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T2 Relaxometry MRI Predicts Cerebral Palsy in Preterm Infants
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ABSTRACT

BACKGROUND AND PURPOSE: T2-relaxometry brain MR imaging enables objective measurement of brain maturation based on the
water-macromolecule ratio in white matter, but the outcome correlation is not established in preterm infants. Our study aimed to predict
neurodevelopment with T2-relaxation values of brain MR imaging among preterm infants.

MATERIALS AND METHODS: From January 1,2012, to May 31, 2015, preterm infants who underwent both T2-relaxometry brain MR imaging
and neurodevelopmental follow-up were retrospectively reviewed. T2-relaxation values were measured over the periventricular white
matter, including sections through the frontal horns, midbody of the lateral ventricles, and centrum semiovale. Periventricular T2 relax-
ometry in relation to corrected age was analyzed with restricted cubic spline regression. Prediction of cerebral palsy was examined with
the receiver operating characteristic curve.

RESULTS: Thirty-eight preterm infants were enrolled for analysis. Twenty patients (52.6%) had neurodevelopmental abnormalities, in-
cluding 8 (21%) with developmental delay without cerebral palsy and 12 (31.6%) with cerebral palsy. The periventricular T2-relaxation values
in relation to age were curvilinear in preterm infants with normal development, linear in those with developmental delay without cerebral
palsy, and flat in those with cerebral palsy. When MR imaging was performed at >1month corrected age, cerebral palsy could be predicted
with T2 relaxometry of the periventricular white matter on sections through the midbody of the lateral ventricles (area under the receiver
operating characteristic curve = 0.738; cutoff value of >217.4 with 63.6% sensitivity and 100.0% specificity).

CONCLUSIONS: T2-relaxometry brain MR imaging could provide prognostic prediction of neurodevelopmental outcomes in premature
infants. Age-dependent and area-selective interpretation in preterm brains should be emphasized.

ABBREVIATIONS: BSID-Il = Bayley Scales of Infant and Toddler Development, 2nd ed; BSID-Il = Bayley Scales of Infant and Toddler Development, 3rd ed; CP =

cerebral palsy; DD = delayed development; ROC = receiver operating characteristic curve

Premature infants are at high risk of cognitive and behavior
problems. It remains a challenging issue in 50%-60% of
extremely preterm infants despite the advances in neonatal
critical care.' Although late preterm infants born between 33
and 37 weeks of gestational age are considered low-risk, the
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neurodevelopmental scales still fall behind compared with
term controls.”

MR imaging is considered a good tool for early diagnosis of
brain injury in prematurity, but the conventional qualitative ap-
proach remains subjective.”* The incidence of macroscopic cys-
tic-necrotic periventricular leukomalacia has markedly declined,
and new forms of microscopic focal or diffuse nondestructive
white matter injury are emerging.” However, this microscopic
necrosis and gliosis is not readily detected by conventional MR
imaging.®

T2 relaxometry, also called T2 mapping, is a quantitative
T2-weighted MR imaging that demonstrates the physical prop-
erties of brain-water, enabling objective measurement of tissue
characteristics based on the water-macromolecule ratio in
white matter. In very preterm infants, T2 relaxometry has been
applied to discriminate diffuse excessive high signal intensity
in white matter at term-equivalent age.” However, the changes
of T2 relaxometry in preterm periventricular WM injury and
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FIG 1. Manually drawn periventricular white matter on 3 axial sections through the frontal horns,
midbody of the lateral ventricles, and centrum semiovale. The circular ROl area is 5-8 mm?. The

4 T2-mapping values of each section are averaged for calculation.

further correlation to neurodevelopmental outcomes have not
been established.*”

In contrast to the physiologic decrease of cerebral water in
healthy infants, WM injury leading to delayed myelination and
tissue destruction may present with free water retention and pro-
long the T2 value on brain MR imaging.® Our study hypothesizes
that there are distinct patterns of T2 relaxometry according to the
neurodevelopmental status. Furthermore, this study provides a
model of outcome prediction with T2-relaxometry brain MR im-
aging in premature infants.

MATERIALS AND METHODS

Participants

From January 1, 2012, to May 31, 2015, preterm infants (born at
<37-week gestational age) who underwent T2-relaxometry brain
MR imaging at younger than 1 year of age were included. The
demographic data and clinical indications of brain MR imaging
were retrospectively reviewed. We excluded patients with major
neurologic underlying diseases, such as congenital cerebral mal-
formation, hypoxic-ischemic encephalopathy, shaken baby syn-
drome, and neonatal/infantile epilepsy. Patients who had neuro-
developmental follow-up for >12 months in the hospital were
enrolled for analysis. The institutional review board of National
Cheng Kung University Hospital approved the study.

Neuroimaging Studies

The patients were scanned on an Achieva 1.5T MR imaging scan-
ner (Philips Healthcare, Best, the Netherlands). The infants were
swaddled and administered oral chloral hydrate (50 mg per kilo-
gram) before MR imaging. The pulse sequences included axial
TIWI, axial T2WI, FLAIR, DWI, and T2 relaxometry. T2 relax-
ometry was performed using an ultrafast turbo gradient spin-
echo sequence (TSE factor, 5; TR/TE, 3500/20, 40, 60, 80, 100 ms;
twenty-eight 4-mm-thick axial sections without a slice gap; FOV,
200 X 200 mm?; matrix, 224 X 200; voxel size, 0.9 X 1 mm; band-
width, 73.7 Hz/pixel; acquisition time 4 minutes 50 seconds).

Three sections of periventricular white matter, including axial
sections through the frontal horns, midbody of the lateral ventri-
cles, and centrum semiovale, were selected for analyses (Fig 1).”'°
A circular ROI with 5- to 8-mm? area was positioned for measure-
ment. For sections through the frontal horns and midbody of the
lateral ventricles, ROIs were placed over the periventricular white
matter of the anterior and posterior ventricular poles. For the
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centrum semiovale, ROIs were placed
over 2 sites in each hemisphere. The 4
T2-mapping values of each section
were averaged. When there were cystic
lesions in the periventricular white
matter, the ROIs were placed over the
nearby parenchymal tissue rather than
the fluid component within the cysts.
The measurements were performed
twice by 1 pediatric neurologist and
once by 1 radiologist, generating intra-
rater and interrater reliabilities. Data
of the 3 measurements were averaged
for final analyses.

Neurodevelopmental Outcomes

Neurodevelopmental evaluations were performed at the out-
patient clinics by pediatric neurologists, who decided the eli-
gibility for tests with the Bayley Scales of Infant and Toddler
Development, 2nd ed (BSID-II) or 3rd ed (BSID-III). Delayed
development (DD) was defined with a motor or language scale
of <70 with the BSID-II or a cognitive, motor, or language
scale of <85 with the BSID-IIL.'" Cerebral palsy (CP), apart
from the pure DD, was defined as severe impairment of motor
function with spasticity due to nonprogressive disturbances in
the brain."

Statistical Analysis

The T2-quantification values of periventricular white matter in
relation to age were fitted with semi-log plots and further ana-
lyzed with restricted cubic spline regression in preterm infants
with normal development, DD without CP, and CP. The compar-
ison between the CP and non-CP groups was performed with the
X test for categoric variables and the Mann-Whitney U test for
numeric variables, evaluating the differences in average attenua-
tion values and the adjusted attenuation values. To predict CP
with T2 relaxometry, we assessed the logistic regression with the
backward selection method and the receiver operating character-
istic (ROC) curve.'” Cut-point estimation, 95% confidence inter-
val, and areas under the ROC curve were calculated. Sensitivities
and specificities at cutoff points were determined with the
Youden index. The level of significance was set at P < .05. The
intrarater reliability was represented with the intraclass correla-
tion, which was rated as fair at 0.40—0.59, good at 0.60—0.74, and
excellent when >0.74."* The interrater reliability was represented
with the interrater agreement k coefficient and was defined as
moderate at 0.41-0.60, good at 0.61-0.80, and very good at
0.81-1.00."

Statistical analysis was performed using commercially
available software (MedCalc for Windows, Version 14.8.1;
MedCalc Software, Mariakerke, Belgium.) The age-versus-T2-
quantification graphs and semi-log lines were plotted with
GraphPad Prism 5 software (GraphPad Software, San Diego,
California). Restricted cubic spline regression and prediction
models of CP were performed with SAS statistical software
(SAS Institute, Cary, North Carolina).
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FIG 2. T2-relaxation values versus age among patients with normal development, delayed development without cerebral palsy, and cerebral
palsy. T2 quantification in periventricular white matter declines with age. Periventricular white matter through sections of the frontal horns of
the lateral ventricles (A), midbody of the lateral ventricles (B), and centrum semiovale (C). DD indicates delayed development (without cerebral

palsy); PV, periventricular.

RESULTS

During the study period, 57 preterm infants underwent 60 brain
MR imaging examinations with T2 relaxometry before 1 year of
age. For patients who had >1 brain MR imaging, only the first
study was analyzed. Nineteen patients were excluded because of
congenital cerebral malformation (n = 6), neonatal/infantile ep-
ilepsy (n = 5), loss to follow-up (n = 4), hypoxic-ischemic en-
cephalopathy (n = 2), shaken baby syndrome (n = 1), and poor
imaging quality (n = 1). Thus, 38 patients were enrolled for
analysis.

The average gestational age was 31.8 * 3.4 weeks (range, 24.0—
37.0 weeks), and the mean birth weight was 1675.7 = 771.4 g
(range, 505-3554 g). Among the 38 preterm infants, 7 were girls
and 31 were boys. Five patients had brain MR imaging due to CNS
symptoms, and the other 33 patients without clinical symptoms
had brain MR imaging for abnormalities on screening brain
sonography. CNS symptoms included isolated seizure (n = 2),
CNS infection (n = 1), facial palsy (n = 1), and precocious pu-
berty (n = 1). Abnormalities on screening brain sonography in-
cluded persistent periventricular hyperechogenicity (n = 18),
periventricular leukomalacia (n = 7), ventriculomegaly (n = 6),
porencephalic cyst (n = 1), and absence of the septum pellucidum
(n=1).

Neurodevelopment was followed for a mean of 31.7 = 9.9
months (range, 12.0-50.2 months). Among the 38 patients, 29
were evaluated with the BSID-III, and 3, with the BSID-II. The
BSID examinations were performed at a mean age of 21.1 * 7.1
months; (range, 7.0-34.0 months). The remaining 6 patients, for
whom BSID tests were not arranged, were confirmed as having
normal neurodevelopmental statuses by pediatric neurologists
during scheduled visits. Among the 38 patients, 20 (52.6%) had
developmental disorders, including 8 (21%) with pure DD with-
out CP and 12 (31.6%) with CP.

Brain MR imaging was performed at a mean of 2.8-month cor-
rected age, ranging from 1.3 months before term to 9.4 months of
age. The intrarater correlation coefficients corresponding to periven-
tricular white matter ranged from 0.73 to 0.78, indicating good-to-
excellent intraobserver reliability. The interrater agreement coeffi-
cients among regions of white matter ranged from 0.57 to 0.73,
suggesting moderate-to-good reliability between the 2 observers.

The age-dependent curve of T2-relaxometry values versus
corrected age is shown in Fig 2. In infants with normal neurode-

PV Midbody T2 (ms)

8

100
0 1 2 3 4 5 6 7

AGE (month)
= NORMAL === DELAY “** cP

FIG 3. Restricted cubic spline regression analysis of T2 relaxometry
versus age in the midbody periventricular white matter. T2-quantifi-
cation values in relation to age are curvilinear, linear, and flat among
normal development (black line), delayed development (red line), and
cerebral palsy (blue line) in preterm infants, respectively. PV indicates
periventricular.

velopment and patients with DD, T2-relaxometry values de-
creased with age. However, the T2-quantification values in the CP
group did not show a rapid decline, especially in the periventricu-
lar white matter around the midbody of the lateral ventricles and
centrum semiovale. Further analysis with restricted cubic spline
regression showed that T2 relaxation values at the periventricular
white matter in relation to age were curvilinear in normal devel-
opment, linear in DD, and flat in CP (Fig 3).

For age-specific analysis of CP prediction, patients were re-
classified into 2 groups according to MR imaging before or after

1917 There was only 1 patient who

1-month corrected age (Table).
developed CP among the 10 neonates who underwent MR imag-
ing examinations before 1 month of age. T2 mapping had no
statistically significant impact on prediction of CP in this group.
Twenty-eight patients had MR imaging performed after 1-month
corrected age (mean corrected age of MR imaging, 4.2 * 2.1
months), and there were 11 patients diagnosed with CP. There

was no difference in sex, gestational age, birth body weight, and
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Demographic data of birth history, birth condition, and T2 relaxometry values at 3 different sections of periventricular white matter®

<1 m/o CGA at MRI (n =10)

>1 m/o CGA at MRI (n = 28)

Non-CP CP Non-CP CP P Value

No. 9 1 17 1

Sex, M/F 9:0 1:0 12:5 9:2 823
GA (wk) 323 *£31 37.0 319 £34 309+ 3.6 397
BBW (gm) 1586.6 = 746.4 2160 1863.3 = 862.8 141.1 £ 675.0 158
DOIC (+) (No.) 4/9 0 9/17 /8 137
PROM (+) (No.) 2/9 0 5/17 /8 673
Ist Apgarb score 46=*25 9 49 *24 63=*15 217
2nd Apgarb score 6722 10 7.7 =21 82+08 .800
CGA at MRI (mo) —04 =05 —05 40=*17 39+27 410
PV frontal 4125 £M6.5 458.8 194.8 = 241 M1+797 814
PV midbody 4264 + 852 410.8 1913 = 16.9 226.8 = 110.6 .036°
Centrum semiovale 4913 £ 201.0 382.6 186.9 = 28.0 252.8 £ 925 .086

Note:—m/o indicates month old; CGA, corrected gestational age; GA, gestational age; BBW, birth body weight; DOIC, delay of initial crying; PROM, premature rupture of

membrane; PV, periventricular.

?Data are mean =+ SD unless otherwise indicated.

©The Apgar score is an assessment of overall newborn well-being.
P value < .05.
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FIG 4. Receiver operating characteristic curves of T2 relaxometry on
the sections through the midbody of the lateral ventricles.

birth condition between the patients with and without CP in this
group. The periventricular T2-relaxometry value around the
midbody of the lateral ventricles was significantly higher in pa-
tients with CP (P = .036). The area under the ROC curve for
predicting CP with T2-relaxation values in the midbody periven-
tricular white matter was 0.738 (95% CI, 0.538 —0.885) with ROC
analysis. The sensitivity and specificity for diagnosing CP using
the optimized cutoff point of the T2 relaxometry value (>217.4)
were 63.6% and 100%, respectively (Fig 4).

DISCUSSION

With the advances of neonatal intensive care, macroscopic cystic
periventricular leukomalacia has been replaced by other forms of
white matter lesions, including microscopic necrosis and diffuse
white matter injury, both of which are prone to be underesti-
mated in conventional qualitative MR imaging.'® T2 relaxometry
is a fast scan to quantify tissue characteristics, providing an objec-
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tive measurement of the watery contents of the brain.* Our study
found that white matter maturation patterns were different de-
pending on the neurologic outcomes because T2 relaxometry
showed curvilinear decline in preterm infants with normal develop-
ment, linear decline in those with DD, and was flat in those with CP.

T2-relaxation values descended rapidly in the first few months
due to the fast myelination process during the first year of life.'”*°
This rapid decline of T2 relaxometry observed in normal brain
maturation corresponded to the curvilinear decline in our pre-
term infants with normal development. In this study, the altered
T2 relaxometry patterns in the CP group illustrated slower decline
of T2 quantification, with relatively lower T2 values in the early
stage of WM injury and higher T2 values in the later stage.

The T2-relaxation values in periventricular WM in 2.4T MR
imaging ranged from 214 to 247 ms when healthy premature in-
fants were scanned at 37 weeks of postconceptional age, suggest-
ing the watery characteristics of brain tissue in premature infants
at the perinatal stage.”' In our study of infants with CP, the dam-
aged WM revealed lower T2 relaxation than the normal watery
WM in the neonatal period and higher T2 relaxation values than
the normal myelinated WM in later infancy. Previous animal
studies found that T2WT hypointensity in the early stage of cere-
bral WM injury was related to pathologic microcysts and diffuse
noncystic gliosis, and our observation of lower T2 values at the
early stage of WM injury in infants with CP may reflect the patho-
logic changes.”**’

During a normal developmental process, the anterior caps and
posterior periventricular bands in the deep white matter around
the lateral ventricles are associated with the denseness of migrat-
ing neurons and white matter fibers converging from different
regions of the hemisphere.”* The T2W1 signals could vary accord-
ing to the neuronal cells and fiber composition; however, all these
caps and periventricular bands should not be obvious after 40
weeks of gestational age.'** Furthermore, the brain free water in
the deep cerebral white matter starts to decrease physiologically
after 1 month of life.!” As a result, to diminish the effects of caps/
periventricular bands and water decline interferences, we re-
grouped the patients according to MR imaging before or after
1-month corrected age for analysis of CP prediction.



In our observation, T2-relaxation values of the midbody
periventricular white matter could predict CP when MR imaging
was performed after 1-month corrected age. In preterm infants,
T2 relaxometry of >217.4 predicted CP with 63.6% sensitivity
and 100.0% specificity. When predicting outcomes with the sig-
nals on T2-quantification MR imaging, infants’ ages should be
considered cautiously. Although not a very early neuroimaging
indicator compared with other studies using term-equivalent
age MR imaging,” our T2-quantification model could still en-
hance the clinical judgment in high-risk preterm infants be-
cause the diagnosis of cerebral palsy might sometimes be
equivocal before 18 months of age.'?

The study was limited by the retrospective design and small
sample size. Prediction of outcomes with MR imaging before
1-month corrected age could not be achieved because of the small
study population. In the study, only preterm infants who had
clinical indications for brain MR imaging were included; thus,
there was selection bias resulting in the higher rates of CP and DD
in our series.'” The significance of T2 quantification in preterm
cerebral development should be further verified through univer-
sal studies in both high- and low-risk preterm infants. The tools of
developmental evaluation in the study included BSID-II and
BSID-III. Although there was discrepancy between the 2 editions,
the correlation of BSID-II and BSID-III in preterm infants has
been addressed in other investigations.'' The analyses of develop-
mental performance with categoric outcomes further excluded
the direct comparison between BSID-II and BSID-III scores.

In our work, T2 relaxometry was estimated with 5 TEs (20, 40,
60, 80, 100 ms); however, the maximum TE of 100 ms may not be
long enough for accurate measurements in premature infants’
brains. The value for the T2 relaxometry would be underesti-
mated when using few echoes and an insufficient TE. For better
estimation, previous studies suggested that 32 echoes with multi-
exponential fits were optimal to define the T2-decay curve; how-
ever, the long scanning time may be a restriction for young in-

227 The precision of T2-relaxometry measurements could

fants.
be diminished due to partial volume effects because the spatial
resolution was limited in the study. The T2-quantification values
might be expanded because of mixed periventricular white matter
and adjacent CSF within the ROIs. Early quantitative MR imaging
in thin slices with autocalculation computer programs may pro-
vide more precise prediction than the results in our study.”?®
However, the simple manual measurement of T2 relaxometry in
specific white matter areas could still be useful clinically.

Our study focused on the neuroimaging-neurodevelopmental
correlations, and the clinical events regarding the perinatal com-
plications were not analyzed. Further comprehensive studies of
T2-quantification MR imaging in a large population of preterm
infants could provide more illustrative information on the inter-
action of perinatal clinical events, neuroimaging variations, and

long-term neurobehavioral outcomes.

CONCLUSIONS

T2-relaxometry brain MR imaging could be of prognostic value in
preterm infants. The maturation patterns of periventricular white
matter differed according to neurodevelopmental outcomes. T2
relaxation values over the midbody periventricular white matter

at >1-month corrected age could predict CP. T2-relaxometry
brain MR imaging provides neuroimaging-outcome correlation
among preterm infants, especially when interpreted with age-spe-
cific and area-selective considerations.
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