Brain Injury and Altered Brain Growth in Preterm
Infants: Predictors and Prognosis
WHAT’S KNOWN ON THIS SUBJECT: Term MRI can assist in
identifying the nature and extent of brain injury in preterm
infants. However, brain injury detected by MRI does not fully
account for neurodevelopmental impairments, particularly
cognitive and behavioral impairments, common in preterm
survivors.
WHAT THIS STUDY ADDS: In addition to brain injury, an
assessment of brain growth by using one-dimensional
measurements on MRI is helpful for predicting
neurodevelopment. Two different patterns of impaired brain
growth are observed that relate independently to early cognitive
development in preterm infants.

abstract
BACKGROUND: To deﬁne the nature and frequency of brain injury and
brain growth impairment in very preterm (VPT) infants by using MRI at
term-equivalent age and to relate these ﬁndings to perinatal risk
factors and 2-year neurodevelopmental outcomes.
METHODS: MRI scans at term-equivalent age from 3 VPT cohorts (n = 325)
were reviewed. The severity of brain injury, including periventricular
leukomalacia and intraventricular and cerebellar hemorrhage, was graded.
Brain growth was assessed by using measures of biparietal width (BPW) and
interhemispheric distance. Neurodevelopmental outcome at age 2 years was
assessed across all cohorts (n = 297) by using the Bayley Scales of Infant
Development, Second Edition (BSID-II) or Bayley Scales of Infant and Toddler
Development, Third Edition (Bayley-III), and evaluation for cerebral palsy.
RESULTS: Of 325 infants, 107 (33%) had some grade of brain injury and 33
(10%) had severe injury. Severe brain injury was more common in infants
with lower Apgar scores, necrotizing enterocolitis, inotropic support, and
patent ductus arteriosus. Severe brain injury was associated with delayed
cognitive and motor development and cerebral palsy. Decreased BPW was
related to lower gestational age, inotropic support, patent ductus arteriosus, necrotizing enterocolitis, prolonged parenteral nutrition, and oxygen
at 36 weeks and was associated with delayed cognitive development. In
contrast, increased interhemispheric distance was related to male gender, dexamethasone use, and severe brain injury. It was also associated
with reduced cognitive development, independent of BPW.
CONCLUSIONS: At term-equivalent age, VPT infants showed both brain injury
and impaired brain growth on MRI. Severe brain injury and impaired brain
growth patterns were independently associated with perinatal risk factors
and delayed cognitive development. Pediatrics 2014;134:e444–e453
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With progress in perinatal and neonatal
care of the preterm infant, the incidence
of cerebral palsy (CP) has been diminishing,1,2 yet rates of cognitive and behavioral challenges remain stable and
high with 50% to 60% of extremely preterm infants displaying disability in these
domains.3–5 The neuropathology underlying these cognitive and behavioral
challenges remains unclear, and it is difﬁcult to predict them on the basis of brain
injury. For example, whereas the 2 most
common forms of brain injury described
for preterm infants, periventricular leukomalacia (PVL) and intraventricular
hemorrhage (IVH), are associated with
adverse cognitive and motor outcomes,
particularly CP, their presence does not
fully account for all adverse neurodevelopmental outcomes. MRI can identify
more subtle forms of injury, such as
punctate or diffuse white matter injury,
which are difﬁcult to detect by cranial
ultrasound.6,7 A growing body of research
supports improved prediction of motor8
and cognitive outcomes by using MRI
methods.9,10 However, most studies linking neonatal MRI ﬁndings with outcome
have been based on scoring systems that
combine measures of both brain injury
and growth, making it difﬁcult to assess
their relative contributions to later risk.
Volumetric MRI studies provide support
for the importance of neonatal brain
growth, in addition to injury, in predicting
longer-term outcomes for children born
very preterm (VPT).11–13 However, volumetric approaches require complex
methodologies that are not readily adaptable to clinical practice. Therefore, an alternative, simpler biometric approach has
been proposed to evaluate early brain
growth in preterm infants.14,15 These brain
metrics, applied at term-equivalent postmenstrual age (TEA), correlate reasonably
with three-dimensional volumetric measures14 and are readily used in a clinical
setting. We applied these brain metrics
along with a new grading system to assess
brain injury on conventional MRI to char-

acterize the patterns of brain injury and
impaired brain growth in VPT infants at
TEA. We evaluated the relationships of injury and growth impairment to perinatal
risk factors and subsequent neurodevelopmental outcome.

T2-weighted sequence (TR/TE 8600/160
milliseconds; voxel size: 1 3 1 3 1
mm3; echo train length: 17). All of the
images were obtained without sedation.
MRI Analysis
Injury Classiﬁcation

METHODS
Subjects
Data from 448 preterm infants from 3
geographically different cohorts were
collected by using similar study designs
initiated by 1 investigator (T.E.I.). Infants
#32 weeks’ gestation were recruited
between 1998 and 2000 at Christchurch
Women’s Hospital in Christchurch, New
Zealand (n = 110); infants ,30 weeks’
gestation or ,1250 g at birth were
recruited between 2001 and 2003 at the
Royal Women’ Hospital in Melbourne,
Australia (n = 227); and infants ,30
weeks’ gestation were recruited between
2007 and 2010 at St Louis Children’s Hospital in St Louis, Missouri (n = 121). For
the current study, 325 survivors (73%)
satisﬁed the inclusion criteria of being
born at ,30 weeks’ gestation, having an
MRI scan at TEA ($37 to #42 weeks’
postmenstrual age), and having neither
congenital nor chromosomal abnormalities. All study protocols were approved by
each site’s human research and ethics
committee, and written informed consent
was obtained from all parents.
MRI Acquisition
MRI data for the New Zealand and
Australian cohorts were obtained by
using 1.5-T Sigma LX Echospeed systems
(GE Healthcare, Milwaukee, WI) with
previously documented sequences.16 In
the St Louis cohort, magnetic resonance
images were acquired by using a 3-T
TIM Trio system (Siemens, Erlangen,
Germany). MRI scanning in St Louis included anatomic images obtained with
an axial magnetization–prepared rapid
gradient echo T1-weighted sequence
(TR/TE 1500/3 milliseconds; voxel size:
1 3 0.7 3 1 mm3) and a turbo spin echo

Brain injury was diagnosed on the basis of
thequalitativeassessmentofMRIatTEAby
a single operator (H.K.) blinded to clinical
data. A new system for the grading of PVL
and cerebellar hemorrhage (CBH) was
developed, and the IVH classiﬁcation was
based on that of Papile et al17 (Fig 1).
PVL
Grades 1 and 2 PVL were deﬁned by the
presence of punctate lesions #3 mm in
individual size in periventricular white
matter on either or both of the T1/T2weighted images. Grade 2 PVL was distinguished from grade 1 by the presence
of lesions in bilateral corticospinal tracts
or, more extensively, with $3 lesions per
hemisphere. Grade 3 PVL was deﬁned as
the presence of extensive lesions along
the wall of lateral ventricles with high
signal on T1-weighted images. Grade 4
PVL was deﬁned as the presence of cystic
lesions in periventricular white matter.
IVH
Grade 1 IVH was deﬁned as the presence
of hemosiderin deposits or post hemorrhagic cysts within the thalamo-caudal
notches. Grade 2 IVH was deﬁned as
the presence of hemosiderin deposits
outside the region of the thalamo-caudal
notches along the ventricular wall without ventriculardilatation. Grade 3IVH was
deﬁned as ventricular dilatation .97th
percentile with evidence of previous
ventricular hemorrhage. Grade 4 IVH
was deﬁned as the presence of parenchymal hemorrhagic lesions or posthemorrhagic cystic encephalomalacia.
CBH
Grade 1 CBH consisted of unilateral punctate lesions #3 mm in size; grade 2
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FIGURE 1
Classiﬁcation of brain injury. Representative T1- and T2-weighted magnetic resonance images of each grade of PVL (upper panel), IVH (middle panel), and CBH
(lower panel). Note the areas of high signal intensity on T1-weighted images in subjects with grades 1 to 3 PVL. Note also that both IVH and CBH appear dark on
T2-weighted images, as shown in the middle and lower panels.

consisted of bilateral punctate lesions;
grade 3 consisted of a unilateral lesion .3
mm in size; and grade 4 was present when
extensive lesions were observed bilaterally.
When infants had 2 different grades of
the same category of injury, they were
assigned the higher grade. High-grade
injury (ie, grades 3 and 4) in any category was classiﬁed as severe brain injury.
Brain Growth
Brain growth was evaluated by using 2
measures assessed by a single operator
(H.K.): biparietal width (BPW) and interhemispheric distance (IHD). These
measures were taken from coronal
images by using a DICOM browser (Syngo
fastView; Siemens) with the bilateral
cochlea and basilar truncus as standard
landmarks (Fig 2). BPW was deﬁned as
the maximal horizontal brain width of
frontal lobes. IHD was deﬁned as the
horizontal distance between the tops of
the crowns of the superior frontal gyri.
e446

By using these measures, 2 patterns of
impaired brain growth were identiﬁed.
The ﬁrst, the small BPW brain pattern,
was deﬁned as a BPW z score of less
than 20.5 among the VPT infants in
each cohort (equivalent to less than 21
SD below the mean of MRI-determined
total brain volume in healthy term-born
infants).18 The second, the increased IHD
brain pattern, was deﬁned by an IHD
$4.0 mm (.2 SDs above the mean of
healthy term infants).19 BPW z score was
calculated from a linear regression
model, adjusted for postmenstrual age
at MRI scan and gender. Interobserver
reliabilities (intraclass correlation coefﬁcients) from 30 scans read by 2 different observers (H.K. and T.E.I.) were
.0.90 for injury assessment and .0.98
for growth measurements. Intraobserver reliabilities calculated from 30 scans
measured a month apart by 1 author
(H.K.) were .0.90 for injury assessment
and .0.96 for growth measurements.

Clinical Risk Factors
Clinical variables were collected from
maternal and infant hospital records,
including gestational age, small for
gestational age (birth weight of less than
22 SDs for gestational age), gender,
multiple birth, any course of antenatal
corticosteroids, chorioamnionitis (identiﬁed by using clinical criteria consisting
of maternal fever and/or elevated inﬂammatory markers on laboratory
testing), mode of delivery, 5-minute Apgar
score, inotropic agents (used according
to clinical needs for maintaining systemic
blood pressure), conﬁrmed postnatal
sepsis (deﬁned as culture-positive sepsis), necrotizing enterocolitis (deﬁned
according to Bell’s criteria20 of stage II
or greater), and treated patent ductus
arteriosus (PDA; including pharmacologic and/or surgical treatment). Considering presumed timing of insult,
additional variables were collected for
impaired growth: days of parenteral
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FIGURE 2
Growth measurements using brain metrics. BPW (A) and IHD (B) shown on coronal T2-weighted images.
These measurements were made at the level of the third ventricle, cochlea, and basilar artery. Note the
representative samples of the small BPW (A) and increased IHD (B) patterns.

nutrition, need for oxygen at 36 weeks’
postmenstrual age, and dexamethasone use. Apart from risk factors, head
circumference z score (controlled for
postmenstrual age at MRI scan and
gender) at TEA was calculated.
Neurodevelopmental Outcome
In the Christchurch and Melbourne
cohorts, neurodevelopmental outcome
at 2 years’ corrected age was assessed
by using the Bayley Scales of Infant Development, Second Edition (BSID-II).21
The Mental Developmental Index (MDI)
and the Psychomotor Developmental Index (PDI) were used for this analysis.
Each scale has a normative mean (SD) of
100 (15). The St Louis cohort is more
recent, and the Bayley Scales of Infant
and Toddler Development, Third Edition
(Bayley-III), was used to assess neurodevelopment at 2 years.22 Given the signiﬁcant differences between the BSID-II
and Bayley-III scales23 and concerns with
the Bayley-III underestimating developmental delay,24 the neurodevelopmental
outcomes were analyzed separately.
Children who were too severely impaired to be assessed with the Bayley
scales were assigned values of 40.
Children also underwent a standardized
neurologic evaluation to assess the
quality of their motor skills, coordination,
gait, and behavior. CP was diagnosed by
using standard criteria, including the
location of the impairment or body part
affected and abnormal muscle tone and

reﬂexes; severity was based on the Gross
Motor Function Classiﬁcation System.25
Statistical Analyses
Data were analyzed with SPSS version
17.0 software (IBM SPSS Statistics, IBM
Corporation, Armonk, NY). Analysis of
variance with Bonferroni post hoc tests
or t tests was used when continuous
variables were compared between 2
groups. x2 Tests were used with categorical variables, and odds ratios and
95% conﬁdence intervals were calculated for the association between
clinical risk factors and patterns of MRI
abnormality. Logistic regression models were used to examine associations
between clinical risk factors and patterns of MRI abnormality after adjustment for center. Finally, forced-entry
linear regression models were used to
examine the association between the 2
brain growth measures and neurodevelopmental scores after adjusting
for the clinical risk factors listed in
Table 5, maternal education and center.
Two-sided P values ,.05 were used to
assess statistical signiﬁcance.

RESULTS
Subjects
The demographic characteristics of the
325 infants from the 3 cohortsare shown
in Table 1. The St Louis cohort had a
greater number of infants born small
for gestational age, lower rates of an-

tenatal corticosteroid use and postnatal
sepsis, higher rates of chorioamnionitis, lower mean Apgar scores, and a
higher incidence of prolonged parenteral nutrition. The Melbourne cohort
had more multiple births. Of 244 infants
from the Melbourne and Christchurch
cohorts, 3 died and 9 were lost to followup by age 2 years. Thus, the remaining
232 infants had neurodevelopmental
evaluation at age 2 years. Of 81 infants
from the St Louis cohort, 65 had neurodevelopmental evaluation at age 2 years.
Patterns of Brain Injury:
Prevalence, Risks, and Outcomes
Of 325 infants from the 3 cohorts, 107
(33%) showed some form of brain injury.
PVL was diagnosed in 40 infants (12%;
grade 1, n = 16; grade 2, n = 12; grade 3,
n = 6; grade 4, n = 6), IVH in 62 infants
(19%; grade 1, n = 17; grade 2, n = 31;
grade 3, n = 2; grade 4, n = 12), and CBH
in 31 infants (10%; grade 1, n = 17; grade
2, n = 7; grade 3, n = 3; grade 4, n = 4). Of
107 infants with brain injury, 24 had .1
form of injury, although no infant had
.1 pattern of severe (grade $3) injury.
Severe injuries of any type were observed in 33 infants (10%). Rates of severe PVL and IVH injury were similar
across cohorts, whereas CBH was more
common in the St Louis cohort (Table 1).
The risk factors for high-grade PVL or IVH
are shown in Table 2. Because of the
small number of infants with high-grade
CBH (n = 7), the risk factors for any
grade of CBH were investigated. Necrotizing enterocolitis was a strong risk
factor for high-grade PVL, whereas
lower gestational age decreased the risk
of high-grade PVL. High-grade IVH occurred in the infants with lower Apgar
scores. Lower gestational age, inotropic
use, and treated PDA increased the risk
of any grade of CBH.
The neurodevelopmental consequences
of each form and grade of brain injury
are shown in Tables 3 and 4. The results of these analyses are presented
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TABLE 1 Demographic Characteristics of VPT Infants
Characteristics

All (N = 325)

Christchurch (n = 60)

Melbourne (n = 184)

St Louis (n = 81)

P

Gestational age at birth, mean (SD), wk
Birth weight, mean (SD), g
Male, n (%)
SGA, n (%)
Multiple birth, n (%)
Antenatal corticosteroids, n (%)
Chorioamnionitis, n (%)
Cesarean delivery, n (%)
Five-minute Apgar score of ,7, n (%)
Inotropic support, n (%)
Treated PDA, n (%)
Postnatal sepsis, n (%)
Parenteral nutrition $14 days, n (%)
Postnatal dexamethasone, n (%)
Oxygen at 36 weeks, n (%)
Necrotizing enterocolitis, n (%)
Gestational age at scan, mean (SD), wk
High-grade PVL, n (%)
High-grade IVH, n (%)
High-grade CBH, n (%)
Small BPW, n (%)
Increased IHD, n (%)
Maternal educationa
Less than high school
High school graduate
College/university graduate
Two-year outcomes, n
MDI or cognition/language score,b mean (SD)
PDI or motor score,c mean (SD)
CP, n (%)

27.5 (2.0)
959 (237)
152 (47)
24 (7)
130 (40)
280 (86)
72 (22)
229 (71)
69 (21)
127 (39)
137 (42)
122 (38)
121 (37)
30 (9)
117 (36)
18 (6)
39.6 (1.4)
12 (3.7)
14 (4.3)
7 (2.2)
101 (31)
106 (33)

27.0 (1.8)
987 (266)
27 (45)
4 (7)
19 (32)
49 (82)
11 (19)
42 (70)
14 (23)
26 (44)
31 (52)
22 (37)
13 (22)
8 (13)
25 (42)
4 (7)
39.6 (1.0)
2 (3.3)
2 (3.3)
1 (1.7)
16 (27)
18 (30)

26.9 (1.5)
966 (227)
87 (47)
8 (4)
85 (46)
169 (92)
27 (15)
132 (72)
17 (9)
75 (41)
70 (38)
81 (44)
58 (32)
14 (8)
62 (34)
8 (4)
40.1 (1.1)
7 (3.8)
8 (4.3)
0
55 (30)
60 (33)

26.5 (1.7)
922 (238)
38 (47)
12 (15)
26 (32)
62 (77)
34 (43)
55 (68)
38 (47)
26 (32)
36 (44)
19 (24)
50 (62)
8 (10)
30 (37)
6 (7)
38.4 (1.4)
3 (3.7)
4 (6.7)
6 (7.4)
30 (37)
28 (35)

.11
.23
.95
.011
.038
.002
,.001
.82
,.001
.29
.16
.006
,.001
.40
.52
.55
,.001
.99
.90
.001
.37
.85
,.001

51 (16)
153 (48)
116 (36)
297
85.3 (19.0)
88.0 (17.5)
33 (11)

21 (35)
30 (50)
9 (15)
56
87.1 (16.4)
88.3 (16.5)
9 (15)

28 (15)
94 (51)
62 (34)
176
84.8 (19.7)
87.9 (17.9)
15 (8)

2 (3)
29 (38)
45 (59)
65
85.9 (9.2)/89.7 (10.4)
84.1 (10.4)
9 (14)

ND
ND
.18

ND, not done; SGA, small for gestational age.
a Data were missing for 5 infants in St Louis.
b MDI in the Christchurch and Melbourne cohorts; cognition/language in the St Louis cohort.
c PDI in the Christchurch and Melbourne cohorts; motor in the St Louis cohort.

separately for Australasian and St Louis
children given the different versions of
the Bayley scales used. In the Christ-

church and Melbourne cohorts, infants
with high-grade PVL or IVH had lower
MDI and PDI scores and a higher in-

TABLE 2 Clinical Risk Factors for Brain Injuries
Characteristics

Gestational age ,27 weeks
SGA
Male gender
Multiple birtha
Antenatal corticosteroids
Chorioamnionitisa
Cesarean delivery
Five-minute Apgar score of ,7
Inotropic supporta
Treated PDA
Postnatal sepsis
Necrotizing enterocolitis

Grade 3 or 4
PVL (n = 12)

Grade 3 or 4
IVH (n = 14)

OR (95% CI)

P

OR (95% CI)

0.13 (0.016–0.98)
1.2 (0.14–9.7)
0.37 (0.097–1.4)
0.73 (0.21–2.5)
NA
0.67 (0.14–3.3)
0.83 (0.24–2.8)
0.29 (0.034–2.5)
0.77 (0.23–2.6)
0.26 (0.056–1.2)
0.81 (0.24–2.8)
6.8 (1.6–28.0)

.048
.89
.14
.61
NA
.62
.77
.26
.67
.089
.74
.008

1.1 (0.37–3.2)
NA
1.5 (0.52–4.5)
2.1 (0.70–6.2)
0.36 (0.10–1.3)
0.51 (0.11–2.5)
1.1 (0.32–3.5)
5.3 (1.6–17.8)
0.87 (0.28–2.7)
0.76 (0.25–2.3)
0.44 (0.12–1.6)
NA

Any Grade
CBH (n = 31)
P

OR (95% CI)

P

.88
3.2 (1.4–7.2)
.005
NA
2.5 (0.85–7.4)
.094
.43
1.7 (0.79–3.7)
.18
.19 0.55 (0.23–1.3)
.17
.11 0.70 (0.27–1.9)
.48
.41
1.0 (0.43–2.4)
.97
.93
1.1 (0.47–2.6)
.82
.008 2.1 (0.89–4.9)
.093
.81
8.0 (3.2–20.2) ,.001
.64
2.9 (1.3–6.5)
.009
.22
1.3 (0.56–2.9)
.55
NA
2.8 (0.79–10.0)
.11

Data were adjusted for center. CI, conﬁdence interval; NA, not assessed (all infants with grade 3 or 4 PVL received antenatal
corticosteroids, and all infants with grade 3 or 4 IVH were not SGA and did not have necrotizing enterocolitis); OR, odds ratio; SGA,
small for gestational age.
a Data were missing on multiple births for 1 infant, on chorioamnionitis for 2 infants, and on inotropic support for 1 infant.
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cidence of CP. In contrast, infants with
low grades of brain injury had similar
neurodevelopmental outcomes at age
2 years to those without brain injury,
except for grade 2 PVL, which was associated with an increased risk of CP. In
the St Louis cohort, infants with highgrade PVL or IVH displayed a similar
trend. CBH was not related to any neurodevelopmental outcome.
Patterns of Impaired Brain Growth:
Prevalence, Risks, and Outcomes
The 2 patterns of impaired brain
growth, small BPW and increased IHD,
were observed in 101 (31%) and 106
(34%) infants, respectively. Twenty-two
infants (7%) showed both patterns of
impaired growth. Rates for each of
these patterns were similar across
cohorts (Table 1). Head circumference
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TABLE 3 Outcomes in Infants With Different Types and Grades of Brain Injuries in the Christchurch and Melbourne Cohorts
Pattern and Grade

Mean (SD) MDI Score

MDI ,70, n (%)

3
5
7
9

40.0 (0)***
61.2 (20.4)**
89.1 (13.8)
82.8 (21.7)

3 (100)**
3 (60)*
0
2 (22)

9
1
15
11

72.2 (26.3)*
68
86.5 (15.7)
95.0 (14.2)

4 (44)
1 (100)
1 (7)
0

1
0
1
10
168

84
—
88
85.8 (15.4)
87.2 (17.7)

n

PVL
Grade 4
Grade 3
Grade 2
Grade 1
IVH
Grade 4
Grade 3
Grade 2
Grade 1
CBH
Grade 4
Grade 3
Grade 2
Grade 1
No injury

PDI ,70, n (%)

CP, n (%)

40.0 (0)***
55.6 (29.4)
91.3 (9.4)
82.3 (17.9)

3 (100)**
4 (80)***
0
1 (11)

3 (100)**
4 (80)***
2 (29)*
1 (11)

68.4 (18.3)***
84
89.8 (10.8)
95.0 (10.9)

4 (44)*
0
0
0

3 (33)***
0
1 (7)
1 (9)

Mean (SD) PDI Score

0
—
0
2 (20)
21 (13)

84
—
103
94.0 (10.9)
90.0 (15.5)

0
—
0
1 (10)
16 (10)

0
—
0
1 (10)
10 (6)

n = 232. *P , .05, **P , .01, ***P , .001 versus no injury (by t test or x 2 test). Eight infants had .1 form of injury among lower grade injuries. Those infants were counted twice.

TABLE 4 Outcomes in Infants With Different Type and Grade of Brain Injuries in the St Louis Cohort
Pattern and Grade
PVL
Grade 4
Grade 3
Grade 2
Grade 1
IVH
Grade 4
Grade 3
Grade 2
Grade 1
CBH
Grade 4
Grade 3
Grade 2
Grade 1
No injury

n

Cognition

Language

Motor

Cognition ,80, n (%)

Language ,80, n (%)

Motor ,70, n (%)

CP, n (%)

1
1
3
4

75
75
78.3 (5.8)
81.3 (12.5)

91
86
85.0 (3.5)
81.0 (11.9)

79
64
85.0 (6.0)
75.3 (8.6)

1 (100)
1 (100)
2 (67)
2 (50)

0
0
0
2 (50)

0
1 (100)
0
1 (25)

1 (100)
1 (100)
0
1 (25)

2
1
10
4

80.0 (14.1)
75
92.5 (8.6)
78.8 (7.5)

86.5 (10.6)
89
92.8 (13.6)
87.3 (8.5)

68.5 (14.8)
67
86.0 (8.5)
79.8 (16.3)

1 (50)
1 (100)
1 (10)
3 (75)

1 (50)
0
1 (10)
0

1 (50)
1 (100)
0
1 (25)

2 (100)
1 (100)
1 (10)
1 (25)

3
2
6
4
34

90.0 (5.0)
82.5 (10.6)
90.8 (15.3)
86.3 (4.8)
86.1 (7.8)

91.7 (10.3)
93.0 (14.1)
89.8 (20.8)
87.3 (5.3)
88.7 (8.7)

82 (5.2)
86.5 (14.8)
87.2 (14.6)
82.0 (4.2)
86.3 (8.5)

0
0
3 (50)
0
9 (27)

0
0
1 (17)
0
4 (12)

1 (33)
0
0
1 (25)
1 (3)

0
1 (50)
1 (17)
1 (25)
10 (29)

n = 65. Data are presented as mean (SD) for Cognition, Language and Motor categories.

z score at TEA was smaller in infants
with a small BPW than in those without
(mean difference: 20.57; P = .003),
whereas it was not different between
infants with and without an increased
IHD (mean difference: 0.18; P = .35).
Associations between a range of clinical
risk factors and each brain growth
pattern are shown in Table 5. The
small BPW brain pattern was associated with lower gestational age,
inotropic support, treated PDA, necrotizing enterocolitis, oxygen at 36 weeks,
and prolonged parenteral nutrition. In
contrast, the increased IHD brain pattern was associated with male gender,

dexamethasone use, and high-grade
brain injury.
Tables 6 and 7 describe the 2-year outcomes of infants with small BPW and/or
increased IHD relative to the remainder
of infants without these brain patterns.
In the Christchurch and Melbourne
cohorts, VPT infants with either the small
BPW or increased IHD brain pattern had
lower MDI but not PDI scores than did
infants without these brain growth ﬁndings. Neither pattern was associated
with CP. The most developmentally impaired infants were those with both
small BPW and increased IHD on neonatal MRI, with these infants obtaining

the lowest MDI and PDI scores at age 2
years. In contrast, no associations were
found between neonatal brain growth
and neurodevelopmental outcomes in
the St Louis cohort.
Neonatal Brain Growth and
Outcomes After Adjustment for
Clinical and Social Risk
Table 8 summarizes the results of regression analyses examining associations between the 2 growth parameters
(IHD and BPW) and children’s MDI and
PDI scores at age 2 years after adjustment for the effects of child gender,
brain injury, maternal education, and
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TABLE 5 Clinical Risk Factors for Small BPW or IHD Brain Patterns
Characteristics

Gestational age ,27 weeks
SGA
Male gender
Multiple birtha
Antenatal corticosteroids
Chorioamnionitisa
Cesarean delivery
Five-minute Apgar score of ,7
Inotropic supporta
Treated PDA
Postnatal sepsisa
Necrotizing enterocolitis
Dexamethasone
Oxygen at 36 weeks
Parenteral nutrition $14 days
High-grade injury (grade 3 or 4)

Small BPW (n = 101)

Increased IHD (n = 106)

OR (95% CI)

P

OR (95% CI)

P

2.4 (1.5–3.9)
2.2 (0.95–5.2)
1.2 (0.73–1.9)
1.3 (0.78–2.0)
0.94 (0.47–1.9)
1.3 (0.71–2.2)
1.0 (0.60–1.7)
1.4 (0.74–2.5)
2.6 (1.6–4.3)
1.7 (1.0–2.7)
1.6 (0.96–2.6)
12.9 (3.6–45.9)
1.3 (0.61–2.9)
2.2 (1.3–3.6)
2.3 (1.4–3.8)
1.4 (0.68–3.0)

,.001
.064
.51
.35
.85
.43
.99
.33
,.001
.039
.070
,.001
.48
.002
.001
.35

0.94 (0.59–1.5)
0.65 (0.25–1.7)
2.0 (1.3–3.2)
0.83 (0.51–1.3)
0.61 (0.32–1.2)
1.0 (0.57–1.8)
0.84 (0.51–1.4)
0.92 (0.49–1.7)
1.3 (0.82–2.1)
0.91 (0.57–1.5)
0.96 (0.59–1.6)
0.57 (0.18–1.8)
2.3 (1.1–4.9)
1.1 (0.69–1.8)
1.2 (0.73–2.0)
2.1 (1.0–4.4)

.81
.37
.003
.44
.14
.97
.49
.78
.26
.71
.86
.34
.034
.64
.46
.048

Data were adjusted for center. CI, conﬁdence interval; OR, odds ratio; SGA, small for gestational age.
a Data were missing on multiple births for 1 infant, on chorioamnionitis for 2 infants, on inotropic support for 1 infant, and on
postnatal sepsis for 1 infant.

other clinical risk factors correlated
with brain growth in Table 5. This analysis was conﬁned to the Christchurch
and Melbourne cohorts. As shown,
a higher BPW z score and lower IHD
were predictive of higher MDI (P = .002)
and PDI (P = .003) scores independent of
high-grade brain injury, clinical variables, and maternal education. Additionally, for infants without the increased
IHD brain pattern, BPW z score prominently inﬂuenced outcome for MDI
scores (P , .001), but inﬂuenced PDI
scores less (P = .05) (Fig 3). On the other
hand, IHD correlated negatively with MDI

scores (P , .001), but not with PDI
scores (P = .08), in univariate analysis
(Fig 3). The multivariable analyses
revealed that both BPW z score and IHD
were predictors of MDI scores (P = .001
in BPW, P , .001 in IHD) (Table 8). In the
St Louis cohort, both z scores of BPW
and IHD were not predictors for cognitive, language, and motor scores.

DISCUSSION
This study assists in deﬁning the nature
and frequency of brain injury and impaired brain growth in VPT infants as
detected by conventional MRI at TEA. The

study also identiﬁes risk factors and
neurodevelopmental consequences of
these imaging abnormalities.
Bothbraininjuryandaltereddevelopment
were found in these cohorts. The data also
conﬁrmed that severe brain injury is
relatively uncommon (10%) in VPT survivors but is related to neurodevelopmental
impairments at age 2 years. Identiﬁed risk
factors for high-grade PVL, IVH, or any
grade of CBH are similar to those described in previous studies.16,26–28 and are
consistent with our pathophysiological
understanding of these forms of injury in
the preterm brain.29 However, of importance, less severe injuries in any category, which were more frequently
observed in our cohorts, also affect
neurodevelopmental outcome, but to
a lesser degree, at least to age 2 years.
Most VPT survivors (90%) did not have
severe brain injury apparent on conventional MRI. However, they commonly
showed 2 patterns of impaired brain
growth, termed small BPW and increased IHD brain (31% and 34%, respectively). The small BPW brain pattern
represents insufﬁcient brain growth in
absolute volume by TEA, whereas the
increased IHD brain pattern reﬂects
disproportionally impaired brain growth
relative to skull growth, resulting in both
hemispheres being surrounded by
a large amount of extracerebral ﬂuid.

TABLE 6 Outcomes in Infants With Small BPW and/or Increased IHD Brain Patterns in the Christchurch and Melbourne Cohorts
Infants and Brain Patterns

n

Overall infants
Small BPW and increased IHD
Small BPW only
Increased IHD only
Remainder
Infants with high-grade injury
Small BPW and increased IHD
Small BPW only
Increased IHD only
Remainder
Infants without high-grade injury
Small BPW and increased IHD
Small BPW only
Increased IHD only
Remainder

232
15
54
54
109
19
1
5
7
6
213
14
49
47
103

Mean (SD) MDI Score

MDI ,70, n (%)

Mean (SD) PDI

PDI ,70, n (%)

CP, n (%)

72.8 (23.0)**
81.8 (16.2)**
79.9 (22.6)**
91.6 (15.4)

7 (47)*
9 (17)
17 (32)*
7 (6)

72.7 (23.5)**
86.5 (14.8)
88.2 (19.2)
90.7 (15.9)

5 (33)
6 (11)
8 (15)
10 (9)

3 (20)
6 (11)
6 (11)
8 (7)

40
62.6 (19.3)
56.7 (24.0)
79.7 (22.8)
74.1 (22.1)**
83.7 (14.7)*
83.4 (20.5)*
92.3 (14.7)

1 (100)
2 (40)
4 (57)
2 (33)
6 (43)*
6 (12)
12 (26)*
5 (5)

40
62.0 (21.0)
58.7 (25.8)
70.2 (21.9)

1 (100)
3 (60)
5 (71)
2 (33)

1 (100)
2 (40)
5 (71)
2 (33)

75.1 (22.5)**
89.0 (11.7)
92.6 (13.7)
91.9 (14.8)

4 (29)
3 (6)
3 (6)
8 (8)

2 (14)
4 (8)
1 (2)
6 (6)

n = 232. *P , .05, **P , .01 versus the remainder group in each row by Bonferroni post hoc tests.
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TABLE 7 Outcomes in Infants With Small BPW and/or Increased IHD Brain Patterns in the St Louis Cohort
Infants and Brain Patterns

n

Overall infants
Small BPW and increased IHD
Small BPW only
Increased IHD only
Remainder
Infants without high-grade injury
Small BPW and increased IHD
Small BPW only
Increased IHD only
Remainder

65
6
19
16
24
54
2
16
15
21

Cognition

Language

Motor

Cognition ,80, n (%)

Language ,80, n (%)

Motor ,70, n (%)

CP, n (%)

81.7 (9.3)
86.1 (8.9)
91.4 (9.0)
83.1 (8.3)

85.2 (7.4)
90.4 (10.0)
92.9 (11.4)
88.0 (10.6)

73.5 (11.9)
85.3 (10.7)
88.1 (8.1)
83.2 (9.9)

3 (50)
4 (21)
3 (19)
12 (50)

2 (33)
3 (16)
3 (19)
(21)

3 (50)
2 (11)
0
4 (17)

4 (67)
3 (16)
1 (6.3)
1 (4.2)

90.0
85.9 (9.7)
91.5 (9.3)
83.3 (8.1)

84.0 (14.1)
89.5 (9.4)
92.8 (11.8)
88.4 (11.3)

83.5 (2.1)
84.6 (11.3)
88.7 (8.0)
84.1 (10.3)

0
4 (25)
3 (20)
10 (49)

1 (50)
2 (13)
3 (20)
5 (24)

0
2 (13)
0
4 (19)

0
3 (19)
0
0

n = 65. Data are presented as mean (SD) for Cognition, Language and Motor categories.

TABLE 8 Multivariate Linear Regression Models in the Christchurch and Melbourne Cohorts
MDI score
Constant
High-grade injury (no = 0, yes = 1)
IHD (mm)
z Score of BPW
Gender (male = 1, female = 2)
Maternal education (college/university = 0, high school
graduate = 1, less than high school = 2)
PDI score
Constant
High-grade injury (no = 0, yes = 1)
z Score of BPW
Dexamethasone use (no = 0, yes = 1)

B

SE

b

P

90.7
221.0
22.7
3.4
5.7
23.5

7.6
4.1
0.74
1.2
2.4
1.7

20.31
20.23
0.18
0.15
20.13

,.001
,.001
,.001
.005
.016
.040

85.9
226.7
2.6
29.7

7.0
3.8
1.1
4.4

20.42
0.15
20.15

,.001
,.001
.021
.029

n = 232. Table represents results of forced-entry multivariate linear regression analysis with signiﬁcant variables after
testing the association between brain injuries, growth measurements, and the clinical variables, including all of the
variables listed in Table 5, maternal education, and center. R2 = 0.30 or 0.30 for MRI or PDI scores, respectively.

Both of these patterns represent impairment in brain growth, either inﬂuencing skull and brain growth (small
BPW) or relatively greater in relation to
skull growth (increased IHD). This difference is of importance, because the
expected growth of an infant’s brain
volume can vary, as in linear growth, by
a factor of at least 2, and comparison of
brain growth with skull size may compensate for this difference to some degree. The increased IHD brain pattern
was common (34%) in the VPT infants
regardless of the cohort, and was not
necessarily accompanied by smaller
BPW. Importantly, impaired brain growth
on both BPW and IHD parameters was
found in only 7% of infants. Both growth
parameters were associated with neurodevelopmental outcome at age 2
years, especially cognitive development,
with those infants who were impaired on
both growth parameters exhibiting the

poorest outcomes. The existence of an
increased IHD brain pattern may explain
why head circumference at TEA is not
always well correlated with subsequent
cognitive outcome.30,31
In human brain development, the third
trimester of gestation is a critical period
during which global and regional brain
volume increases three- to fourfold.32,33
Histologically, there are cytoarchitectonic changes involving (1) neuronal organization and elaboration of dendrites,
(2) glial cell proliferation and maturation, and (3) myelination of corticospinal
tracts. Each of these cellular processes
may be vulnerable to environmental
inﬂuences in the NICU, and thereby their
impairment may disrupt brain growth.
Many previous studies have suggested
that several risk factors within the NICU
relate to adverse cognitive outcomes,
including postnatal infection,34,35 bronchopulmonary dysplasia,36 suboptimal

nutrition,37 postnatal dexamethasone,38
and stress.39,40 However, few have deﬁned the neuroanatomical pathway by
which such exposures inﬂuence cognitive outcome. Our study contributes to
this literature by conﬁrming the importance of inotrope exposure, oxygen at 36
weeks, necrotizing enterocolitis, treated
PDA, and prolonged parenteral nutrition
as factors associated with the small BPW
brain pattern at TEA, which, in turn, is
associated with adverse cognitive development at age 2 years. In contrast,
male gender, dexamethasone use, and
severe brain injury are risk factors for
the increased IHD brain pattern, which
is also associated with later cognitive
impairments. Relationships between clinical factors and patterns of impaired brain
growth provide us with a better understanding of the potential pathway
(s) to adverse outcome, particularly in
the absence of severe brain injury.
Ourstudyhassomelimitations.First,threedimensional volumetry is a gold standard
to quantitatively evaluate brain volume.
However, the simple brain metrics we used
are widely available and show reasonable
correlations with three-dimensional volumetric measurements.14 Additionally, several investigations suggest that the
premotor or sensorimotor areas of the
brain are the most vulnerable areas for
reductions in volume, and that the volume
reduction correlates with later neurodevelopmental outcomes.11,18 Thus, brain
measurements in speciﬁc regions may be
crucial, as was done in the current study.
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higher rates of brain injury and altered
brain growth. These measurement and
sample differences, in addition to the
smaller sample size, may also have
inﬂuenced observed associations between brain injury/growth and outcome.

CONCLUSIONS

FIGURE 3
MDI or PDI scores in infants with different growth measurements in the Christchurch and Melbourne
cohorts. A and B, The x-axes show the BPW z score after adjustment for postmenstrual age at MRI scan
and gender. Subjects with the increased IHD brain pattern (red vertical bars) are separated from those
without (blue circles). The solid lines are regression lines for subjects with (red) or without (blue) the
increased IHD brain pattern. C and D, Negative linear correlation was observed between IHD and MDI
scores but not between IHD and PDI scores.

The second limitation is the inclusion of
infants from 3 regionally different cohorts.
Each cohort was independently recruited
for population-based studies in a similar
manner. However, the number of infants in
each cohort is different, and their
perinatal and postdischarge environments and treatments may differ. Additionally, infants were recruited over
more than a decade. Some neonatal
practices, including nutritional management, varied over the time period.
The third limitation is the deﬁnition of

brain injury with MRI at term. Mild form
of injuries and ventricular dilatation
may resolve by TEA, resulting in underestimation of the extent of brain
injury. Finally, direct comparison of
relations between neonatal brain
ﬁndings and neurodevelopmental outcome between the Christchurch and
Melbourne cohorts and the St Louis
cohort was difﬁcult because the St
Louis cohort was tested by using the
Bayley III (versus BSID-II), was subject to
more socioeconomic adversity, and had

Severe brain injury in VPT survivors is
uncommon but has a major inﬂuence
on neurodevelopmental outcomes in
multiple domains. Impaired brain growth
at discharge from the NICU is related to
adverse neurodevelopmental outcomes
at age 2 years, particularly cognitive
development, even in preterm infants
without severe brain injury. The MRI assessment of both brain injury and brain
growth is relevant to understanding the
pathway from preterm birth to subsequent neurodevelopmental outcomes
in VPT survivors. Our ﬁndings suggest
that neonatal brain injury is important
for later motor function, whereas both
brain injury and brain growth affect later
cognitive function. The contribution of
these 2 neuropathological mechanisms
to later adverse behavioral and mental
health outcomes associated with preterm birth isan issuefor future research.
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