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Introduction

Abstract

Previous diffusion tensor imaging (DTI) studies regarding pediatric patients with motor dys-
function have confirmed the correlation between DTI parameters of the injured corticospinal
tract and the severity of motor dysfunction. There is also evidence that DTI parameters can help
predict the prognosis of motor function of patients with cerebral palsy. But few studies are re-
ported on the DTI parameters that can reflect the motor function outcomes of pediatric patients
with hemiplegic cerebral palsy after rehabilitation treatment. In the present study, 36 pediatric
patients with hemiplegic cerebral palsy were included. Before and after rehabilitation treatment,
DTI was used to measure the fiber number (FN), fractional anisotropy (FA) and apparent dif-
fusion coefficient (ADC) of bilateral corticospinal tracts. Functional Level of Hemiplegia scale
(FxL) was used to assess the therapeutic effect of rehabilitative therapy on clinical hemiplegia.
Correlation analysis was performed to assess the statistical interrelationship between the change
amount of DTI parameters and FxL. DTI findings obtained at the initial and follow-up evalua-
tions demonstrated that more affected corticospinal tract yielded significantly decreased FN and
FA values and significantly increased ADC value compared to the less affected corticospinal tract.
Correlation analysis results showed that the change amount of FxL was positively correlated to
FN and FA values, and the correlation to FN was stronger than the correlation to FA. The results
suggest that FN and FA values can be used to evaluate the motor function outcomes of pediatric
patients with hemiplegic cerebral palsy after rehabilitation treatment and FN is of more signifi-
cance for evaluation.
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tative therapeutic strategy (Rocca et al., 2013). Several mo-

Motor dysfunction is the most common neurodevelopmen-
tal problem in pediatric patients with cerebral palsy (Ar-
zoumanian et al., 2003; Wilson-Costello et al., 2005; Droby-
shevsky et al., 2007; Ludeman et al., 2008; Trivedi et al., 2010;
Williams et al., 2010; Yoshida et al., 2010). Corticospinal
tract (CST) is the most important motor pathway involved
primarily in voluntary movements of distal extremities (Jang,
2009; Cho et al., 2012). The prognosis of motor outcome is
known to be highly related to the state of the CST (Arzou-
manian et al., 2003; Drobyshevsky et al., 2007). The extent
of CST injury is related to motor dysfunction, and recovery
of CST injury is also related to improvement of motor func-
tion (deVeber et al., 2000; Sreenan et al., 2000; Trivedi et al.,
2008). Therefore, early and precise evaluation for the CST
state is essential for establishment of appropriate rehabili-
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dalities, including brain ultrasonography, computed tomog-
raphy and magnetic resonance imaging (MRI), have been
attempted for evaluation of the state of the CST in pediatric
patients (Wiklund and Uvebrant, 1991; Seme-Ciglenecki,
2007; Son et al., 2007). However, these techniques have of-
ten failed to detect the cause of motor dysfunction and to
provide detailed information in pediatric patients (Ancel et
al., 2006; Nakayama et al., 2006; Son et al., 2007; Baek et al.,
2013).

Diffusion tensor imaging (DTI), a recently developed
technique, is a very powerful modality to evaluate the CST
state (Arzoumanian et al., 2003; Drobyshevsky et al., 2007;
Ludeman et al., 2008; Trivedi et al., 2010; Yoshida et al.,
2010). DTI provides information on the microstructural
state of neural tracts by virtue of its ability to quantify water
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diffusion properties (Wakana et al., 2004; Mukherjee and
McKinstry, 2006; Kwak et al., 2010). Diffusion tensor trac-
tography (DTT), derived from the DTI technique, provides
integrity of the neural tracts and three-dimensional visu-
alization of the architecture (Mori et al., 1999; Mukherjee
and McKinstry, 2006; Kwak et al., 2010). DTT and DTT can
also provide several reproducible quantitative parameters of
water diffusion in brain tissue, including fiber number (FN),
fractional anisotropy (FA), and apparent diffusion coeffi-
cient (ADC) (Mori et al., 1999, Neil, 2008, Sundaram et al.,
2008). The validity of these parameters has been established
in several previous studies (Jang et al., 2006; Neil, 2008; Son
et al., 2009; Kwak et al., 2010).

Some previous DTT studies in pediatric patients with mo-
tor dysfunction have reported significant correlation of DTI
parameters of the affected CST with the severity of motor
dysfunction (Son et al., 2007; Trivedi et al., 2010; Yoshida et
al., 2010; Chang et al., 2012). In addition, it has also been re-
ported that DTI parameters can predict motor dysfunction
in pediatric patients (Arzoumanian et al., 2003; Ludeman et
al., 2008; Murakami et al., 2008; Son et al., 2009). However,
to the best of our knowledge, there has been no study on
DTI parameters reflecting the therapeutic effect of reha-
bilitation treatment in pediatric patients with hemiplegic
cerebral palsy. Therefore, we analyzed the correlation of DTI
parameters with functional parameters for clinical hemiple-
gia in pediatric patients with cerebral palsy.

Subjects and Methods

Subjects

Thirty-six subjects were recruited using the following crite-
ria: (1) hemiplegic cerebral palsy patients diagnosed by two
pediatric neurologists; (2) regular physical and occupational
therapy twice a week by experienced therapists in the same
university hospital; (3) absence of diagnosed congenital
brain anomaly, chromosomal abnormalities, or genetic syn-
drome; (4) absence of severe mental retardation or intracta-
ble seizure; (5) absence of postnatal brain injury history such
as a traumatic event, brain surgery or postnatal neonatal
stroke; (6) initial DTT evaluation at an age of < 12 months
old; (7) follow-up DTI duration of 6-12 months. Two pedi-
atric neurologists assessed the patients independently, and
all patients were evaluated by both neurologists. Participants
whose diagnosis was in disagreement between two neurol-
ogists were excluded. The study population was originally
selected from 124 hemiplegic patients who underwent initial
DTTI evaluation at an age of < 12 months old. Of the 124
pediatric patients, 89 who underwent follow-up DTI evalu-
ation were selected. Of these 89 pediatric patients, 43 were
excluded for their follow-up duration of less than 6 months
or over 12 months. Of the remaining subjects, two pediatric
patients were excluded for chromosomal abnormalities and
four pediatric patients who did not receive regular reha-
bilitative therapy were excluded. In addition, one patient
who showed intractable epilepsy and three other children
who were diagnosed as congenital brain anomaly such as
pachygyria or schizencephaly were also excluded. Finally, the

remaining 36 pediatric patients were recruited for this study.
For improvement of hand function, all 36 pediatric patients
were intensively provided occupational therapy involving
task oriented training that induced reaching, targeting, and
grasping of more affected upper extremity. The pediatric
patients who reached the goal were then provided additional
task involving bimanual activity for more functional im-
provement. Informed consent was obtained from the parents
of all participants, and the study was approved by the insti-
tutional review board at the Hospital of School of Medicine,
Yeungnam University, Republic of Korea.

Functional level of hemiplegia

Initial and follow-up (mean follow up duration 9.0 + 2.3
months) functional evaluations were performed by two pe-
diatric neurologists using Functional Level of Hemiplegia
scale (FxL) (House et al., 1981; Romain et al., 1999; Fluet et
al., 2010). FxL is an observational description of hemiplegic
upper extremity use in children with cerebral palsy and it
has been widely used in several previous studies on the effect
of rehabilitative therapy for motor dysfunction (House et al.,
1981; Romain et al., 1999; Fluet et al., 2010). FxL is classified
as follows: 0: no use; 1: use as stabilizing weight only; 2: can
hold objects placed in the hand; 3: can hold an object and
stabilize it for use by the other hand; 4: can actively grasp
an object and hold it weakly; 5: can actively grasp an object
and stabilize it well; 6: can actively grasp an object and ma-
nipulate it against the other hand; 7: can perform bimanual
activities easily and occasionally uses the hand spontaneous-
ly; 8: uses the hand with complete independence. FxL was
evaluated on the same day or at 1 day before DTI scanning.

Diffusion tensor imaging (DTI)

DTI data were acquired using a 1.5-T Philips Gyroscan In-
tera system (Philips, Ltd, Best, The Netherlands) equipped
with a Synergy-L Sensitivity Encoding (SENSE) head coil
utilizing a single-shot, spin-echo planar imaging pulse se-
quence. Sixty-seven contiguous slices were acquired for each
of the 32 noncollinear diffusion-sensitizing gradients. Imag-
ing parameters were as follows: matrix = 128 x 128, field of
view = 221 x 221 mm’, echo time (TE) = 76 mm, repetition
time (TR) = 10,726 ms, parallel imaging reduction factor
(SENSE factor) = 2, echo-planar imaging (EPI) factor =
49, b = 1,000 s/mm’, number of excitations (NEX) = 1, and
a slice thickness of 2.3 mm. Eddy current-induced image
distortions were removed using affine multi-scale two-di-
mensional registration at the Oxford Centre for Functional
Magnetic Resonance Imaging of Brain (FMRIB) Software
Library (FSL; www.fmrib.ox.ac.uk/fsl). Fiber connectivity
was evaluated using Fiber Assignment by Continuous Track-
ing (FACT), a three dimensional fiber reconstruction algo-
rithm in Philips PRIDE software (Philips Medical Systems,
Best, The Netherlands). The termination criteria used for
fiber tracking were fractional anisotropy (FA) threshold of
< 0.2 and an angle change of > 45°. A seed region of interest
(ROI) was drawn in the CST portion (blue portion) of the
anterior mid-pons on a two-dimensional FA color map. On

625



Kim JH, et al. / Neural Regeneration Research. 2015;10(4):624-630.

each of the two-dimensional FA color maps, another ROI
was drawn in the CST portion (blue portion) of the anterior
low-pons (Hong et al, 2010). Fiber tracts passing through
both ROIs were designated as final tracts of interest. In order
to include only the region of the CST, the typical ROI size
was set between 5 and 10 voxels (Son et al., 2007, 2009; Kim
et al., 2012). Fiber number (FN), mean value of fractional
anisotropy (FA) and apparent diffusion coefficient (ADC) of
both sides of the entire CST were measured.

Statistical analysis

Statistical analysis was performed in two steps. In the first
step, comparative analysis for DTI parameters such as FN,
FA, and ADC between the more affected and less affected
sides was performed using paired -test. Paired t-test was also
used for comparison between initial and follow-up data on
DTI parameters and FxL. In the second step, Pearson coeffi-
cient correlation was used for assessment of statistical signif-
icance of correlation between the interval change amounts
of DTI parameters and those of FxL. Statistical analysis was
performed using the Statistical Package for the Social Scienc-
es (SPSS) version 18.0 (SPSS, Chicago, IL, USA). Statistical
significance was accepted for P values of < 0.05.

Results

Demographic data

Among 36 pediatric patients (26 males, 10 females), 20 were
born as full-term delivery over 37 weeks of gestational age,
and the other 16 were born premature at less than 37 weeks
of gestational age. Ages at MRI scanning time and clinical
evaluation were adjusted based on corrected age that is by
subtracting weeks born prematurely from post-birth age.
The mean age at initial evaluation was 5.6 = 3.2 months and
the mean follow up duration was 9.0 £ 2.3 months. Among
36 pediatric patients, 12 had lesions on conventional MRI
scan, including right middle cerebral artery infarct in two
patients, left fronto-parietal lobe hemorrhage in one patient,
and periventricular leukomalacia in nine patients. The other
24 pediatric patients showed no abnormal brain lesion on
conventional MRI.

Functional level of hemiplegia scale

At initial evaluation, pediatric patients presented with var-
ious hemiplegic symptoms, such as decreased bimanual
coordination skill, one hand dominance symptom, and no
use of the more affected hand. At follow up evaluation after
rehabilitative therapy, all patients showed improvement of
their hemiplegic symptoms of upper extremities and in-
creased FxL score. After rehabilitation treatment, clinical
function was significantly improved in 35 out of the 36 pa-
tients. However, FxL score was not significant in one patient
despite improvement in hemiplegic symptoms. All patients
were evaluated by two neurologists who were unaware of the
other neurologist’s evaluation result, and all results were the
same for both neurologists. The initial mean score of FxL
was 2.4 + 2.2, and follow up mean score showed a significant
increase to 7.1 £ 2.1 (P < 0.05) (Table 1). Regarding baseline
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data, the 24 patients without brain lesions demonstrated sig-
nificantly more improvement of FxL (5.04 + 1.65) compared
to the 12 patients with brain lesion (2.58 + 1.44) (P < 0.05).

DTI parameters

Results of comparative analysis between the more affected
and less affected sides showed a significant decrease in more
affected FN and FA, and a significant increase in the more
affected ADC at both initial and follow up evaluations (P <
0.05). Comparative analysis between initial and follow up
values of FN, FA and ADC showed significant improvement
at follow up in both hemispheres of the more affected and
less affected sides (P < 0.05). Comparative analysis of inter-
val change amount between more affected and less affected
sides showed a significant increase in the amount of FN and
FA on the more affected side compared with the less affect-
ed side (P < 0.05; Figure 1). However, no significant differ-
ence of change amount was observed for ADC (P > 0.05)
(Table 1).

Correlation analysis showed that FN and FA changes were
significantly correlated with FxL change, FN change (r =
0.615, P = 0.000) exhibited a stronger positive correlation
with FxL change than FA change (r = 0.406, P = 0.014).
ADC change (r = —0.318, P = 0.059) showed no significant
correlation. The correlations of less affected DTI parameters
with FxL change were not significant (Table 2).

Discussion

In the current study, we investigated the correlation between
radiologic parameters of DTI and motor function outcome
represented by FxL, demonstrating that FN and FA of the
more affected CST are the significant parameters that can
reflect the therapeutic effect of rehabilitative therapy.

Several DTI studies have reported on the clinical signifi-
cance of FN and FA in pediatric patients (Son et al., 2009;
Roze et al., 2012; Rickards et al., 2014). Rose et al. (2012)
reported significant difference of FA value in CSTs between
the affected side and the opposite side. Similarly, Rickards
et al. (2014) reported significantly decreased FA value of the
affected CST compared with the unaffected CST in patients
with hemiparetic cerebral palsy. Another study on the hemi-
paretic patients with CST disruption reported a significantly
decreased FN value of the affected CST compared with the
unaffected CST (Son et al., 2009). These results coincided
with our results that more affected FN and FA were signifi-
cantly decreased compared with those of the less affected
CST.

Another previous study reported on pediatric patients
who showed definite clinical hemiplegia, although they had
no definite brain lesion for explainable clinical hemiplegia.
In that study, despite normal results of conventional MRI,
the patients showed significantly decreased FA value of the
affected CST compared with that of the unaffected CST (Son
et al., 2007). Similarly, 24 of 36 patients in the current study
did not show an abnormal brain lesion on conventional MRI
although they showed definite hemiplegic symptoms. By
contrast, DTT revealed significant difference of FA, FN and



Kim JH, et al. / Neural Regeneration Research. 2015;10(4):624-630.

Table 1 Initial and follow-up data of DTI parameters and FxL in pediatric patients with cerebral palsy

More affected CST Less affected CST

FN FA ADC FN FA ADC FxL
Initial 463.631253.89"  0.415+0.053 1.016+0.110° 954.424298.89 0.453+0.034  0.960+0.070 2.41+2.16
Follow-up 931.58+383.01°7  0.455+0.049 0.932+0.0917  1,256.97+383.92" 0.480+0.033"  0.880+0.049" 7.08+2.12
Interval change 467.94+317.76"  0.040+0.023" —0.084+0.051  302.56+227.54 0.026+0.015  —0.080+0.048  4.16+1.99

Values are experssed as the mean + standard deviation of 36 pedistric patients. *P < 0.05, vs. the opposite side (less affected CST); tP < 0.05, vs. the
initial evaluation. FN: Fiber number; FA: fractional anisotropy; ADC: apparent diffusion coefficient; FxL: functional level of hemiplegia scale; CST:

corticospinal tract.

Table 2 Correlation between DTI parameters and FxL in pediatric patients with hemiplegic cerebral palsy

More affected CST (n = 36)

Less affected CST (n = 36)

AFN AFA AADC

AFN AFA AADC

AFxL r=0.615 (P =0.000) r=0.406 (P =0.014) r=-0.318 (P=0.059)

r=0.089 (P=0.607) r=0.325(P=0.053) r=-0.346 (P = 0.039)

Data were analyzed by Pearson correlation analysis. FN: Fiber number; FA: fractional anisotropy; ADC: apparent diffusion coefficient; FxL:
functional level of hemiplegia scale; CST: corticospinal tract; A: interval change amount between initial and follow up evaluations.

ADC between the more affected and the less affected sides.
These findings suggest that DTI is very sensitive to assess-
ment of the CST state in pediatric patients regardless of the
conventional MRI lesion.

A few previous DTI studies have reported on recovery
of the CST after rehabilitative therapy (Trivedi et al., 2008;
Baek et al., 2013). Trivedi et al. (2008) reported significantly
increased FA value of the CST in patients with quadriparesis
after rehabilitative intervention. Although, this study was
coincided with our result which showed improvement of
DTI values, it has several differences from our study. First,
their patients were quadriplegic cerebral palsy patients. We
recruited hemiplegic cerebral palsy patients because we
wanted to demonstrate the therapeutic effect more accurate-
ly through comparison of the changes between affected and
unaffected extremities after treatment. Second, we analyzed
whole tract rather than the assessment of ROI. It is well
known that there exists some difference of real anatomi-
cal location between individual subjects even for the same
neural tract, and this difference would be bigger if the sub-
ject’s age is young. Additionally, several tracts, including
spinothalamic, medial lemniscus or corticoreticular path-
way run through the similar ROI of the CST. Therefore,
we analyzed and assessed real CST. Since the CST is known
to be highly related to fine motor movement of the upper
extremities (Jang, 2009; Cho et al., 2012), we used FxL,
which focused on the use of more affected upper extremity
use rather than other evaluation tools such as Bayley Scales
of Infant Development (BSID), Erhardt Developmental
Prehension Assessment (EDPA) or gross motor function
classification system (GMFCS) which could not assess the
therapeutic progress of the more affected side in hemiple-
gic pediatric patients.

Another DTI study on hemiplegic pediatric patients
showed significantly increased FA value of entire CSTs after
rehabilitative therapy (Baek et al., 2013). In this study, gross

motor function measure (GMFM) was used to assess clinical
improvement. GMFM score showed significant improve-
ment after treatment, but this change showed no significant
correlation with DTI changes. We think this insignificant
correlation might be related to the selection of the clinical
assessment tool about the gross motor function, not the fine
motor function more related to the CST. However, their DTI
results coincided with our results, that is, there was signifi-
cant improvement of all DTI parameters of both CSTs after
rehabilitative therapy. In addition, interval change amount
of FN and FA values were significantly greater on the more
affected side compared with the less affected side. These re-
sults would be caused by the rehabilitative treatment, which
focuses primarily on the more affected side rather than
the less affected side (Bengtsson et al., 2005; Yu et al., 2007;
Trivedi et al., 2008; Baek et al., 2013). Recent studies have in-
dicated that rehabilitative therapy is characterized by repeti-
tive practice according to the motor learning theory (Rostami
et al., 2012), and leads to treatment-induced neural plas-
ticity, which enhances the synaptogenesis, reorganization,
and growth of dendritic arbors within the motor cortex area
(Biernaskie and Corbett, 2001; Trivedi et al., 2008; Johnston,
2009). The natural maturation occurred in less affected
hemisphere as well as more affected side in immature brain
(Morriss et al., 1999; Tanner et al., 2000; Schneider et al.,
2004). Our results also showed significant improvement of
DTI parameters in both CSTs at follow up evaluation. How-
ever, due to the characteristics of rehabilitative therapy, the
therapeutic effect after rehabilitation would be greater on
the more affected side than the less affected side, and, as a re-
sult, radiologic parameters of the more affected side revealed
more significant interval change compared with those of the
less affected side.

From correlation analysis of radiologic parameters and
functional parameters, more affected FN and FA changes re-
vealed significant correlation with FxL changes of functional
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Figure 1 Conventional brain magnetic resonance image (MRI) and diffusion tensor image (DTI) for the corticospinal tract (CST).

(A) T2-weighted brain MRI; (B) DTI for the CST (right CST: red color; left CST: yellow color). Initial DTI for a patient (6-month-old male) shows
discontinuity (blue arrow) and decreased fiber density of the right CST compared to the left CST. Follow up DTT for a patient (13-month-old male;
the same patient as initial DTI) shows improvements in the disrupted integrity and decreased fiber density of the right CST compared to the initial

result.

outcome. In addition, FN change showed stronger correla-
tion with FxL change than FA change. FA value is known to
indicate the degree of completion for white matter organi-
zation (Assaf and Pasternak, 2008; Neil, 2008; Jang, 2010;
Koerte et al., 2011; Rha et al., 2012); increased FA value in-
dicates more unidirectionality of well organization of white
matter tracts, and decreased FA value indicates impaired
organization of the white matter tracts (Assaf and Paster-
nak, 2008; Murakami et al., 2008; Neil, 2008; Koerte et al.,
2011; Chang et al., 2012; Rha et al., 2012). Compared to FA
values, FN values indicate the quantitative information on
connectivity within the white matter tracts as determined
by the anatomical ROIs (Wilson-Costello et al., 2005; Son
et al., 2009; Faria and Hoon, 2010; Jang, 2010; Kwak et al.,
2010; Yoshida et al., 2010). Therefore, increased FN values
indicate increased numbers of the white matter tracts (Son
et al., 2009; Faria and Hoon, 2010; Kwak et al., 2010; Yoshi-
da et al., 2010). Some previous studies have reported these
different characteristics of FN and FA values (Jang, 2010;
Yoshida et al., 2010; Rha et al., 2012). Yoshida et al. (2010)
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suggested that the portion of the CST that is lower than the
pre-set FA threshold is excluded and that FA of the affected
CST can be overestimated. Another report by Jang (2010)
suggested that FA value is closely related to integrity of the
white matter tracts. Therefore, despite reduced FN of the
CST, FA reduction may not be sufficiently reached as low as
to reflect the level of damage as long as the integrity of the
remaining CST is maintained (Jang, 2010; Yoshida et al.,
2010). In addition, Rha et al. (2012) reported a significant
high FN value in the high-functioning group compared
with the low-functioning group but no significant result for
FA value in bilateral spastic cerebral palsy patients. There-
fore, because the clinical assessment for this study focused
on motor functioning ability, we suggest that FN value,
rather than FA value, would show stronger correlation with
therapeutic effect. Unlike FN and FA values, ADC showed
an insignificant result. This result may be related to specific
features of ADC, that is, ADC indicates the magnitude of
water diffusion and reflects cellular and organelle density
(Drobyshevsky et al., 2007; Assaf and Pasternak, 2008; Neil,
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2008; Trivedi et al., 2008).

This is the first study to investigate which DTT parameters
can reflect the therapeutic effect of rehabilitative intervention
in pediatric patients with hemiplegic cerebral palsy. However,
the current study has several limitations. Small number of
subjects, due to strict inclusion criteria, is the first limitation
of this study. In addition, the young age of subjects who
were selected in order to rule out the possibility of second-
ary musculoskeletal deformity which could influence motor
performance can be considered as another limitation. Due
to the young age of subjects, we could not perform the full
examination for visual acuity, whole electromyography and
nerve conduction study in order to rule out the abnormal pe-
ripheral nerve system in all subjects. A lack of detailed clinical
data such as sensory or cognitive function due to subjects’ age
is also a limitation of this study. There exists a limitation from
DTI techniques. DTI may underestimate or overestimate the
neural fiber tracts because of regions of fiber complexity. Fi-
nally, the major potential limitation of this study is the partial
volume effect due to the same acquisition parameter for the
DTI in all age. The partial volume effect can cause the under-
estimation of the fiber volume in younger child subjects com-
pared with adult subjects. In future studies, partial volume
correction or voxel-based morphometric methods should be
used to more closely delineate the change of the CST. Further
complementary studies involving larger case number and de-
tailed functional assessments are also needed.

Author contributions: JHK performed the study, YMK an-
alyzed the data, and SMS designed the study and wrote the
paper. All authors approved the final version of the paper.
Contflicts of interest: None declared.
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