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Abstract

OBJECTIVE—Periventricular hemorrhagic infarction (PVHI) is a major contributing factor to
poor neurodevelopmental outcomes in preterm infants. We hypothesized that surviving infants
with unilateral PVHI would have more favorable outcomes than those with bilateral PVHI.

METHODS—This was a multicenter, retrospective study of infants who were admitted to 3
NICUs in North Carolina from 1998 to 2004. The clinical course and late neuroimaging studies
and neurodevelopmental outcomes of 69 infants who weighed <1500 g and had confirmed PVHI
on early cranial ultrasonography were reviewed. A predictive model for Bayley Scales of Infant
Development, Second Edition, Mental Developmental Index (MDI) <70 was constructed by using
radiologic and clinical variables.

RESULTS—Infants with unilateral PVHI had higher median MDI (82 vs 49) and Psychomotor
Developmental Index (53 vs 49) than infants with bilateral PVHI. Infants with unilateral PVHI
were less likely to have severe cerebral palsy (adjusted odds ratio: 0.15 [95% confidence interval
(CI): 0.05-0.45]) than infants with bilateral PVVHI. Infants who had unilateral P\VHI and developed
periventricular leukomalacia and retinopathy of prematurity that required surgery had an increased
probability of having MDI <70 compared with those without these complications (probability of
MDI <70: 89% [95% CI: 0.64-1.00] vs 11% [95% CI: 0.01-0.28]).

CONCLUSIONS—Infants with unilateral PVVHI had better motor and cognitive outcomes than
infants with bilateral PVHI. By combining laterality of PVHI, periventricular leukomalacia, and
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retinopathy of prematurity it is possible to estimate the probability of having an MDI <70, which
will assist clinicians when counseling families.
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Periventricular hemorrhagic infarction (PVHI) refers to intraventricular hemorrhage (1'VH)
that is associated with hemorrhagic necrosis in the periventricular white matter of preterm
infants. It is a devastating complication of prematurity and is predictive of short-term and
long-term adverse neurodevelopmental outcomes.1~8 PVVHI may occur along with a wide
range of brain injuries that are specific to preterm infants, including grades of IVH,
intraparenchymal hemorrhage, and periventricular leukomalacia (PVL).%-11

Accurate prediction of the outcomes of infants with PVHI can be relevant to withdrawal of
intensive care for critically ill neonates and to design of rehabilitative care.12 A small
number of studies have suggested that neurodevelopmental outcomes are more favorable for
infants with unilateral PVHI compared with infants with bilateral PVHI. Those studies were
limited by small sample size and variability in type and timing of neuroimaging and follow-
up13-20; therefore, we undertook a multicenter study of a large sample of preterm infants
with PVHI to explore whether outcomes differ for infants with unilateral versus bilateral
PVHI.

METHODS

Study Design

For this retrospective cohort study, the study population included 69 surviving infants who
were cared for at 3 NICUs in North Carolina between January 1998 and December 2004.
These centers were the University of North Carolina Hospital, Duke University Medical
Center, and Brenner Children’s Hospital at Wake Forest University Baptist Medical Center.
We identified infants in hospital databases who had a diagnosis of grade 4 I\VH and a birth
weight <1501 g. Exclusion criteria were congenital viral infections, major congenital heart
malformations, genetic abnormalities, structural brain malformations, metabolic diseases,
and admission to the NICU solely for ventriculoperitoneal (VP) shunt placement. A total of
151 infants with grade 4 IVH were in the database, representing 4.3% of all children born at
<1500 g at the 3 centers.

Maternal information included sociodemographic factors (age and race), birth in a tertiary
care center, duration of gestation, antenatal steroid therapy, mode of delivery, and
complications of pregnancy (eg, abruption, chorioamnionitis). Gestational age was estimated
by using the date of the mother’s last menstrual period and was confirmed by fetal
ultrasonography and Ballard examination after birth.2> Chorioamnionitis was defined as
clinical symptoms and maternal fever >38.5°C. Additional birth data included weight, head
circumference, and Apgar score at 5 minutes. Neonatal morbidities included culture-proven
sepsis or meningitis (at anytime during the hospital stay), chronic lung disease defined as
oxygen dependence at 36 weeks’ postmenstrual age, indomethacin exposure, dexamethasone
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use to treat chronic lung disease, hydrocortisone use (>12.5 mg/m?), vasopressor use before
7 days of age, necrotizing enterocolitis (NEC; Bell stage I1A or above), and retinopathy of
prematurity (ROP) that required laser surgery.

The earliest (<14 days of age) cranial ultrasonographic (CUS) image that was interpreted by
the initial reader as showing a grade 4 1VVH was copied for repeat interpretation by a single
pediatric radiologist who was blinded to the original report. This reader assigned a diagnosis
on the basis of the criteria documented by Bassan et al.22 PVHI was defined as an echodense
lesion in the periventricular white matter, associated with IVH. PVHI when bilateral was
clearly asymmetric and larger on the side ipsilateral to the IVH. We excluded infants in
whom the echodensities were typical of PVL alone. PVL was defined as bilateral, usually
symmetric echodensities in the white matter dorsolateral to the lateral ventricles. In addition,
we excluded cases of periventricular cysts present within the first days of life or infants in
whom echodensities were transient. The last available imaging (CUS, computed
tomography, or MRI) at =30 days of age was examined for the presence of PVL or
porencephalic cyst by the corresponding pediatric radiologist at each center.

Survival rates and follow-up data were measured up to 36 months’ corrected age
(chronological age minus weeks of prematurity). Measures of neurodevelopmental outcomes
included the Bayley Scales of Infant Development, Second Edition (BSID I1), Mental
Developmental Index (MDI) and Psychomotor Developmental Index (PDI) with
recommended adaptations for visual and auditory impairments.23 BSID Il scores after 12
months of age were collected, and the last recorded scores were used for each infant (18-36
months). Cerebral palsy (CP) was diagnosed after 2 years of age by neurologic examination
in the neonatal follow-up or rehabilitation clinics. CP was defined as appearance in early life
of a persistent but not unchanging disorder in tone, movement, and posture that was
attributable to a nonprogressive disorder of the brain. Gross Motor Function Classification
System score was assigned.24 Mild CP corresponded to a Gross Motor Function Scale score
of 1 to 2, moderate CP corresponded to a score of 3, and severe CP corresponded to a score
of 4 to 5. A pediatric ophthalmologist diagnosed vision defects in a hospital clinic. Vision
impairment was defined as blindness or bilateral field of vision loss. Seizure disorder was
defined as >2 seizures after the neonatal period, with evidence of epileptiform changes on
electroencephalogram.

Statistical Analysis

To examine the unadjusted association of laterality of IVH with MDI and PDI (as
continuous variables), we used the Wilcoxon rank-sum test. Logistic regression models were
used to determine whether laterality of IVH was associated with the binary outcomes of
MDI <70 or PDI <70. A threshold of 70 was used because it represents 2 SDs below the
mean and corresponds to significantly delayed development. Ordinal logistic regression,
specifically the proportional odds model, was used to analyze CP severity. We summarized
the association with laterality of IVH by reporting unadjusted and adjusted odds ratios (ORS)
with 95% confidence intervals (Cls) for the 3 outcomes. In multivariable logistic regression
models, all of the variables were considered as possible confounders or precision variables;
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variables were included in the final model when they were found to alter the association
between the outcome and laterality of I\VVH or to improve the fit of the model. Gestational
age (for MDI <70 and PDI <70) and vasopressor use (for CP) were included in the final
adjusted models because their inclusion altered the OR estimate for the effect of laterality.
Univariate logistic regression models were used to describe the unadjusted associations of
sepsis, indomethacin use, hydrocortisone or dexamethasone use, porencephalic cyst
formation, NEC, VP shunt placement, VP shunt infection, ROP and chronic lung disease
with MDI or PDI <70, CP, vision impairment, and seizures.

Multivariable logistic regression was also used to determine the predicted probability that a
newborn will have a low MDI (MDI <70 or -2 SD). Predictions were made by using 3
covariates that were available at progressing time points: (1) laterality of IVH; (2) laterality
of IVH and PVL; and (3) laterality of IVH, PVL, and ROP in a main-effects models. Cls for
the predicted probabilities were obtained by using the bias-correct and accelerated bootstrap
procedure.2

Demographics and Baseline Characteristics

We compared the antenatal and immediate postnatal characteristics of our group of infants
with unilateral and bilateral PVHI (Table 1). We found no significant differences between
the 2 groups in regard to referral center, race, maternal age, mode of delivery, placental
abruption at birth, or antenatal steroid administration. Infants with bilateral PVHI had a
lower gestational age at birth (24.6 vs 25.9 weeks; P = .005).

PVHI and Neurodevelopmental Outcomes

Neurodevelopmental outcome differed in infants with unilateral versus bilateral PVHI
(Table 2). Figure 1 demonstrates the associations between median MDI and PDI and
laterality of PVHI. Infants with unilateral PVHI had a higher median MDI compared with
infants with bilateral PVHI (82 [interquartile range (IQR): 29-90] vs 49 [IQR: 49-50]). The
infants with bilateral PVHI were homogeneous. Most infants had the lowest possible MDI
and PDI scores allowed by the test; however, 2 distinct groups of infants had unilateral
PVHI: 1 group had an MDI <55 (3 SD), and the other had MDIs within 2 SD of the mean

(Fig 1).

We found that laterality of I\VVH was associated with both MDI <70 and PDI <70 (Table 3).
In unadjusted models, bilateral PVHI was associated with a 25-fold increase in the odds of
having an MDI <70. Bilateral PVHI was also associated with an 11-fold increase in the odds
of PDI <70. We considered multivariable models in which all of the variables in Table 1
were potential cofounders or precision variables. After adjustment for gestational age, the
ORs were not substantially different.

In unadjusted models, bilateral PVHI was associated with a fivefold increase in the odds of
more severe CP compared with infants with unilateral PVHI. After controlling for
vasopressor use, infants with bilateral PVHI had a sevenfold increase in the odds of having
more severe CP. Whereas 64% of infants with unilateral PVHI had no CP or mild CP (Table
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4), 12% of infants with bilateral PVVHI had no CP or mild CP. The predominant form of CP
in infants with unilateral PVHI was hemiplegia; infants with bilateral PVVHI more often
exhibited diplegia or quadriplegia.

of Perinatal Variables With Outcomes in Infants With Unilateral PVHI

We examined variables that previously have been reported in the literature as being
associated with various neurodevelopmental outcomes to determine their importance in the
outcomes of our cohort with unilateral PVHI, in an attempt to differentiate between the 2
groups shown in Fig 1. The incidence of these variables in our group of infants is reported in
Table 5. Median MDI and MDI <70 were not associated with sepsis, indomethacin use,
patent ductus arteriosus ligation, NEC, dexamethasone use, shunt placement, or chronic lung
disease. The same was true of median PDI and PDI <70. There was a strong association
between ROP that required laser surgery and a lower median MDI (58 [IQR: 49-76] vs 83
[IQR: 73-96] in the nonlaser group; P = .006); therefore, a larger proportion of infants who
had ROP that required surgery had an MDI <70 compared with those who did not require
laser surgery (62% vs 23%; P = .007). In contrast, ROP that required laser surgery was not
associated with worse motor outcomes such as CP or low PDI in infants with unilateral
PVHI.

There was an association between NEC and moderate to severe CP (62% for infants with
NEC vs 28% for infants without NEC; P = .03). Infants with VP shunts and unilateral PVHI
had more moderate or severe CP (58% vs 24% in those without shunts; P = .02).

Vision impairment was associated with ROP, VP shunts, and VP shunt infections.
Specifically, 6% of infants without VP shunt developed vision impairment versus 37% of
those with a shunt (P = .005). When VP shunt infection was present in infants with
unilateral PVHI, 60% also developed vision impairments versus 7% in the noninfected
group (P <.001). ROP that required surgery was associated with vision impairment (30% vs
9% in group without ROP; P = .05). Seizure disorder was present only among infants with
VP shunts (37% vs 0% in the group without a VP shunt; P < .001). Seizure disorder was
more frequent in infants with ROP that required laser surgery (30% vs 3%; P = .006).

of Late CUS Findings With BSID Il Scores in Infants With Unilateral PVHI

The outcomes of infants with bilateral PVHI were uniformly poor, regardless of whether
they had PVL. In infants with unilateral PVHI, PVL was associated with lower MDI scores
(83 vs 49; P =.004) and with a larger proportion of infants with a MDI <70 (64% vs 24%; P
=.009). This association between PVL and neurodevelopmental assessment also held true
for the PDI, with infants with PVVL having lower median scores (49 vs 70; P = .04; Fig 2).
Infants with unilateral PVHI and PVL had higher rates of vision impairment (41% vs 6%; P
=.002) and were more likely also to have a seizure disorder (29% vs 6%; P = .01); however,
78% of infants with PVVL had moderate to severe CP versus 18% in the group without PVL.
There were no significant associations between specific neurodevelopmental outcomes and
the presence of a porencephalic cyst in infants with unilateral PVHI.
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Cognitive Outcome Prediction Model in Infants With PVHI

Among infants with PVHI, laterality of PVHI, ROP that required laser surgery, and PVL
were significant predictors of MDI status. Infants with bilateral PVHI had 93% probability
of an MDI <70 compared with only 36% for infants with unilateral PVHI. Among infants
with unilateral PVHI, the probability of an MDI <70 was 24% when the infant did not have
PVL and was 64% when the infant did. Finally, for infants without PVL, presence of ROP
that required surgery was associated with an increased probability of having an MDI <70.
This can be seen in the predictive flowchart for MDI <70 (Fig 3).

DISCUSSION

This is the largest study to date for which the primary goal was the comparison of outcomes
in unilateral versus bilateral PVHI. The results support the hypothesis that cognitive and
motor neurodevelopmental outcomes of preterm infants with unilateral P\VHI are more
favorable than those of infants with bilateral PVHI. Infants with unilateral lesions have
median cognitive scores that approach the mean for the general population. Two thirds of
infants with unilateral PVHI have CP, but in a majority of these infants, CP is mild.
Conversely, almost all infants with bilateral PVHI have very poor cognitive and motor
outcomes. A combination of early CUS findings, late neuroimaging, and clinical course may
help to predict more accurately the cognitive outcome of infants with unilateral PVHI.

In a previous study of 109 infants with PVHI, 67% had unilateral lesions but only 22 infants
had neurodevelopmental outcome evaluations. They were assessed at varying ages with
different standardized tests. The authors found that 6 of the 8 infants with localized
unilateral PVHI had normal cognitive function (using various assessments) as compared
with 2 of 6 in the bilateral group.1* Two other studies suggested that relatively few infants
with unilateral PVHI have severe cognitive sequelae.1?:26

We have identified 2 distinct groups of infants with unilateral P\VHI: one with cognitive
indices that approached average scores, and the other with profound delays. In a study of
intraparenchymal echodensities and echolucencies, the Extremely Low Gestational Age
Newborns (ELGAN) study group showed that ultrasonographic findings alone might not be
sufficient to predict cognitive outcome, although they are very good at predicting motor
outcome.2” This may be attributable to differences in the development of sensory and motor
tracks compared with the development of cortical organization. The inherent predictive
value of CUS may not be the issue but rather the imprecise characterization of severe IVH.

To differentiate between the 2 groups of infants with unilateral PVHI in our study, we
designed a predictive algorithm that was based on recent studies showing that clinical data
models may be more accurate than standard classification of CUS for predicting
outcomes.?® We found that the presence of PVL and ROP that required laser therapy greatly
increased the risk for poor cognitive outcome. A single radiologic classification scheme has
yet to offer a generalizable predictive model. Studies that describe standardized and detailed
classification of intraparenchymal hemorrhages may offer more precise information for
prognosis.22:29
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Not surprising, preterm infants with unilateral cortical lesions had better motor outcomes in
our study than did those with bilateral lesions. Studies of brain function after
hemispherectomy in older children and animal models suggested tremendous motor
plasticity of the cortex.30:31 They also confirmed that complex bilateral activities can be
reestablished after 1 side of the cortex is removed. This is attributable to greater adaptive
plasticity in a neonate than in a young child or an adult.32 The reorganization of cortical
circuits mediated by enhanced synaptic plasticity and pruning of synapses during early
childhood may account for motor and cognitive remodeling.33:34 For example, after
unilateral brain injury, lateralization of speech to the contralateral hemisphere follows hand
function lateralization as a result of neuronal injury.3° In our study of infants with unilateral
PVHI, many of these processes could account for some of the unexpected favorable
outcomes.

The results of this study provide information that will benefit parents and clinicians during
early decision-making for infants with PVHI. Consistent with other studies, our findings
suggest that the neurodevelopmental outcomes of extremely low birth weight infants are not
uniformly grim, even when severe intracranial injury has occurred.3¢ Conversely, children
with bilateral intraparenchymal injury almost always develop severe impairments. Our
results may be helpful in the early neonatal course, when parents must consider difficult
decisions about the direction of clinical care. The results of our study will also be helpful at
discharge from the nursery, when physicians must prepare a family for the challenges of
potential neurodevelopmental disability. The knowledge that a majority of infants with
PVHI will develop some form of CP may help parents advocate for early and aggressive
intervention services. The milder forms of CP and the frequency of hemiplegia should
motivate providers to take advantage of the first 3 years of life, when neural plasticity can be
optimized.3” Our algorithm for cognitive outcome prediction can also be used to advocate
for early developmental intervention services, including cognitive therapy.

This study has several limitations. Because of its retrospective nature, some of the outcomes
data were incomplete and socioeconomic data were missing, precluding the analysis of the
effect of maternal education on outcomes. The late imaging studies were in differing
modalities because of varying practices at the 3 participating centers. There were, however,
several advantages to including multiple centers in the same region of the state, including
the uniformity of early intervention and therapeutic services and of patient populations with
similar demographic characteristics. Although we had a single pediatric radiologist confirm
the presence of PVHI on early CUS, other studies have shown that it is not necessary to
discount the original CUS reading by a local pediatric radiologist.38:39

The implications of this study for neurodevelopmental predictive models of infants with
severe brain lesions are twofold. The detailed classification of early brain injury in preterm
infants studied in a prospective manner in a large population would be valuable. Additional
description of both unilateral and bilateral PVHI would likely help to differentiate and
predict outcomes. This would be meaningful in combination with an equally detailed late
imaging study such as MRI, involving classification systems for PVL and other forms of
white matter injury.449 Algorithms that combine both neuroimaging and clinical variables
could then be developed to predict outcomes of high-risk infants in the same way that this
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has been accomplished for prenatal variables.*! Finally, given the potential for plasticity of
the premature brain in the face of parenchymal lesions, there is a pressing need to design and
evaluate therapeutic modalities to rehabilitate preterm infants with severe white matter

injury.
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ABBREVIATIONS
PVHI periventricular hemorrhagic infarction
IVH intraventricular hemorrhage
PVL periventricular leukomalacia
VP ventriculoperitoneal
NEC necrotizing enterocolitis
ROP retinopathy of prematurity
CuUs cranial ultrasound
BSID Il Bayley Scales of Infant Development, Second Edition
MDI Mental Developmental Index
PDI Psychomotor Developmental Index
CP cerebral palsy
OR odds ratio
Cl confidence interval
IQR interquartile range
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Association between BSID Il scores and laterality of P\VHI. Shaded line represents the median. Dotted line represents a score of
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Assaciation between BSID Il scores and PVL in infants with unilateral PVVHI. Shaded line represents the median. Standardized
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TABLE 1
Patient Characteristics
Characteristic Unilateral PVHI  Bilateral PVHI P
(n=52) (n=17)

Referral center, % (n) 1002

A 38 (20) 47 (8)

B 54 (28) 29 (5)

c 8(4) 24 (4)
Race, % (n) 6002

White 45 (23) 29 (5)

Black 41 (21) 53 (9)

Hispanic 12 (6) 12(2)

Other 2(1) 6 (1)
Maternal age, mean (SD), yr 28.2 (6.8) 27.9 (6.8) _goob
Cesarean delivery, % (n) 56 (29) 65 (11) 5002
Chorioamnionitis, % (n) 27 (14) 29 (5) 8002
Abruption at birth, % (n) 17 (9) 12 (2) 6002
Antenatal steroids given, % (n) 60 (31) 53 (9) 6002
Born at level 1 or 2 hospital, % (n) 29 (15) 29 (5) 9992
Gestational age, mean (SD), wk 25.9 (1.6) 24.6 (1.3) ,005b
Birth weight, mean (SD), g 858 (215) 743 (200) .060b
Head circumference, mean (SD),cm  24.0 (2.1) 23.0(2.9) _070b
Female, % (n) 38 (20) 35 (6) 8002
Apgar at 5 min, median (IQR) 6 (4-7) 5(4-7) 300°
Vasopressor use, % (n) 70 (35) 65 (11) 7002
Hydrocortisone use % (n) 37 (19) 24 (4) 3002

aPearson test.

b .
Wilcoxon test.
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TABLE 2

Association of PVHI With Neurodevelopmental Outcomes

Parameter n  Unilateral PVHI  Bilateral PVHI P
(n=52) (n=17)
CP, % (n) 69 67 (35) 88 (15) 0902
CP severity, % (n) 69 <0012
None or mild 63 (33) 12 (2)
Moderate or severe 37 (19) 88 (15)
MDI, median (IQR) 62 82 (49-90) 49 (49-50) <|001b
MDI >70, %(n) 62 64 (30) 7() <0012
PDI, median (IQR) 61 53 (49-80) 49 (49-50) 020°
PDI >70, % (n) 61 43 (20) 7(1) 009?
Vision impairment, % (n) 68 17 (9) 31(5) 2002
Seizure disorder, % (n) 69 13 (7) 29 (5) 1002

a
Pearson test.

b .
Wilcoxon test.
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TABLE 3

Bilateral Versus Unilateral PVHI and Risk for Poor Neurodevelopmental Outcomes

Outcome  Unadjusted OR Adjusted OR
(95% ClI) (95% ClI)

MDI <70 247 (3.0-2046) 210 (2.5_177_3)a
PDI <70 10.7 (1.3-88.9) 9.4 (1.1_79.9)3

CPseverity  53(19-153)  g3g(23-203)°

Page 17

ORs and 95% Cls were determined by using logistic regression. CP severity was expressed as odds of having moderate or severe CP versus mild

CP or none.
a. . .
Adjusted for gestational age.

b, .
Adjusted for vasopressor use.
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TABLE 4

Characteristics of CP in Infants With PVHI

Characteristic Unilateral Bilateral

PVHI PVHI
(n=52) (n=17)
CP severity, % (n)
None 33(17) 12 (2)
Mild CP 31 (16) 0 (0)
Moderate CP 17 (9) 41 (7)
Severe CP 19 (10) 47 (8)
CP type, % (n)
None 33(17) 12 (2)
Hemiplegia 29 (15) 18 (3)
Diplegia 23(12) 41 (7)
Quadriplegia 12 (6) 24 (4)
Other® 4(2) 6 (1)

a . A . . .
Gross Motor Function Classification System score of 5 with global hypotonia or athetoid type CP.
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Perinatal Characteristics of Infants With PVHI

TABLE 5

Parameter, % (n) Unilateral PVHI  Bilateral PVHI  Pearson Test
(n=52) (n=17)
Indomethacin use 53 (27) 59 (10) .70
PDA ligation 25 (13) 29 (5) 70
Culture proven sepsis 56 (29) 59 (10) .80
NEC 25 (13) 47 (8) .09
Dexamethasone use 25 (13) 35 (6) 40
VP shunt placement 37 (19) 65 (11) .04
Shunt infection 19 (10) 24 (4) .70
ROP requiring surgery 38 (20) 53 (9) .30

PDA indicates patent ductus arteriosus.

Pediatrics. Author manuscript; available in PMC 2014 April 25.

Page 19



