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ABSTRACT

BACKGROUND AND PURPOSE: Periventricular white matter injury is the common cause of spastic cerebral palsy. However, the early
diagnosis of spastic cerebral palsy still remains a challenge. Our aim was to investigate whether infants with periventricular white matter
injury with bilateral spastic cerebral palsy have unique lesions different from those in infants without cerebral palsy and to evaluate the
efficiency of DTl in the early diagnosis of spastic cerebral palsy.

MATERIALS AND METHODS: Infants with periventricular white matter injury and controls underwent MR imaging at 618 months of age.
Fractional anisotropy was calculated from DTI. Cerebral palsy was diagnosed by 24 —30 months of age. Subjects were divided into 3 groups:
infants with periventricular white matter injury with bilateral spastic cerebral palsy, infants with periventricular white matter injury without
cerebral palsy, and controls. Tract-Based Spatial Statistics and Automated Fiber Quantification were used to investigate intergroup
differences. Receiver operating characteristic curves were used to assess the diagnostic accuracy of spastic cerebral palsy. Correlations
between motor function scores and fractional anisotropy were evaluated along white matter tracts.

RESULTS: There were 20,19, and 33 subjects in periventricular white matter injury with spastic cerebral palsy, periventricular white matter injury
without cerebral palsy, and control groups, respectively. Decreased fractional anisotropy in the corticospinal tract was only observed in infants
with periventricular white matter injury with spastic cerebral palsy, whereas decreased fractional anisotropy in the posterior thalamic radiation
and genu and splenium of the corpus callosum was seen in both periventricular white matter injury subgroups. Fractional anisotropy in the
corticospinal tract at the internal capsule level was effective in differentiating infants with periventricular white matter injury with spastic cerebral
palsy from those without cerebral palsy by a threshold of 0.53, and it had strong correlations with motor function scores.

CONCLUSIONS: Corticospinal tract lesions play a crucial role in motor impairment related to spastic cerebral palsy in infants with
periventricular white matter injury. Fractional anisotropy in the corticospinal tract at the internal capsule level could aid in the early
diagnosis of spastic cerebral palsy with high diagnostic accuracy.

ABBREVIATIONS: CP = cerebral palsy; CST = corticospinal tract; CST-CP = CST at the cerebral peduncle level; CST-CR = CST at the coronaradiata level; CST-IC =
CST at the internal capsule level; FA = fractional anisotropy; GCC = genu of the corpus callosum; GMFCS = Gross Motor Function Classification System; PTR =
posterior thalamic radiation; PWMI = periventricular white matter injury; SCC = splenium of the corpus callosum; SCP = spastic cerebral palsy

eriventricular white matter injury (PWMI) is a major form of
white matter injury in both preterm and term infants and is the
common cause of spastic cerebral palsy (SCP).'> MR imaging is
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moderate, and severe grades.* Severe PWMI develops frequently into
)./1,5

cerebral palsy (CP)."” However, the early diagnosis of SCP in infants
with mild and moderate PWMI still remains a major challenge.

MR imaging and neurologic examinations are predictive tools
for detecting the risk of CP.°® Compared with neurologic exam-
inations, MR imaging is preferred for revealing the anatomic po-
sition and severity of brain lesions.® However, conventional MR
imaging has limitations in delineating white matter tracts pre-
cisely and has failed to differentiate individual tracts specifically.”
DTT is effective in overcoming the above limitations and improv-
ing the diagnostic accuracy.® Patients with SCP typically present
with motor deficits. DTI studies have revealed that the damage in
the corticospinal tract (CST) is related to motor impairment.'%**
Meanwhile, the sensory pathways or commissural tract lesions or
both are also involved in the motor deficits in children with
SCP."*"'> However, the prerequisite white matter lesions ac-
countable for SCP remain unclear.'® The exploration of the dif-
ferences in white matter alterations between infants with PWMI
with and without CP may provide clues for the identification of
the responsible white matter tracts related to motor impairment.

In this study, the analyses of DTI data with Tract-Based Spatial
Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) and
Automated Fiber Quantification (AFQ; https://pypi.org/project/
AFQ-Browser/) were used to compare the differences among
groups of infants with PWMI with bilateral SCP, infants with
PWMI without CP, and controls. The aim was to investigate
whether infants with PWMI with bilateral SCP have unique le-
sions different from lesions in those without CP and to evaluate
the early diagnostic efficiency of DTI for differentiating infants
with SCP from those with PWMI without CP.

MATERIALS AND METHODS

This was a retrospective cohort study approved by the institu-
tional review board of the First Affiliated Hospital of Xi’an Jiao-
tong University.

Participants

Parents of the infants were informed of the potential risks of MR
imaging. Written consent was obtained before the brain MR im-
aging examination.

Brain MR imaging was performed in infants 6—18 months of
age, from July 2011 to January 2014. The reasons for MR imaging
examination included suspected developmental delay, seizures,
or other risks of cerebral disorders. The MR imaging scanner and
sequences did not change throughout the study period. Next,
these infants underwent follow-up neurologic examinations be-
tween 24 and 30 months of age, performed by a pediatric neurol-
ogist using several measurements, including motor milestones,
primitive reflexes, postural reactions, muscle strength, and cogni-
tive and psychomotor development assessment using the second
edition of the Bayley Scales of Infant Development and the Gross
Motor Function Classification System (GMFCS; https://research.
cerebralpalsy.org.au/what-is-cerebral-palsy/severity-of-cerebral-
palsy/gross-motor-function-classification-system/) assessment.
Developmental delay was defined by a score of the Mental or
Psychomotor Development Index of <85 according to the Bayley
Scales of Infant Development assessment.
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CP was diagnosed in infants on the basis of the follow-up
examination results using the definition provided by the Interna-
tional Executive Committee in the United States.'” The infants
with CP were classified into GMFECS levels I-V, representing
mild-to-severe motor dysfunction.'® The GMFCS level zero rep-
resented infants without motor dysfunction in this study.

The inclusion criteria of infants with PWMI were as follows: 1)
MR imaging performed between 6 and 18 months of age and 2)
PWMI diagnosed by MR imaging. The severity of PWMI was
graded as mild, moderate, or severe on the basis of the MR imag-
ing signs as follows: 1) mild, abnormally high signal in the
periventricular white matter on T2-weighted images with mild
white matter reduction limited to the peritrigonal region; 2) mod-
erate, abnormally high white matter signal on T2-weighted im-
ages, with moderate periventricular white matter decrease and
irregular enlargement of the ventricles; 3) severe, large, or exten-
sive cystic changes of periventricular white matter, with marked
reduction of white matter and severe irregular enlargement of the
ventricles (On-line Fig 1).* The exclusion criteria included severe
PWMI, intrauterine congenital infection, and unsuccessful fol-
low-up neurologic examinations. According to the follow-up
outcomes, infants with mild and moderate PWMI were divided
into those with PWMI with bilateral SCP and those without CP
after the exclusion of unilateral and nonspastic CP.

The infants with MR imaging performed between 6 and 18
months of age were selected as controls after excluding the
following conditions: 1) abnormalities on MR imaging, in-
cluding PWMI; dilated perivascular spaces; arachnoid cyst; hy-
drocephalus; congenital malformations; hematencephalon;
subarachnoid space enlargement; encephalomalacia and so
forth; 2) history of nervous system infection; preterm birth;
hypoxic-ischemic encephalopathy and congenital heart dis-
ease; 3) seizures; developmental delay; and hypertonia; and 4)
lack of follow-up neurologic examinations.

MR Imaging Protocols

MR imaging was performed on a 3T scanner (Signa HDxt; GE
Healthcare, Milwaukee, Wisconsin). All infants were required to
sleep soundly and wear sponge earplugs for hearing protection. The
infants who could not remain still were sedated with 10% chloral
hydrate (25-50 mg/kg) to reduce motion artifacts. The potential risks
of chloral hydrate were fully explained to the parents. The patient
selection, monitoring, and management were performed in strict
compliance with the guidelines for monitoring and management of
pediatric patients before, during, and after sedation for diagnostic
and therapeutic procedures.'® Heart rate, transcutaneous oxygen
saturation, and respiration rate were monitored throughout the pro-
cedure. All infants underwent the following MR imaging protocols:
3D T1-weighted imaging (TR = 10.2 ms, TE = 4.6 ms, slice thick-
ness = 1 mm), T2-weighted imaging (TR = 6500 ms, TE = 124 ms,
slice thickness = 4 mm), T2 FLAIR imaging (TR = 9600 ms, TE =
110 ms, TTI = 2400 ms, slice thickness = 4 mm), and DTIL. DTI was
performed using a spin-echo echo-planar imaging sequence. The pa-
rameters for DTI were as follows: TR = 5500 ms, TE = 95 ms, flip
angle = 90°, slice thickness = 4 mm without gap, FOV = 180 X 180
mm?, matrix = 128 X 128, b-values = 0, 1000 s/mm? with 35 gra-
dient directions.
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FIG 1. Flow chart of study participants.

Image Postprocessing and Data Analysis
Fractional anisotropy (FA) maps were obtained after brain extrac-
tion and eddy current correction using the FMRIB Software Li-
brary (FSL; http://www.fmrib.ox.ac.uk/fsl).'” Linear and nonlin-
ear image registrations were used for alignment of the FA maps of
all subjects to a selected FA map. An averaged image of the coreg-
istered FA maps was created as the target map. Then, FA maps of
all subjects were registered to the target map. A mean FA map and
mean FA skeleton were created. The aligned FA map of each sub-
ject was projected onto the mean FA skeleton (threshold = 0.2).
Voxelwise statistical analysis was performed to assess the inter-
group differences in FA.

AFQ software was used to quantitatively analyze white matter

tracts.?®

Automatic fiber tract segmentation and cleaning were
performed first. Then, FA values along the tracts were calculated
by clipping each fiber to 100 equally spaced nodes. The CST, pos-
terior thalamic radiation (PTR), genu of the corpus callosum
(GCQC), and splenium of corpus callosum (SCC) were evaluated.
To characterize the properties of the CST in detail, we divided the
CST into 3 parts according to the brain atlas*': CST at the cerebral
pedunclelevel (CST-CP; nodes: 1-37), CST at the internal capsule
level (CST-IC; nodes: 38—81), and CST at the corona radiata level
(CST-CR; nodes: 82-100).

Statistical Analysis

Categoric variables were analyzed using the x* test in SPSS soft-
ware (Version 17.0; IBM, Armonk, New York). Continuous vari-
ables were analyzed across groups using analysis of variance with

analysis. P values < .05 were considered
statistically significant for all tests.

RESULTS
Demographic and Clinical Information
Thirty-nine infants with PWMI and 33 controls were finally en-
rolled on the basis of the inclusion and exclusion criteria (Fig 1).
According to the follow-up diagnosis, the infants with PWMI
were divided into infants with bilateral SCP (n = 20) and those
without CP (n = 19) groups. The time between the MR imaging
examination and diagnosis of SCP was 14.8 = 3.2 months.
Among infants with PWMI with bilateral SCP, 7 (35%), 6
(30%), 4 (20%), and 3 (15%) infants were classified into GMFCS
levels I, I1, IT1, and IV, respectively. The k value for the interrater
reliability of the GMFCS assessment was 0.83. There was no sig-
nificant difference in gestational age and birth weight between
infants with PWMI with bilateral SCP and those without CP. The
gestational age and birth weight in infants with PWMI with bilat-
eral SCP and without CP were less than those in controls. More-
over, there was no significant difference across groups in the sex
constituent ratio or age at MR imaging (Table 1). More details
about the perinatal characteristics of the infants with PWMI are
listed in On-line Table 1.

TBSS Analysis of Intergroup Differences

FA in widespread areas of white matter was lower in the infants
with PWMI with bilateral SCP than that in the controls. In infants
with PWMI without CP, decreased FA was found mainly in re-
gions adjacent to the anterior horns, trigone, and posterior horns
of the lateral ventricles. Infants with PWMI with bilateral SCP
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Table 1: Demographics of infants with PWMI with bilateral spastic cerebral palsy, infants with PWMI without cerebral palsy, and
controls®

P Values
PWMI with SCP
Infants with PWMI with Infants with PWMI vs PWMI PWMI with PWMI without
SCP (n =20) without CP (n =19) Controls (n = 33) without CP SCP vs Control  CP vs Control
Sex (female/male) 812 613 n:22 .58 62 90
Gestational age (wk) 3738 = 1.90 (34.57-4129)  38.07 = 2.45 (34.00-4143)  39.16 = 1.14 (37.00-41.00) 23 <0l 04
Age at MRI (mo) 174 + 213 (8.00-17.66) 1156 = 2.99 (6.40-16.76)  1.06 = 238 (6.10-17.33) 83 34 49
Birth weight (kg) 295+ 047(2.20-370)  3.06 *0.60(1.80-3.85) 338 = 0.50 (2.50-4.38) 50 01 04

? Data in columns 2—4 are mean and standard deviation (range).

PWMI with bilateral SCP vs Control

PWMI without CP vs Control

o N

P>0.05 P=0.05

FIG 2. Intergroup comparisons of fractional anisotropy values using
TBSS. Blue and light blue regions show major white matter tracts with
significantly decreased FA (P <.05) in infants with PWMI with bilateral
SCP (A), infants with PWMI without CP (B) relative to controls, and
infants with PWMI with bilateral SCP relative to those without CP (C).
Green represents regions without significant differences (P > .05).
ALIC indicates anterior limb of the internal capsule; CR, corona radi-
ata; EC, external capsule; PLIC, posterior limb of the internal capsule;
SLF, superior longitudinal fasciculus.

showed significantly lower FA values than infants with PWMI
without CP in the bilateral CST-CP, CST-IC, CST-CR, external
capsule, GCC, and SCC (Fig 2).

AFQ Analysis of Intergroup Differences along Tracts
The tract profiles of infants with PWMI with bilateral SCP, infants
with PWMI without CP, and controls are presented in Fig 3. Ob-
vious deceases in FA values in infants with PWMI with bilateral
SCP were found along the CST, mainly located at the internal
capsule level, while these changes in FA were not found in infants
with PWMI without CP. The PTR, GCC, and SCC showed signif-
icantly decreased FA values in both groups.

The receiver operating characteristic curves for the diagnostic
performances of FA in different regions for differentiation of in-
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fants with PWMI with bilateral SCP from those without CP are
depicted in On-line Fig 2. The area under the curve was larger in
the CST than that in the PTR, GCC, or SCC (Table 2). Among the
3 parts of the CST, an FA threshold of 0.53 at the internal capsule
level had the highest area under the curve value, which demon-
strated high specificity and sensitivity.

Correlation between Motor Function Scores and FA

The correlations between motor function scores and FA values
along white matter tracts are presented in On-line Table 2. There
were more significant correlations along the CST than along the
PTR, GCC, and SCC (P < .05); and GMFCS levels were negatively
correlated with FA values within the CST at the level of the inter-
nal capsule (left r = —0.80; right r = —0.79). The Psychomotor
Development Index scores showed a positive correlation with FA
values within the CST at the level of internal capsule (left r = 0.69;
right r = 0.53).

DISCUSSION

This study found that the spatial distribution of white matter al-
terations was different between the 2 PWMI groups. Structural
integrity was more severely damaged in more widespread white
matter areas in infants with PWMI with bilateral SCP than in
those without CP. Furthermore, injured CST was found only in
infants with PWMI with bilateral SCP. The FA threshold of 0.53
in the CST at the internal capsule level was useful for the differ-
entiation of infants with PWMI with SCP from those without CP,
and it had significant correlations with motor functions.

DTI with TBSS analysis is a powerful approach that effectively
reveals alterations in the main white matter tracts of the whole
brain. Several studies have reported the presence of FA reduction
within widespread white matter areas, especially in the central and
posterior white matter, in infants with PWMI with SCP.'%'**?
However, knowledge of the spatial distribution characteristics of
white matter lesions in infants with PWMI with and without CP is
limited. In this study, the infants with PWMI with SCP had lower
FA and more widespread distribution than those without CP.
Additionally, the age distribution of patients here was different
from that in previous studies.'>'*'>** We focused on 6- to 18-
month-old infants with PWMI, which is the period before the
definite diagnosis. Identification of the differences between in-
fants with PWMI with SCP and those without CP during this time
interval is beneficial for determining candidates at risk of SCP.

In this study, the white matter tracts potentially involved in
SCP were further analyzed using the AFQ. Previously, Hoon et
al'” had suggested that PTR injury altered the sensorimotor con-
nections to the motor cortex and attenuated descending CST.
However, our study showed that the PTR, SCC, and GCC were the



PWMI with bilateral SCP B Location

of P<0.05 for “PWMI with bilateral SCP vs Control”

PWMI without CP B Location of P<0.05 for “PWMI without CP vs Control”
— Control Location of P<0.05 for “PWMI with bilateral SCP vs Control”
95% confidence interval & “PWMI without CP vs Control”
for control
Left CST Right CST
| Cerebral peduncle ~ Corona radiata | Cerebral peduncle Corona radiata
Corona
radiata 0.8 0.8
CST-100
=
CST-1
Cerebral
peduncle
20 40 60 80 100 0 20 40 60 80 100
A Location Location
Left PTR Right PTR
Thalamus Posterior parietal 1 Thalamus Posterior parietal
PTR-100 08 & occipital 0.3 & occipital
PTR-1
v

Thalamus Posterior parietal

& occipital
0 20 40 60 80 100 0 20 40 60 80 100
B Location Location
GCC-100 GCC-1 1 BE 1 Scc
Left Right Left Right
: =
SCC-100 SCC-1
Right Left 0 20 40 60 80 100 0 20 40 60 80 100
C Location Location

FIG 3. Intergroup comparisons of fractional anisotropy among infants with PWMI with bilateral SCP, infants with PWMI without CP, and
controls along tracts of the bilateral corticospinal tract (A), bilateral posterior thalamic radiation (B), and genu of the corpus callosum and

splenium of the corpus callosum (C).

injured regions in both PWMI subgroups, whereas decreased FA
in CST was observed only in infants with PWMI with SCP. These
results indicate that PTR injury may not be directly responsible
for SCP. The CST, as the major projectional motor tract situated
in close proximity to the periventricular white matter region, is
vulnerable in patients with PWMIL.>* CST lesions can interrupt
the corticomotor circuit in executing movement and have also
been shown to be involved in spasticity.** These findings suggest
that CST lesions are a prerequisite for bilateral SCP in infants with

PWMI and provide clues for determining whether patients with
PWMI will develop SCP.

Previous research has shown that an FA threshold of 0.5 within
the CST was effective in differentiating CP and non-CP groups.
Similarly, this study demonstrated that the FA thresholds in CST
for the diagnosis of SCP were 0.48 (left) and 0.49 (right). Addi-
tionally, the current study revealed that the FA thresholds in both
the left and right CST at the internal capsule level were 0.53, with
high sensitivity and specificity. These were higher than results in
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Table 2: Diagnostic performance of fractional anisotropy in different regions for differentiation of infants with PWMI with bilateral

spastic cerebral palsy and those without cerebral palsy

PWMI with SCP PWMI without CP Area under the
(Mean and standard deviation) (Mean and standard deviation) Curve (95% Cl) Threshold Sensitivity Specificity
CST-L 0.42 £ 0.06 0.50 = 0.04 0.90(0.75-0.98) 0.48 94% 72%
CST-R 0.43 +0.06 0.50 = 0.04 0.85 (0.68-0.95) 0.49 93% 67%
PTR-L 0.34 +0.06 0.35 £ 0.05 0.55(0.37-0.73) 0.27 27% 100%
PTR-R 0.33 = 0.07 0.34 = 0.05 0.54 (0.35-0.72) 0.36 67% 50%
GCC 0.41+0.05 0.45 * 0.05 0.72(0.59-0.82) 0.46 87% 50%
SCC 04301 0.49 = 0.09 0.62 (0.49-0.74) 0.40 40% 88%
CST-CP-L 0.36 £ 0.08 042 £ 0.04 0.74 (0.57-0.88) 0.40 69% 83%
CST-CP-R 0.36 = 0.06 0.42 = 0.06 0.77 (0.60-0.90) 0.40 73% 72%
CST-IC-L 0.48 + 0.06 0.59 = 0.05 0.95 (0.82-0.99) 0.53 94% 89%
CST-IC-R 0.48 = 0.07 0.58 = 0.05 0.88(0.72-0.97) 0.53 93% 78%
CST-CR-L 0.43 +0.09 0.46 = 0.09 0.60(0.42-0.77) 0.49 81% 50%
CST-CR-R 0.47 £0.10 0.48 £ 0.11 0.52(0.34-0.70) 0.59 100% 7%

Note:—L indicates left; R, right.

previous MR imaging studies for detecting the risk of CP.**° The
results obtained in this study suggest that CST at the internal
capsule level is more suitable than the whole tract for the early
diagnosis of SCP. Furthermore, the multiple regression results
revealed that FA values of infants with PWMI were not correlated
to age (On-line Table 3). This finding suggests that the FA thresh-
old is applicable to the individual infants with PWMI between 6
and 18 months of age.

Apart from the determination of the risk of CP, the evaluation
of the degree of motor impairment in CP can further facilitate the
targeting of interventional strategies.””*® Consistent with previ-
ous findings,”>** FA in the CST was significantly correlated with
motor function scores. A strong correlation was found along the
CST at the internal capsule level, which may be associated with
the vulnerability of white matter in the internal capsule, where the
descending motor axons are densely concentrated.””*° More-
over, there were more significant correlations along the CST than
along the PTR, GCC, and SCC. It has been suggested that PTR
lesions are responsible for the weakness in motor function in pa-
tients with CP because of the role of PTR in visuospatial perfor-
mance.”* The corpus callosum may play an important role in
dexterity and bimanual motor coordination.’' Overall, the results
suggest that FA of the CST at the internal capsule level is suitable
for assessing the motor function in infants with PWMI with SCP.

Nevertheless, this study has several limitations. First, it ex-
cluded severe PWMI because these cases accounted for a minority
(3 subjects) of all the infants with PWMI. Moreover, it was rela-
tively easy to determine the risk of CP in these infants. Second,
unilateral SCP and nonspastic CP were not included due to the
small sample sizes (2 with unilateral SCP and 1 with athetoid CP)
and divergent MR imaging signs, such as asymmetric brain lesions
in unilateral SCP and concurrent basal ganglia lesions in athetoid
CP. Third, the FA threshold in the internal capsule of the CST was
objectively extracted from an Automated Fiber Quantification.
This threshold may be different from those obtained by other
analysis methods, such as the ROI analysis. Fourth, this work tried
to investigate the characteristics of DTT metric changes associated
with SCP before the definite diagnosis. However, DTI was per-
formed just several months ahead of the diagnosis of SCP.
Whether SCP can be predicted by DTT in earlier periods needs
further research. Finally, this was a retrospective study. Prospec-
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tive research is required to test the accuracy of the early diagnosis
of SCP.

CONCLUSIONS

CST lesions play a crucial role in motor impairment associated
with SCP in infants with PWMI. FA in the CST at the internal
capsule level could aid in the early diagnosis of SCP with high
diagnostic accuracy.
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