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ORIGINAL RESEARCH
PEDIATRICS

MRI Findings at Term-Corrected Age and
Neurodevelopmental Outcomes in a Large Cohort of Very

Preterm Infants
S. Arulkumaran, N. Tusor, A. Chew, S. Falconer, N. Kennea, P. Nongena, J.V. Hajnal, S.J. Counsell,

M.A. Rutherford, and A.D. Edwards

ABSTRACT

BACKGROUND AND PURPOSE: Brain MR imaging at term-equivalent age is a useful tool to define brain injury in preterm infants.
We report pragmatic clinical radiological assessment of images from a large unselected cohort of preterm infants imaged at term
and document the spectrum and frequency of acquired brain lesions and their relation to outcomes at 20months.

MATERIALS AND METHODS: Infants born at ,33weeks’ gestation were recruited from South and North West London neonatal
units and imaged in a single center at 3T at term-equivalent age. At 20 months’ corrected age, they were invited for neurodevelop-
mental assessment. The frequency of acquired brain lesions and the sensitivity, specificity, and negative and positive predictive val-
ues for motor, cognitive, and language outcomes were calculated, and corpus callosal thinning and ventricular dilation were
qualitatively assessed.

RESULTS: Five hundred four infants underwent 3T MR imaging at term-equivalent age; 477 attended for assessment. Seventy-six
percent of infants had acquired lesions, which included periventricular leukomalacia, hemorrhagic parenchymal infarction, germinal
matrix–intraventricular hemorrhage, punctate white matter lesions, cerebellar hemorrhage, and subependymal cysts. All infants with
periventricular leukomalacia, and 60% of those with hemorrhagic parenchymal infarction had abnormal motor outcomes. Routine
3T MR imaging of the brain at term-equivalent age in an unselected preterm population that demonstrates no focal lesion is 45%
sensitive and 61% specific for normal neurodevelopment at 20months and 17% sensitive and 94% specific for a normal motor
outcome.

CONCLUSIONS: Acquired brain lesions are common in preterm infants routinely imaged at term-equivalent age, but not all predict
an adverse neurodevelopmental outcome.

ABBREVIATIONS: BSID-III ¼ Bayley Scales of Infant Development, Version III; GMFCS ¼ Gross Motor Function Classification System; GMH–IVH ¼ germinal
matrix hemorrhage–intraventricular hemorrhage; HPI ¼ hemorrhagic parenchymal infarction; IMD ¼ index of multiple deprivation; M-CHAT ¼ Modified
Checklist for Autism in Toddlers; PLIC ¼ posterior limb of the internal capsule; PMA ¼ postmenstrual age; PVL ¼ periventricular leukomalacia; PWML ¼ punc-
tate white matter lesions; TEA ¼ term-equivalent age

Preterm birth, defined as,37 completed weeks’ gestation,
accounts for 9.6% of live births globally1 and represents the

largest single cause of neonatal morbidity and mortality world-
wide. Advances in obstetric and neonatal intensive care have
resulted in a decrease in neonatal mortality; however, the
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incidence of major morbidity has remained constant.2 The
most immature infants are at greatest risk of complications, with
neurodevelopmental impairment in up to 50% of infants born
at,26weeks’ gestation.3

MR imaging is increasingly used in the preterm population
to complement cranial sonography to improve prognostic in-
formation and inform current clinical and future supportive
care. In addition, the information received from neuroimag-
ing, in particular MR imaging, can reduce maternal anxiety
surrounding their preterm infant.4

MR imaging provides a safe technique to assess preterm
brain development, with numerous studies describing typical
acquired injuries and advanced MR imaging techniques demon-
strating widespread alterations in development associated with
premature exposure to the extrauterine environment.5 MR
imaging scoring systems have been developed for both specific
lesions and to characterize the more global injury following pre-
term birth: Edwards et al4 published data using a scoring system
to demonstrate an association between cranial sonographic
findings, moderate-to-severe brain injury on term-equivalent
age (TEA) MR imaging, and poor motor outcomes at 2 years.
Tusor et al6 combined structural imaging with tractography to
demonstrate a relationship between the number and site of
punctate white matter lesions (PWML) and adverse motor de-
velopment; however, the prognostic advantage of MR imaging
in these contexts was modest.4,6

While MR imaging has advanced our understanding of pre-
term brain injury, the ability to predict neurodevelopmental
outcome in an individual remains elusive, with previous studies
reporting individual findings in relation to neurodevelopmen-
tal outcomes in small cohorts or group differences in larger
cohorts.7-9 In addition, discrepancies occur due to variable clas-
sifications of lesions, and in many, MR imaging will have been
performed in response to abnormalities seen on sonography. In
this study, we depart from scoring systems and document the
frequency and spectrum of lesions encountered in a large popu-
lation-based cohort of preterm infants routinely imaged at TEA
and relate these to neurodevelopmental outcomes, aiming to
aid the reporting of these complex cases without scoring sys-
tems, which often prove impractical for everyday radiological
practice.

This study aimed to document the spectrum and frequency of
acquired brain lesions in a large cohort of infants born very pre-
term (,33weeks’ completed gestation) and imaged at TEA (38–
44 weeks’ post menstrual age [PMA]) as routine, in a single
centre using 3T MR imaging and to compare image findings with
standardized neurodevelopmental outcomes at 20months’ cor-
rected age.

MATERIALS AND METHODS
Ethics approval was granted by the Hammersmith Research
Ethics Committee (09/H0707/98) and parental consent was given
for all examinations.

Study Design
The data were obtained from the Evaluation of MR Imaging to
Predict Neurodevelopmental Impairment in Preterm Infants

(ePrime) study, which was a randomized, controlled trial com-
paring MR imaging and cranial sonography in the care of pre-
term infants.4 Infants born at ,33weeks’ completed gestation
were prospectively recruited from the South and North West
London perinatal networks between 2009 and 2013. Informed
written consent was obtained for 3T brain MR imaging at term-
equivalent age, all performed at a single institution.

Patient and clinical characteristics were obtained from the
SEND database (a UK national standardized neonatal database)
and discussion with parents. Gestational age was based on the
earliest antenatal sonogram, and PMA at imaging was derived
from this. Socioeconomic status was measured using
the index of multiple deprivation (IMD), a score based on the
mother’s postal address: higher scores denote more deprived
areas.

MR Imaging Protocol
A neonatal specific MR metal check was performed, and the
infant was then either fed and swaddled or sedated with oral chlo-
ral hydrate. Earplugs and neonatal ear muffs were used.
Continuous pulse oximetry, electrocardiography, and tempera-
ture monitoring remained in situ throughout the study. All imag-
ing was performed on a 3T MR scanner (Philips Medical
Systems, Best, The Netherlands) using an 8-channel head coil. A
3D T1 (MPRAGE) sequence was acquired in the sagittal plane
and reconstructed into orthogonal planes (TR ¼ 17ms, TE ¼
4.6ms, resolution ¼ 0.8 � 0.8 � 0.8mm), and an axial dual-
echo T2 scan with sensitivity encoding (TR ¼ 15,000 ms, TE ¼
160ms, resolution ¼ 0.86 � 0.86 � 2mm) was performed.
Where problematic motion existed, a single-shot T2 sequence
with overlapping slices was acquired (TR ¼ shortest, TE ¼ 160
ms, resolution ¼ 0.86 � 0.86� 2mm).

MR Imaging Analysis
All images were analyzed by readers with specific preterm neona-
tal brain MR imaging experience (S.A. 1 year; N.T. 5 years;
M.A.R. .20 years), blinded to outcomes and clinical details
except gestational age and PMA.

Imaging Classifications
Typical Preterm Brain Phenotype. Development of the brain is
known to be altered by preterm delivery. Studies have previously
documented reduced cortical folding, diffuse excessive high T2
signal intensity in the white matter, and a scaphocephalic head
shape (Fig 1).10 We graded corpus callosal thickness as either
normal, focal, or global thinning (On-line Fig 1). Ventricular di-
lation was graded as absent, moderate, or global enlargement of a
moderate-to-severe nature (On-line Fig 2).

Myelination. Myelin within the posterior limb of the internal cap-
sule (PLIC) is readily identifiable in the neonatal brain; absence or
marked asymmetry was considered pathological (Figs 1–3).

Classification of Lesions
Germinal Matrix Hemorrhage–Intraventricular Hemorrhage.
The germinal matrix, which is seen normally, involutes with age;
only remnants are seen in the caudothalamic notch and roof of
the temporal horns after 32weeks. An irregular contour to a
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subependymal area of low T2 signal or accompanying intra-
ventricular hemorrhage was classified as germinal matrix
hemorrhage–intraventricular hemorrhage (GMH–IVH), know-
ing that hemorrhage may be inconspicuous at TEA (Fig 4).

Hemorrhagic Parenchymal Infarction. Once fully evolved, hem-
orrhagic parenchymal infarction (HPI) appears as a focal out-
pouching of the ventricular contour (usually unilateral), often
with a low T2 signal element, consistent with previous hemor-
rhage (Fig 2).

Periventricular Leukomalacia. The “classic” appearance of peri-
ventricular leukomalacia (PVL) is of multiple bilateral periven-
tricular cysts in a symmetric distribution, initially distinct from
the ventricle (solitary or unilateral cysts are more likely to be ve-
nous infarcts or connatal cysts). By TEA, the cysts may no longer
be apparent; therefore, we used the following criteria: residual
bilateral periventricular cysts and dilated/angulated posterior
aspects of the lateral ventricles with associated white matter vol-
ume loss, often accompanying thalamic atrophy and abnormal
myelination (Fig 3).11

Punctate White Matter Lesions. PWML are small areas of white
matter injury with no reliable sonographic correlate.6 PWML
were defined as small foci of high T1 signal in the white matter,
less often visualized on T2 sequences (On-line Fig 3).
Conspicuity decreases with time; therefore, interpretation was
based on the understanding that the original lesion load was

likely higher. PWML in this cohort
have been comprehensively reported
by Tusor et al.6

Subependymal Cysts. Subependymal
cysts are thin-walled, typically occur-
ring at the caudothalamic notch, often
but not always the sequelae of germi-
nal matrix hemorrhage (On-line Fig
4). Additional findings, such as tem-
poral pole cysts, may suggest cytomeg-
alovirus infection.

Cerebellar Hemorrhage. We defined
cerebellar hemorrhage as small (,5
mm) or large (.5 mm). By TEA, there
may be atrophy with minimal hemor-
rhage. The germinal matrix is sited on
the outer surface of the cerebellum;
therefore, hemorrhages may involve
the cerebellar cortex (On-line Fig 5).

Unclassified Lesions. Unclassified
lesions encompassed findings that did
not conform to the above lesion defi-
nitions. These were considered major
if associated with lobar or multiple
areas of tissue loss.

Pseudocysts are specifically dis-
cussed because they require distinction from subependymal cysts
and periventricular leukomalacia (PVL) (On-line Fig 6). They are
located within the caudate head and inferior to the external angle
of the ventricle (PVL is superior) and anterior to the foramen of
Monro (subependymal cysts are posterior).12 Pseudocysts
decrease in size with time.

Neurodevelopmental Follow-Up
All participants were invited for neurodevelopmental assessment
at 20months’ corrected age, which comprised a Bayley Scales of
Infant Development, Version III (BSID-III),13 a Gross Motor
Function Classification System (GMFCS) score, and parent-
reported Modified Checklist for Autism in Toddlers (M-
CHAT).14 The BSID-III and GMFCS were performed by a clini-
cian blinded to the clinical history and imaging results.
Abnormal development was defined as a BSID-III score of ,85
in any domain15 and/or a GMFCS score of $2 (indicative of
moderate-to-severe gross motor impairment). An M-CHAT
score of$3 for any item (or$2 for critical items) was considered
a positive screen for autism/pervasive developmental disorder.14

Statistical Analysis
Statistical analyses were performed using SPSS Version 25 (IBM).
BSID-III outcomes were dichotomized into abnormal/normal;
and specificity, sensitivity, and negative and positive predictive
values were calculated. Continuous variables were analyzed using
either an independent t test or a Mann-Whitney U test, depend-
ing on the distribution of the data and adjusted for multiple com-
parisons using the Bonferroni method. For statistical analysis,

FIG 1. Typical MR imaging brain appearances of term-born and preterm infants, at TEA. Axial T1-
(A) and T2- (B) and sagittal T1 (C)-weighted images of a term-born infant (40 weeks’ gestational
age) imaged at 44 weeks PMA. Note the high-T1/low-T2 signal within the PLIC from the myelin
(arrows, A and B); the complex cortical folding; small, symmetric ventricles; and the typical
appearance of a normal corpus callosum (arrowheads, C). By comparison, D–F are comparable
images obtained from an infant born at 251 2 weeks’ gestational age and imaged at 421 4
weeks’ PMA. This infant had no acquired focal lesions however, note the scaphocephaly, reduced
cortical folding, globally thinned corpus callosum (arrowheads, F), mildly dilated ventricles, and
diffuse high-T2/low-T1 signal in the white matter compared with the term infant. There is grossly
normal myelination in the PLIC (arrows, D and E).
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PVL, HPI, .10 PWML, and any substantial “unclassified” lesion
were classified as major. Analysis of the patient characteristics by
lesion type was considered a secondary outcome and, therefore,
not adjusted for multiple comparisons.

RESULTS
Of the 512 participants, 1 child was excluded because the
imaging findings were typical of a genetic diagnosis (ponto-
cerebellar hypoplasia). MR imaging was not possible in 6
(1%), 27 (5%) did not attend for neurodevelopmental assess-
ment, and 1 child died of sudden infant death syndrome at
2months (with a few PWML on MR imaging). This left 477
(93%) infants with MR imaging and neurodevelopmental fol-
low-up. There was no difference in the presence of lesions on
MR imaging for those who did/did not attend for

neurodevelopmental follow-up (P ¼ .10). Fifty-six percent (n
¼ 272) of infants were developing normally at 20months.

Patient Characteristics
The patient characteristics are summarized in On-line Table 1.
The median gestational age was 30 weeks, and PMA was 42.7
weeks. One hundred infants were imaged beyond 44 weeks, and
one, at 37weeks. Thirty-two percent (n ¼ 162) of infants were
born from a multiple pregnancy (n ¼ 24 triplets, n ¼ 3 quadru-
plets, n¼ 135 twins).

MR Imaging Lesion Analysis
Of the 504 participants who had MR imaging, 45 (9%) had
motion artifacts and 11 (2%) had an incomplete set of sequences.
Seventy-nine percent (n ¼ 403) of participants had sedation, of
which 8% had motion artifacts, compared with 16% of those who
did not receive sedation (P¼ .07).

Of the 504 infants imaged, 76% (n ¼ 383) had lesions
and 41% (n= 208) had lesions in .1 category. Thirteen per-
cent (n ¼ 68) of infants had major lesions. Infants born of a
multiple pregnancy were not more likely than singletons to
have an abnormal BSID-III score or lesions on their MR
imaging.

A summary of the rate of abnormal outcomes, sensitivity,
specificity, and positive and negative predictive values for each
lesion type is tabulated in the Table, On-line Table 2, and On-line
Figs 7 and 8.

Outcome and MR Imaging: Brains with No Focal Lesions
Twenty-four percent (n ¼ 120) of infants had no focal lesion;
58% of this group achieved normal outcomes. Thus, 14% of
the entire cohort had no focal brain lesions on MR imaging
and normal neurodevelopment at 20 months’ corrected age.
These infants were born at a later gestation (30.1 versus 29.6
weeks, P ¼ .02), ventilated for shorter periods (1.5 versus
3.2 days, P, .001), and were less likely to have evidence of
infection (8% versus 16% P ¼ .03) compared to infants with

FIG 3. PVL. T2-weighted images in the axial plane at the level of the basal ganglia (A) and the corona radiata (B) of an infant born at 291 5weeks’
and imaged at 391 1 weeks’ PMA. There are cysts in the periventricular white matter bilaterally (arrows, A and B) accompanied by an absence
of high-T1/low-T2 signal in the PLIC, denoting an absence of myelin (arrowheads, A). More commonly, cysts are not seen at term age. T2- (C)
and T1-weighted (D) images in the axial plane at the level of the basal ganglia and PLIC in an infant born at 291 3 weeks’ and imaged at 401 2
weeks’ PMA show mild angulation and dilation of the posterior horns of the lateral ventricles and high-T1/low-T2 signal in the periventricular
white matter (arrows, C and D), secondary to white matter volume loss (note that the sulci approximate the ventricular surface), similarly
accompanied by a lack of myelin in the PLIC (arrowheads, C and D), features that are typical of noncystic PVL.

FIG 2. HPI. T2-weighted MR images through the mid (A) and low (B)
basal ganglia level in an infant born at 29 weeks and imaged at 441 6
weeks. There is right-sided HPI with formation of a porencephalic
cyst lined with low signal intensity consistent with previous hemor-
rhage (arrow, A), a paucity of low T2 signal myelin in the right PLIC
compared with the left (arrowheads, A), and ipsilateral basal ganglia
and thalamic atrophy (arrowheads, B). This infant had a motor impair-
ment at 20months.
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focal lesions. The IMD score was significantly higher in
infants with no focal lesion and an abnormal outcome com-
pared to those with a normal outcome (25.4 compared with
16.8, P, .01).

Outcome and MR Imaging: GMH–IVH
Fourteen percent of the cohort had GMH–IVH, 81% of whom had
concurrent lesions, 19% of which were major, and have been
excluded from this analysis. Five percent of infants with GMH–
IVH had a GMFCS of $2; none of these had abnormal myelin
within the PLIC. Twenty-two percent had an abnormal motor
score.

Infants with GMH–IVH and poorer outcomes were born ear-
lier (gestational age, 27.5 versus 29.0 weeks, P ¼ .02), with lower
birth weight (1028 versus 1243 g, P¼ .04) and higher IMD scores
(22.2 versus 16.8, P¼ .05) than those with normal outcomes.

Outcome and MR Imaging: Hemorrhagic Parenchymal
Infarction
Three percent of infants had HPI, 47% of whom had a GMFCS of
$2, and significantly more had abnormal motor and cognitive
scores than those infants with no lesions (P, .001). Thirty-three
percent (n ¼ 5) had normal development at 20months, of whom
60% (n¼ 3/5) had normal myelin within the PLIC.

Outcome and MR Imaging: PVL
Three percent of our cohort had PVL, all of whom had abnormal
motor outcomes and a GMFCS of $2. Ninety-two percent (n ¼
12/13) had accompanying asymmetry or abnormal signal within
the PLIC. The presence of PVL was highly specific for abnormal
motor and cognitive outcomes (Table).

Outcome and MR Imaging: Punctate White Matter
Lesions
Punctate white matter lesions represented the most common
lesion type in our cohort of preterm infants (41%); 65% had addi-
tional lesions. After exclusion of those cases with major lesions,
63% of infants with PWML (any number) were developing nor-
mally at 20months. Three percent of infants with ,10 PWML
and 6% of those with .10 PWML had a GMFCS of $2. Infants
with PWML from this cohort have been comprehensibly reported
by Tusor et al,6 who, similarly, found a positive correlation
increase in the risk of poor motor outcome; .20 PWML were
57% sensitive and 94% specific for a GMFCSof$2.

Sensitivity, specificity, positive predictive value, and negative predictive value of lesions in isolationa for BSID-III outcomes

Lesionb

Abnormal Motor
Outcome

Abnormal Cognitive
Outcome

Abnormal Language
Outcome

SENS SPEC PPV NPV SENS SPEC PPV NPV SENS SPEC PPV NPV
Any lesion present (n ¼ 363) 90 26 17 94 82 26 25 83 78 25 37 66
GMH–IVH (n ¼ 54) 63 72 22 94 41 70 24 83 37 71 43 66
Cerebellar hemorrhage ,5 mm (n ¼ 112) 67 52 13 94 56 52 21 83 50 51 35 66
Cerebellar hemorrhage .5 mm (n ¼ 7) – – – – 5 94 14 83 3 93 14 66
Subependymal cysts (n ¼ 133) 68 47 11 94 64 49 25 83 59 49 42 66
HPI (n ¼ 15) 56 95 60 94 32 94 60 83 19 93 60 66
PVL (n ¼ 13) 65 100 100 94 37 98 85 83 15 93 54 66
Minor unclassified (n ¼ 13) – – – – 14 91 23 83 13 92 46 66
Major unclassified (n ¼ 8) 36 96 50 94 17 96 50 83 9 95 50 66
Abnormal myelin (n ¼ 47) 38 95 55 90 24 94 55 81 14 92 51 65

Note:—SENS indicates sensitivity; SPEC, specificity; PPV, positive predictive value; NPV, negative predictive value; –, no cases.
a “Isolated” implies major lesions excluded; there may be concurrent minor lesions.
b Statistics are calculated with respect to the group with no focal lesion.

FIG 4. Germinal matrix. T1- (A) and T2-weighted images (B) of an
infant born at 241 2 weeks and imaged at 261 7 weeks, demonstrat-
ing normal appearance of the germinal matrix for this gestation, here
seen as a thin rim of low-T2/high-T1 signal in the subependymal
region (arrows, A and B). Germinal matrix hemorrhage is a complica-
tion of prematurity and is distinguished from normal matrix remnants
by its shape and size. C, An infant born at 261 6 weeks and imaged
at 421 3 weeks. D, An infant born at 28 weeks and imaged at 441 5
weeks. The germinal matrix hemorrhage is recognized here as a thin,
irregular focus of T2 low signal isolated to the subependyma, which
may be unilateral (arrows, C and D).
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Outcome and MR Imaging: Subependymal Cysts
Thirty-three percent of our cohort had subependymal cysts, 21%
of whom had evidence of previous hemorrhage at TEA, though
our protocol did not include a blood-sensitive sequence.

Thirteen percent of infants with subependymal cysts had
major lesions; 54% of infants with subependymal cysts, in the ab-
sence of a major concurrent lesion, had normal neurodevelop-
ment. Five percent of these infants had a GMFCS of two, 50% of
whom had concurrent low-grade GMH–IVH. None had abnor-
mal myelin.

Infants with isolated subependymal cysts and abnormal out-
comes were more likely to be male (67% versus 43%, P ¼ .02),
have higher IMD scores (24.9 versus 19.9, P¼ .02). and were ven-
tilated for longer (6.0 days versus 2.9 days, P ¼ .02) than infants
with normal outcomes.

Outcome and MR Imaging: Cerebellar Hemorrhage
Cerebellar hemorrhage was seen in 30% of the infants; 77% had
additional lesions. Three percent (n ¼ 7) of infants had isolated
large cerebellar hemorrhage, 86% (n ¼ 6/7) had normal neurode-
velopment at 20months, and one had abnormal cognitive and
language scores.

Of the 22% (n¼ 112) of infants with small cerebellar hemor-
rhage, none had a GMFCS of$2 and 61% had normal neurode-
velopment at 20 months. Infants with small cerebellar
hemorrhages and an abnormal outcome were more likely to
have higher IMD scores (22.3 versus 15.8, P, .01) and were
imaged at a later PMA (43.5 versus 42.5 weeks, P , .01) than
those with normal outcomes.

Outcome and MR Imaging: Unclassified Lesions
Six percent (n ¼ 30) of infants had unclassified lesions (On-line
Table 3); 93% had a concomitant lesion, 53% of which were
major. Thirteen infants with nonmajor unclassified lesions
attended for assessment, of whom 54% had normal neurodevel-
opment at 20months. One infant had a GMFCS of 2, but none
had an abnormal BSID-III motor score.

Corpus Callosal Thinning and Ventriculomegaly
Twenty-one percent (n ¼ 106) of all participants had ventricular
dilation, severe in 1%. Eighty-four percent (n ¼ 424) had corpus
callosal thinning, classified as global thinning in 21%. When we
examined the infants with no focal lesions, only 17% had neither
corpus callosal thinning nor ventriculomegaly; however, neither
were independently associated with an adverse outcome in this
subgroup (On-line Table 4).

Neuropsychiatric Outcomes
Eighty-seven percent (n ¼ 445) of infants had parentally com-
pleted M-CHAT questionnaires, of whom 31% were deemed
high risk. Ninety-two percent (n ¼ 12/13) of infants with PVL
and 57% (n ¼ 8/14) with HPI had a high-risk M-CHAT score.
The infants with high-risk M-CHAT scores were significantly
more likely to have abnormal BSID-III cognitive (44% versus
15%, P, .001) and motor (38% versus 5%, P, .001) scores than
those with a low-risk M-CHAT score.

DISCUSSION
We present 3T MR brain imaging findings in a large, prospec-
tively recruited, unselected cohort of preterm infants, born in 14
centers before 33weeks’ gestation and imaged in a single center,
with 93% of infants returning for neurodevelopmental assess-
ment at 20months. Clear descriptions of the spectrum of lesions
encountered alongside simple descriptive statistics will aid in
clinical radiological interpretation for individual infants, without
the use of scoring systems.

Acquired lesions are common in preterm born infants rou-
tinely imaged at TEA and were detected in 76% of infants in our
cohort. We demonstrated that 3T MR imaging of the brain at TEA
with no focal lesion has a sensitivity of 45% (95% CI, 40%–50%)
and a specificity of 61% (95% CI, 51%–71%) for normal neurode-
velopmental outcome (across all BSID-III domains) at 20months
and a sensitivity of 17% (95% CI, 14%–22%) and specificity of 94%
(95% CI, 88%–97%) for a normal motor outcome when used rou-
tinely in an unselected preterm population. None of the infants
without focal lesions had a GMFCS of $2. In contrast, motor
impairment was common in infants with major lesions.

Only 3% of our cohort had PVL, and a further 3% had HPI,
which is consistent with recent studies.7,8 All infants with PVL had
abnormal motor outcomes. Outcomes in HPI were more variable,
a finding consistent with other studies and meta-analyses.16

Abnormal myelination within the PLIC has been associated with
the development of cerebral palsy in infants with HPI and term-
born infants with hypoxic-ischemic encephalopathy.17,18 De Vries
et al17 found HPI associated with abnormal signal in the PLIC to
have a 100% positive predictive value for later hemiplegia, whereas
we found abnormal myelination, in the context of HPI, to have a
60% positive predictive value for a gross motor impairment, but an
80% negative predictive value. We did not, however, include a neu-
rological examination and may, therefore, have missed an asymme-
try in tone with no functional deficit at the assessment at
20months.

PWML were the most common lesion and have previously
been extensively studied in this cohort by Tusor et al,6 who found
a positive correlation increase in the risk of poor motor outcomes
at 20months with increments in the number of PWML seen on
3T MR imaging at TEA. More than 20 PWML were found to be
57% sensitive and 94% specific for a GMFCS of $2, with a posi-
tive predictive value of 0.27 and negative predictive value of
0.98.6

Opinion is divided on the effects of cerebellar hemorrhage on
neurodevelopment, with heterogeneity of definitions and cohorts
adding to the confusion. Few infants in our cohort had major cer-
ebellar hemorrhages compared with other studies;19,20 however,
27% had minor hemorrhages and none had a GMFCS of $2.
Kidokoro et al19 used both 1.5T and 3T scanners and found simi-
larly high rates of cerebellar hemorrhage in the cohort scanned at
3T (23% versus 5%).

We found no independent association between qualitative
assessment of ventricular dilation and corpus callosal thinning
and 20-month outcomes in the absence of a focal lesion. While
another study found no association with quantitative corpus
callosal volume and 2-year outcomes,21 others have found associ-
ations.22 Ventriculomegaly diagnosed by cranial sonography has
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been extensively studied, often in the context of intraventricular
hemorrhage. More recently, some studies have explored a link
between isolated ventriculomegaly in preterm infants and poor
neurodevelopmental outcomes;23 however, MR imaging data are
lacking. Our data suggest that qualitatively assessed corpus callosal
thinning and ventricular dilation, in the absence of other acquired
lesions, could be considered part of the preterm phenotype.

Seven infants in this study scored a GMFCS of 2 in the ab-
sence of a major lesion. While we were not able to exclude other
potential causes of motor impairment in this study, other studies
report similar small subgroups with abnormal outcomes but no
imaging correlate.7,19 Three of these infants had isolated GMH–
IVH, and while this only represents 5% of all GMH–IVH, there is
growing evidence to suggest that these injuries are not benign.24

Postmortem human and animal studies examining the effect of
germinal matrix hemorrhage have shown that the presence of
blood in the germinal matrix suppresses germinal cell line prolif-
eration;25 this finding is further supported by a reduction in
cortical volume on MR imaging in preterm infants with uncom-
plicated GMH–IVH,26 which may explain, in part, the occasional
poorer outcomes in this population.

For this study, we accept the limitation of a relatively young
follow-up age and that the GMFCS score of 1 did not discrimi-
nate between normal development and mild impairment, and a
score of 2 is not necessarily discriminatory for cerebral palsy.
Both GMFCS and BSID-III will likely miss milder tone abnor-
malities, which may evolve to cause significant motor impair-
ment; and it is not inconceivable that a child with hemiplegia
could have scores within the normal range. A subgroup of infants
had abnormal BSID-III motor scores in the absence of a major
lesion; however, some studies have advised that a threshold of 85
may overestimate motor impairment.27 We accept that there may
be alternative causes for any motor impairment or more subtle
changes for which advanced MR imaging techniques may offer
more insight. Extended follow-up, now in progress, will be of in-
terest in these cases.

Thirty-one percent of our cohort had an abnormal M-
CHAT score; however, a significant proportion had concomi-
tant abnormal motor and cognitive BSID-III scores. These
findings are comparable with those of Moore et al,28 who high-
lighted the difficulties in using M-CHAT in preterm infants
who are at high risk of motor and cognitive impairment. It is,
therefore, likely that some of our results reflect cognitive and
other dysfunctions rather than a specific diagnosis of autism
spectrum disorder.

We also found that an increasing IMD score, a measure of
adverse socioeconomic status, was associated with poorer neuro-
developmental outcomes; this finding supports evidence linking
socioeconomic status and maternal education to early neurode-
velopment and, specifically, cognition:29,30 this is potentially
encouraging as a modifiable parameter and is corroborated by
studies offering social interventions to children from lower
income families.31

CONCLUSIONS
Acquired brain lesions are common in preterm neonates rou-
tinely undergoing 3T MR imaging at term-equivalent age. Major

lesions (ie, HPI and PVL) confer a poor neurodevelopmental
prognosis; conversely, infants without acquired lesions all had
normal gross motor function (GMFCS of,2) at 20months.
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