollinearity was not indicated when all possi-
ble confounding factors were included in multiple regres-
sion analysis for the FA of unaffected white matter (VIF
>10). In multiple regression analysis for age and the FA
values of the inferior cerebellar peduncle, superior longitu-
dinal fasciculus, medial lemniscus, splenium of the corpus
callosum, cerebral peduncle, uncinate fasciculus, posterior
corona radiata, and middle cerebellar peduncle, the regres-
sion model showed statistical significance for the difference
between the patient and control groups (p < 0.05). The in-
ferior cerebellar peduncle, superior longitudinal fasciculus,
medial lemniscus, splenium of corpus callosum, cerebral
peduncle, uncinate fasciculus, posterior corona radiata and
middle cerebellar peduncle were accepted in the model as
associated with the variability in age (B =—0.002, —0.001,
-0.002, —-0.002, —0.001, —0.002, —0.001, —0.002, —0.001,
respectively, p < 0.05). The multiple regression analysis
of possible confounding factors (sex, age) and the FA of
the cingulum hippocampus showed statistical significance
for the difference between the patient and control groups
(p < 0.05). The cingulum hippocampus was accepted in
the model as explaining the variability in sex and age (B
=-0.016, —0.001, respectively, p < 0.05). Except for the
above results, the FA values of 17 ROIs in the unaffected
hemisphere were not statistically accepted by the model as
explaining the variability in sex and age (p > 0.05).

In the patient group, the results of multiple linear re-
gression analysis for investigating the possible confounding
factors (sex, age, location of hematoma [lobar], lateraliza-
tion [R], lesion volume and hypertension) that contribute to
the FA values of 27 ROIs in the unaffected hemisphere are
summarized in Supplementary Table 1 (see online sup-
plemental materials file). Multicollinearity was not indi-
cated when all possible confounding factors were included
in multiple regression analysis for the FA values of 27 ROIs
in the unaffected hemisphere (VIF >10). In multiple re-
gression analysis for sex and FA values of two ROIs (the
tapetum and inferior cerebellar peduncle), the regression
model showed statistical significance (p < 0.05). The tape-

&% IMR Press


https://www.imrpress.com

Table 2. Comparison of region-of-interest-based analysis of fractional anisotropy values between the patient and control groups

and Multivariate Linear Regression Analysis to evaluate associations between possible confounding factors (sex, age) and

fractional anisotropy values of 27 ROIs in the unaffected hemisphere in patient and control group.

Patient group Control group p-value  Sex Age  Adjusted R? p-value

Sagittal stratum (includes inferior longitudinal fasci- 0.42+0.03  0.46+0.02 <0.00* -0.016 -0.001 0.097 0.055
culus and inferior fronto-occipital fasciculus

Tapetum 029+0.05 032+0.03 0.04* -0.015 -0.001 0.023 0.241
Middle cerebellar peduncle 041+£0.02 046+0.02 <0.00* -0.015 -0.001** 0.124 0.031
Pontine crossing tract 0.40+0.03 0.43+0.02 <0.00* -0.020 -0.001 0.073 0.090
Genu of corpus callosum 047+0.03 0.53+£0.02 <0.00* -0.010 -0.002 0.055 0.128
Body of corpus callosum 0.50+0.03 0.56+0.03 <0.00* -0.019 -0.002 0.079 0.079
Splenium of corpus callosum 0.61+£0.04 0.67+0.02 <0.00* -0.024 -0.002** 0.150 0.017
Corticospinal tract 045+0.04 049+0.03 <0.00* -0.009 -0.002 0.055 0.129
Medial lemniscus 0.51£0.03 0.55+£0.03 <0.00* -0.010 -0.002%** 0.173 0.010
Inferior cerebellar peduncle 038+0.03 042+0.03 <0.00* -0.017 -0.002%** 0.333 <0.00
Superior cerebellar peduncle 046+0.03 0.51+£0.02 <0.00*+ -0.014 -0.001 0.082 0.074
Cerebral peduncle 0.56+0.02 0.61+0.02 <0.00* -0.012 -0.002%** 0.123 0.031
Anterior limb of internal capsule 0.44+0.03 0.49+0.02 <0.00* -0.007 -0.002 0.086 0.068
Posterior limb of internal capsule 0.54+0.02 0.59+£0.02 <0.00* -0.014 -0.001** 0.136 0.023
Retrolenticular part of internal capsule 047+0.02 052+0.02 <0.000 -0.017 -0.001 0.068 0.100
Anterior corona radiata 0.34+0.03 0.40+0.03 <0.00* -0.003 —-0.002 0.060 0.115
Superior corona radiata 0.39+0.03 0.44+0.02 <0.00* -0.010 —0.001 0.067 0.102
Posterior corona radiata 0.38+0.04 0.43+£0.02 <0.00*+ -0.019 -0.002** 0.106 0.045
Posterior thalamic radiation (includes optic radiation) 0.48 +0.03  0.53+£0.03 <0.00* -0.011 —0.002 0.087 0.067
External capsule 033+£0.02 037+0.01 <0.00*0 -0.007 -0.001 0.085 0.070
Cingulum cingulate gyrus 041+£0.03 046+0.03 <0.00* -0.006 -0.001 0.027 0.225
Cingulum hippocampus 033+£0.03 036+0.03 <0.00* —0.016** —0.001** 0.176 0.010
Cres of fornix 0.40+0.03 0.44+0.04 <0.00* -0.015 -0.002 0.079 0.079
Column and body of the fornix 030+£0.06 038+0.07 <0.00* -0.026 —0.002 0.011 0.308
Superior longitudinal fasciculus 0.40+0.02 042+0.01 <0.00* -0.011 -0.001%* 0.200 0.005
Superior fronto-occipital fasciculus 0.34+0.04 0.41+0.04 <0.00* -0.008 —-0.002 0.035 0.192
Uncinate fasciculus 0.39+0.04 0.43+£0.03 <0.00* —0.025** —0.001** 0.115 0.037

Values represent mean (+ standard deviation); *significant differences between the patient and control groups; **Significant result

analyzed by multiple linear regression (p < 0.05).

tum and inferior cerebellar peduncle was accepted in the
model as explaining the variability in sex (B = -0.021, —
0.023, respectively, p < 0.05). In the multiple regression
analysis of age and the inferior cerebellar peduncle, the re-
gression model showed statistical significance of that rela-
tionship (p < 0.05). The inferior cerebellar peduncle was
accepted in the model as explaining the variability in age
(B =-0.002, p < 0.05). In multiple regression analyses
lateralization [R] and the FA values of four ROIs (the tape-
tum, sagittal stratum, posterior corona radiata and superior
cerebellar peduncle), the regression model showed statisti-
cal significance (p < 0.05). The FA values of four ROIs
(the tapetum, sagittal stratum, posterior corona radiata and
superior cerebellar peduncle) was accepted in the model as
explaining the variability in lateralization [R] (B =—0.084,
—0.034,-0.031,-0.033, respectively, p < 0.05). In multiple
regression analysis for lesion volume and the sagittal stra-
tum, the regression model showed statistical significance
(p < 0.05). The sagittal stratum was accepted in the model
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as explaining the variability in sex (B = 0.000, p < 0.05).
Except for the above results, the FA values of 22 ROIs in
the unaffected hemisphere were not accepted in the model
as explaining any of the variability in sex, age, location of
hematoma (lobar), lateralization, lesion volume, and hyper-
tension.

The correlations between the FA values of 27 ROIs
and the ICH volume are summarized in Supplementary
Table 1 (see online supplemental materials file). Among
the 27 ROIs, two ROIs showed a moderate negative corre-
lation between the FA values of the unaffected hemisphere
and ICH volume; those two ROIs are the sagittal stratum, r
=-0.479, p < 0.05, and the tapetum, » =—-0.414, p < 0.05
(Fig. 1C).

4. Discussion

In the current study, we used a TBSS-based approach
to assess the state of the subcortical white matter of the un-
affected hemisphere in patients with unilateral ICH and ob-
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tained the following results. First, the FA values of 27 ROIs
were lower in the patient group than those of the control
group. Second, regarding the results of multiple linear re-
gression analysis for a causal relationship between the pos-
sible confounding factors (sex, age, lateralization (R), le-
sion volume) and FA values of 27 ROIs in the unaffected
hemisphere in the patient group, FA values of five ROIs
showed a negative correlation coefficient (the tapetum: sex
and lateralization (R); the sagittal stratum: lateralization
(R) and lesion volume; the posterior corona radiata: later-
alization (R); the inferior cerebellar peduncle: sex, age; the
superior cerebellar peduncle: lateralization (R)). Third, in
the patient group, moderately negative correlations in two
ROIs (the sagittal stratum and the tapetum) among the 27
ROIs examined were observed between the FA values and
the ICH volume.

Among the various DTI parameters, the FA value in-
dicates the condition of white matter organization by sug-
geting integrity of white matter microstructures andthe de-
gree of directionality, such as myelin, microtubules and ax-
ons [13]. A low FA value indicates a loss of white mat-
ter integrity, suggesting neural injury [13]. The FA val-
ues observed in 27 ROIs were lower in the patient group
than in the control group, suggesting the presence of ex-
tensive neural injury to the subcortical white matter in the
unaffected hemisphere of the ICH patients. Because we re-
cruited patients whose ICH lesions were confined to a uni-
lateral supratentorial area, this result suggests that the sub-
cortical white matter of the so-called unaffected hemisphere
can exhibit evidence of extensive injury.

In terms of the results of multiple linear regression
analysis for a possible causal relationship between the con-
founding factors of sex, age, lateralization (R), and lesion
volume and the FA values of 27 ROIs in the unaffected
hemisphere in the patient group, the possible confounding
factors were shown to have negative effects in five ROIs:
The sex contributed to the FA values in the tapetum and in-
ferior cerebellar peduncle; The age affected to the FA values
in the inferior cerebellar peduncle; lateralization (R) influ-
enced to the FA values in the tapetum, sagittal stratum, pos-
terior corona radiata, superior cerebellar peduncle; lesion
volume contributed to the FA values in the sagittal stratum.

In terms of the correlation between the FA values and
ICH volume in the patient group, there were moderate neg-
ative correlations in two ROIs (the sagittal stratum and the
tapetum). These two ROIs are located adjacent to the mid-
sagittal line or periventricular areas. Thus, these correla-
tions suggest increased injury severity in the neural struc-
tures located around the mid-sagittal line or periventricu-
lar areas. In 2001, Zazulia evaluated oxygen extraction
fractions in 19 patients with ICH by using positron emis-
sion tomography [22]. They reported the oxygen extrac-
tion fraction was reduced rather than increased as a re-
sult of ischemia [22]. In 2009, the same author reported
changes in the perihematomal cerebral glucose metabolic

rate in 13 patients with ICH by using F-fluorodeoxyglucose
positron emission tomography [23]. The author reported
an increase in perihematomal glucose metabolism reflected
by increased F-fluorodeoxyglucose uptake in the perihe-
matomal region. In 2010, Power reviewed pathophys-
iological mechanisms for ICH and traumatic brain in-
juries. The author suggested that barotrauma from pressure
waves propagated through intracranial regions is a com-
mon pathophysiological mechanism for ICH and traumatic
brain injuries [12]. By contrast, many studies have demon-
strated diaschisis of unaffected cerebellar following unilat-
eral supratentorial stroke [24-28]. However, one study has
reported diaschisis of the unaffected hemisphere following
ICH [6]. In 1996, Tanaka et al. [6] found that patients with
thalamic hemorrhage were more pronounced reduction of
cerebral blood flow than those of patients with putaminal
hemorrhages in both affected and unaffected hemisphere.
They suggested that the reduction of cerebral blood flow
may be secondary to metabolic depression due to diaschisis
[6]. On that basis, we think that there might be two mecha-
nisms to explain injury of the unaffected hemisphere. First,
the extensive neural injuries of the subcortical white mat-
ter in the unaffected hemisphere following unilateral ICH
might indicate that the axonal injuries are induced by in-
ternal barotrauma that cause the propagation waves imme-
diately through the intracranial content, resulting in dis-
tal axotomy and demyelination [29]. Second, the diaschi-
sis of unaffected hemisphere might be caused by decrease
in metabolic activity and blood flow following unilateral
ICH. Nevertheless, to the best of our knowledge, the cur-
rent study is the first to investigate changes in the subcor-
tical white matter in the unaffected hemisphere in patients
with unilateral ICH.

However, some limitations of this study should be be-
lieved. First, the small number and limited age range of
the subjects enrolled in the study limits the results. Sec-
ond, we could not obtain relevant clinical data (e.g., modi-
fied Barthel Index, Fugl-Meyer Assessment, and modified
Rankin Scale) that may be related to the neural injuries of
the subcortical white matter in the unaffected hemisphere
of the patient group because the study was performed ret-
rospectively. Third, we could not assess the possibility of
delayed expansion of ICH volume after onset. Therefore,
further prospective studies that include larger numbers of
subjects and detailed, long-term clinical data should be en-
couraged.

In conclusion, by performing TBSS analysis, we de-
tected extensive neural injury of the subcortical white mat-
ter in the unaffected hemisphere in patients with unilateral
ICH. In addition, injury severity in the neural structures lo-
cated around the mid-sagittal line or periventricular areas
was correlated with the ICH volume. Therefore, our re-
sults show the necessity of evaluating the unaffected hemi-
sphere following a unilateral ICH. In addition, we suggest
that TBSS-based results could be helpful when planning
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neuro-rehabilitation because precise estimation of the ex-
tent and severity of a neural injury is necessary for estab-
lishing suitable therapeutic strategies and predicting prog-
nosis.
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