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WHAT’S KNOWN ON THIS SUBJECT: Infants with birth defects are
more likely to be born preterm or with low birth weight and are
at higher risk of death.

WHAT THIS STUDY ADDS: This study describes the prevalence of
birth defects in a cohort of very low birth weight infants and
evaluates in-hospital surgical procedures, morbidity, and
mortality.

- J

OBJECTIVE: Birth defects (BDs) are an important cause of infant mor-
tality and disproportionately occur among low birth weight infants. We
determined the prevalence of BDs in a cohort of very low birth weight
(VLBW) infants cared for at the Eunice Kennedy Shriver National In-
stitute of Child Health and Human Development Neonatal Research
Network (NRN) centers over a 10-year period and examined the re-
lationship between anomalies, neonatal outcomes, and surgical care.

METHODS: Infant and maternal data were collected prospectively for
infants weighing 401 to 1500 g at NRN sites between January 1, 1998,
and December 31, 2007. Poisson regression models were used to com-
pare risk of outcomes for infants with versus without BDs while adjusting
for gestational age and other characteristics.

RESULTS: A BD was present in 1776 (4.8%) of the 37 262 infants in our
VLBW cohort. Yearly prevalence of BDs increased from 4.0% of infants
born in 1998 to 5.6% in 2007, P << .001. Mean gestational age overall was
28 weeks, and mean birth weight was 1007 g. Infants with BDs were
more mature but more likely to be small for gestational age compared
with infants without BDs. Chromosomal and cardiovascular anomalies
were most frequent with each occurring in 20% of affected infants.
Mortality was higher among infants with BDs (49% vs 18%; adjusted
relative risk: 3.66 [95% confidence interval: 3.41-3.92]; P < .001) and
varied by diagnosis. Among those surviving >3 days, more infants with
BDs underwent major surgery (48% vs 13%, P << .001).

CONCLUSIONS: Prevalence of BDs increased during the 10 years stud-
ied. BDs remain an important cause of neonatal morbidity and mortality
among VLBW infants. Pediatrics 2013;132:49—61
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In the United States, birth defects (BDs)
are a leading cause of infant mortality,
accounting for an estimated 20% of all
infant deaths.! Population-based epi-
demiologic data demonstrate an as-
sociation between preterm birth or
low birth weight and various BDs.2-8
The extent to which BDs may impact
neonatal morbidity and mortality as-
sociated with preterm delivery remains
unclear. Improved understanding of the
frequency of BDs and outcomes in pre-
mature or low birth weight infants may
help guide medical decision-making
and counseling to families of affected
newborns. We described the prevalence
of BDs in a cohort of very low birth
weight (VLBW) infants hospitalized at
centers of the Eunice Kennedy Shriver
National Institute of Child Health and
Human Development (NICHD) Neonatal
Research Network (NRN) over a 10-year
period and examined the impact of
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anomalies on outcomes and surgical
care.

METHODS

Infants weighing 401 to 1500 g born
January 1, 1998, through December
31, 2007, at NRN centers or admitted
within 14 days of birth were studied.
Maternal demographic, pregnancy,
and delivery information and infant
data collected from birth to dis-
charge, death, or 120 days were en-
tered into the NRN registry of VLBW
infants.® This was the longest recent
period during which information
about BDs was collected consistently
and before a change in registry eli-
gibility in 2008. For infants still hos-
pitalized at 120 days, a limited set of
clinical outcomes occurring after 120
days was entered in the registry in-
cluding discharge date or death up
to 1 year of age. The registry was
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approved by the institutional review
board at each center.

Infant data included birth weight
(BW), gestational age (GA), gender,
race/ethnicity, mode of delivery, re-
ceipt of antenatal steroids, final sta-
tus, and cause of death. Small for GA
(SGA) was defined as BW <10th per-
centile for gender and GA based on
Alexander percentiles.’® Morbidities
diagnosed during the initial hospital
stay were recorded for infants sur-
viving >12 hours, including patent
ductus arteriosus (PDA), modified
Bell’s stage = IIA necrotizing entero-
colitis (NEC),""12 respiratory distress
syndrome (RDS) defined based on
clinical features and oxygen or re-
spiratory support for > 6 hours of
the first 24 hours, late-onset sepsis
(LOS; >72 hours) defined by positive
culture and antibiotic therapy =5 days,

2005 2006 2007

Percent of VLBW infants in the NRN with a major BD by birth year among infants whose mothers were <35 years old vs 35 years or older.
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severe (grade 3 or 4) intracranial
hemorrhage (ICH) classified by Papile
criteria,'s periventricular leukomalacia
(PVL), retinopathy of prematurity (ROP),
and bronchopulmonary dysplasia (BPD)
based on need for supplemental oxygen
at 36 weeks postmenstrual age (PMA).

Major BDs were recorded by using codes
fromapredefinedlistinthe study manual
of operations with defects not listed
described in text fields.® Specific infor-
mation was also entered in a text field
for deaths attributed to BDs. Information
from the defined codes and text fields
was used to classify each infant with
a major BD into 1 of the following cate-
gories modeled on those reported by
Suresh et al'* for the Vermont Oxford
Network (VON): chromosomal anoma-
lies; named syndromes, sequences, and
associations; 1 or more major BD of a
single organ system (nervous system,
cardiovascular, gastrointestinal, genito-
urinary, bone and skeletal, miscellaneous
single system anomalies); inborn errors
of metabolism; and other multiple sys-
tem anomalies. Each infant was assigned
to 1 category only. Infants with anomalies
in more than 1 category were classified
into 1 category in the following order:
chromosomal anomaly, named con-
ditions, and other multiple system
anomalies. Hydrops fetalis (43 cases)
and oligohydramnios sequence (33
cases) were not counted as major BDs
for this analysis, which contrasts with
the VON report that included these con-
ditions under named syndromes, se-
quences, and associations. Conditions
not counted as BDs for this analysis are
shown in the Appendix.

Statistical Analysis

Characteristics and outcomes were
compared for infants with and without
BDs. Statistical significance for un-
adjusted comparisons was determined
by X2 or Fisher’s exact test for categori-
cal variables and Wilcoxon test for con-
tinuous variables. Kaplan-Meier survival
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curves were used to estimate median
length of hospital stay (time from birth to
discharge with deaths treated as cen-
sored observations) with statistical sig-
nificance between groups determined by
the log-rank test.

Adjusted analyses were conducted by
using Poisson regression models with
robust variance estimators to assess

ARTICLE

trends in prevalence of infants with
major BDs over the study period, risk
for BDs associated with neonatal char-
acteristics, and risk of death and mor-
bidities for infants with and without
BDs.™s Linear trends in prevalence were
assessed by including birth year as
a continuous variable, along with study
center, mother’s age, race/ethnicity, and

TABLE 1 Characteristics of VLBW Infants in the NRN Cohort Born in 1998—2007

Characteristic® All infants, Infants With BDs, Infants Without BDs, pP
N = 37 262 N=1776 N = 35486
Maternal age, y
Mean (SD) 27.0 (6.7) 280 (7.1) 27.0 (6.7) .007
Category, n (%)
<25 14 869 (40) 685 (39) 14184 (40) —
2529 8677 (23) 407 (23) 8270 (23) —
30-34 7887 (21) 326 (18) 7561 (21) —
35-39 4546 (12) 259 (15) 4287 (12) —
40+ 1263 (3) 99 (6) 1164 (3) —
Antenatal steroids, n (%) 27501 (74) 1093 (62) 26 408 (75) <.001
Cesarean delivery, n (%) 22 337 (60) 1122 (63) 21215 (60) .005
Multiple birth, n (%) 9573 (26) 328 (18) 9245 (26) <.001
GA, wk
Mean (SD) 28 (3.1) 29 (3.5) 28 (3.0) <.001
Category, n (%)
<22 377 (1) 20 (1) 357 (1) —
22-24 6051 (16) 148 (8) 5903 (17) —
25-28 15531 (42) 583 (33) 14 948 (42) —
29-32 13158 (35) 740 (42) 12418 (35) —
33+ 2135 (6) 284 (16) 1851 (5) —
SGA, n (%) 7731 (21) 702 (40) 7029 (20) <.001
SGA by GA category, % <.001
<22 0 0 0 —
22-24 4 4 4 —
25—-28 8 14 8 —
29-32 31 45 30 —
33+ 100 100 100 —
BW, g
Mean (SD) 1007 (304) 1057 (294) 1004 (305) <.001
Category, n (%)
401-750 9526 (26) 325 (18) 9201 (26) —
751-1000 8546 (23) 422 (24) 8124 (23) —
1001-1250 8985 (24) 467 (26) 8518 (24) —
1251-1500 10205 (27) 562 (32) 9643 (27) —
Boy, n (%) 18934 (51) 842 (47) 18092 (51) .004
Race/ethnicity, n (%) <.001
Non-Hispanic black 14 249 (38) 534 (30) 13715 (39) —
Non-Hispanic white 14 962 (40) 787 (45) 14175 (40) —
Hispanic 6317 (17) 367 (21) 5950 (17) —
Other 1630 (4) 77 (4) 1553 (4) —
Outborn, n (%) 4315 (12) 336 (19) 3979 (11) <.001
Apgar = 3 at 1 min, n (%) 11748 (32) 791 (45) 10957 (31) <.001
Apgar = 3 at 5 min, n (%) 4230 (12) 369 (21) 3861 (11) <.001

a|nformation was missing for maternal age: 20 infants; antenatal steroids: 181; cesarean delivery: 29; multiple birth: 1; GA: 10;
SGA: 10; gender: 4; race: 104; Apgar at 1 minute: 519; Apgar at 5 minutes: 504.

b Pyalue for a test between infants with BDs versus no BDs by the Wilcoxon test (means for maternal age, BW, GA), Fisher’s
exact test, or the Cochran-Mantel-Haenszel )(z test (SGA controlling for GA). Tests assessed differences in the distribution of
each characteristic overall. P values for differences in the categorical distributions of maternal age, BW, and GA are not
shown, and tests between individual categories (eg, Non-Hispanic black) of characteristics categorized as more than two

levels were not performed (as indicated by dashes).
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outborn status in a model with a binary
BD indicator as the dependent variable.
Models used to assess risk of BDs in-
cluded effects for the characteristics of
interest as noted in the table footnote.
Models comparing outcomes between
infants with and without BDs included
a binary BD indicator along with effects
for study center, GA, SGA, gender, and
race (categories described in table
footnotes). Two separate models were
used to assess whether risk of death
varied by race/ethnicity or over time in
the subset of infants with BDs. Both
models in this subset included effects
for study center, GA, SGA, gender, race/
ethnicity, and birth year, with an in-
teraction term between racial group
and birth year included in 1 model to
assess whether yearly trend in mortal-
ity varied by race/ethnicity. Adjusted
relative risks (RRs), 95% confidence
intervals (Cls), and Score or Wald x?
tests from these models are reported.
Statistical testing was considered
hypothesis generating and therefore
Pvalues were not adjusted for multiple
comparisons.

RESULTS
Study Population

Between January 1, 1998, and December
31, 2007, 37 262 VLBW infants were
born at or admitted to 1 of 22 NRN
study centers and included in the
registry. A major BD was reported for
1776 (4.8% overall; 3.1% to 11.3% of
infants at individual centers). Over
the 10-year period, the proportion of
infants with BDs each year ranged
from 4.0% in 1998 to 5.6% in 2007,
with an increasing linear trend
across the years (adjusted RR for
yearly trend: 1.03 [95% Cl: 1.01-1.05],
P =.002). Results were similar in the
subset of 11 centers that enrolled
infants in all 10 years. The increase in
prevalence was seen among mothers
35 years and older, as well as those
under 35 (no difference between
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groups, P= .31, Fig 1). The proportion
of infants born with a cardiovascular
defect increased but remained low,
ranging from 0.7% in 1998 to 1.3% in
2007 (adjusted RR for yearly trend:
1.05 [1.01-1.09], P = .02; results sim-
ilar in the subset of 11 centers). Sta-
tistically significant changes were not
found over the period in the pro-
portions of infants born with BDs in
the chromosomal, nervous system,
gastrointestinal, and genitourinary
anomaly categories. We were unable
to evaluate trends over time for spe-
cific anomalies within a category due
to limited numbers of cases.

Infants studied were nearly all pre-
mature (<37 weeks GA, 99.8%) and
had mean GA of 28 weeks and mean
BW of 1007 g (Table 1). In this cohort
defined by BW, the proportion of SGA
infants increased with increasing GA.
Infants with BDs weighed more at
birth than infants without BDs (1057
vs 1004 ¢, P < .001), were born at
later GA (mean: 29 vs 28 weeks, P <
.001), and a greater proportion were
SGA (40% vs 20%, P << .001). The
proportion of infants born with
a major BD was higher for mothers
=35 years of age than for those <25
(Table 2), especially for mothers =40

TABLE 2 Frequency and Risk of Major BDs by Infant Characteristics

Characteristic® N Infants With a BD, n (%) Adjusted RR for BDs (95% cn® pP®
Maternal age, y <.001
40+ 1263 99 (7.8) 1.70 (1.40-2.08) —
35-39 4546 259 (5.7) 1.25 (1.09-1.44) —
3034 7887 326 (4.1) 0.94 (0.82—1.07) —
25-29 8677 407 (4.7) 1.03 (0.92—-1.17) —
<25 14 869 685 (4.6) 1.0 —
Multiple birth <.001
Yes 9573 328 (3.4) 0.66 (0.59-0.75) —
No 27 688 1448 (5.2) 1.0 —
BW, g <.001
401-500 1556 59 (3.8) 0.66 (0.50-0.86) —
501-750 7970 266 (3.3) 0.61 (0.53-0.71) —
751-1000 8546 422 (4.9) 0.91 (0.80-1.03) —
1001-1250 8985 467 (5.2) 0.97 (0.86—1.09) —
1251-1500 10205 562 (5.5) 1.0 —
GA, wk <.001
<25 6428 168 (2.6) 0.36 (0.29-0.45) —
2528 15531 583 (3.8) 0.55 (0.46-0.65) —
29-32 13158 740 (5.6) 0.72 (0.62-0.83) —
33+ 2135 284 (13.3) 1.0 —
SGA <.001
Yes 7731 702 (9.1) 1.80 (1.59-2.03) —
No 29 521 1073 (3.6) 1.0 —
Boy 01
Yes 18934 842 (4.4) 0.89 (0.81-0.97) —
No 18 324 932 (5.1) 1.0 —
Race/ethnicity <.001
Non-Hispanic black 14249 534 (3.7) 0.68 (0.60-0.78) —
Hispanic 6317 367 (5.8) 1.07 (0.92—-1.23) —
Other 1630 77 (4.7) 0.86 (0.67—1.09) —
Non-Hispanic white 14962 787 (5.3) 1.0 —

a Information was missing for maternal age: 20 infants; multiple birth: 1; GA: 10; SGA: 10; gender: 4; race: 104.

b RRs, Cls, and Pvalues by the Score X2 test from a modified Poisson regression model that included study center, maternal
age (categories shown), GA (categories shown), SGA, gender, race (categories shown), multiple birth, cesarean delivery,
antenatal steroids, and outborn status. GA and SGA were replaced with BW (categories shown) for estimation of RRs
associated with BW. The Score test provides an overall test of association between the characteristic and risk of birth
defects. For characteristics with two levels (eg, multiple birth), the Pvalue corresponds to statistical significance for the RR
shown. Dashes visually define the rows. For characteristics categorized as more than two levels, dashes are shown to
indicate that Pvalues for the pairwise comparisons represented by the relative risks are not shown. Statistically significant
RRs are indicated by confidence intervals that do not include 1.0.



years (7.8% vs 4.6%; adjusted RR: 1.70
[1.40-2.08]). A smaller percent of non-
Hispanic black than non-Hispanic white
infants had BDs (3.7% vs 5.3%; adjusted
RR: 0.68 [0.60-0.78]).

Types of Birth Defects

Chromosomal and cardiovascular ano-
malies were the most frequent types of
BDs with each occurring in ~20% of the
1776 infants affected (Table 3). Nervous
system, gastrointestinal, genitourinary,
and other multiple system anomalies
were each seen in 10% to 13%, whereas
other types each accounted for <<6% of
infants with major BDs.

Mortality

Overall, 7361 (20%) ofthe 37 262 VLBW
infants died before discharge. Sub-
stantially more infants with than
without a major BD died (49% vs 18%;
adjusted RR: 3.66 [95% Cl: 3.41-3.92],
P < .001), and this relationship was
consistent among all but the smallest
and most premature infants (Table 4).
Respiratory support was withheld or
withdrawn between birth and 24 hours
for 21% of infants with BDs and 7% of
those without BDs, P << .001 (infants
born 1998-2005; data not collected
2006—2007). Median age at death was
day 3 after hirth for infants with a BD
who died (25th—75th percentiles: days
1-20). Coded cause of death was con-
genital malformation for 95% of infants
with BDs who died within 12 hours after
birth, whereas immaturity was the
coded cause for 75% of infants without
BDs who died early. Of those who died
>12 hours to 7 days after hirth, the
most frequent cause of death was con-
genital malformation (80%) for infants
with a BD compared with RDS with or
without other conditions (52%) for
infants without a major BD.

Among VLBW infants with BDs, no
significant difference was found inthe
risk of death for non-Hispanic black
infants compared with non-Hispanic
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TABLE 3 Type and Frequency of BDs and Mortality by Type Among VLBW Infants in the NRN Cohort

Born in 1998-2007

ARTICLE

Category No. % of BDs" n (%) Who Died
Before Discharge
Chromosomal anomalies
Trisomy 13 34 — 30 (88.2)
Trisomy 18 102 — 92 (90.2)
Trisomy 21 (Down syndrome) 96 — 38 (39.6)
Turner syndrome 10 — 3 (30.0)
Triploidy 17 — 16 (94.1)
22q deletion 12 — 7 (58.3)
Klinefelter syndrome 5 — 0 (0)
Wolf-Hirschhorn syndrome 4 — 2 (50.0)
Other chromosomal abnormalities 75 — 30 (40.0)
Total 355 20.0 218 (61.4)
Named syndromes, sequences, and associations® 84 47 37 (44.0)
Nervous system
Anencephaly 27 — 27 (100)
Meningomyelocele = hydrocephalus 17 — 5(29.4)
Congenital hydrocephalus 20 — 12 (60.0)
Hydranencephaly 5 — 4 (80.0)
Holoprosencephaly 11 — 7 (63.6)
Myotonic dystrophy/myopathy 7 — 4(57.1)
Spina bifida 5 — 4 (80.0)
Other nervous system anomalies 79 — 34 (43.0)
Total 171 9.6 97 (56.7)
Cardiovascular®
Tetralogy of Fallot = pulmonary atresia 38 — 16 (42.1)
Transposition of great vessels 19 — 7 (36.8)
Pulmonary atresia 9 — 4 (44.4)
Truncus arteriosus 6 — 3 (50.0)
Total anomalous pulmonary venous return 5 — 2 (40.0)
HLHS 19 — 16 (84.2)
Interrupted aortic arch 7 — 1(14.3)
Coarctation of aorta 23 — 7 (30.4)
Complete atrioventricular canal 8 — 1(12.5)
Single ventricle 1 — 1(100)
Double outlet right ventricle 10 — 5 (50.0)
Tricuspid atresia 1 — 1(100)
Other single cardiovascular anomalies 132 — 27 (20.5)
Multiple cardiovascular anomalies 87 — 38 (43.7)
Total 365 20.6 129 (35.3)
Gastrointestinal anomalies
Esophageal atresia and/or tracheoesophageal 48 — 12 (25.0)
fistula
Duodenal/jejunal/ileal atresia 39 — 8 (20.5)
Atresia of large bowel or rectum 2 — 0 (0)
Imperforate anus 9 — 0 (0)
Gastroschisis 44 — 16 (36.4)
Omphalocele 22 — 11 (50.0)
Diaphragmatic hernia 22 — 19 (86.4)
Other gastrointestinal anomalies 54 — 16 (29.6)
Total 240 13.5 82 (34.2)
Genitourinary
Bilateral renal agenesis 43 — 43 (100
Bilateral polycystic, multicystic, or dysplastic 29 — 20 (69.0)
kidneys
Obstructive uropathy with congenital 31 — 9 (29.0)
hydronephrosis
Exstrophy of the urinary bladder 3 — 1 (33.3)
Other genitourinary anomalies 65 — 26 (40.0)
Total 171 9.6 99 (57.9)
Bone and skeletal anomalies 37 2.1 19 (51.4)
Miscellaneous single system anomalies® 7 43 24 (31.2)
53



TABLE 3 Continued

Category No. % of BDs" n (%) Who Died
Before Discharge
Inborn errors of metabolism 38 2.1 8 (21.1)
Other multiple system anomalies 238 13.4 165 (69.3)
Total 1776 100.0 878 (49)

a Named syndromes, sequences, and associations include the following: adducted thumb syndrome (1), amniotic band
syndrome (8), Alagille syndrome (1), Apert syndrome (2), Baller-Gerold syndrome (1), Bart syndrome (1), Beals syndrome (1),
Beckwith-Wiedemann syndrome (5), branchiootorenal (BOR) syndrome (1), caudal regression syndrome (2), CHARGE syn-
drome (2), Cornelia de Lange syndrome (10), Ehlers-Danlos syndrome (1), Fanconi syndrome (1), Fryns syndrome (2),
Goldenhar syndrome (9), Goltz syndrome (1), Holt-Oram syndrome (1), Hurler syndrome (1), Jarcho Levin syndrome (1),
Larsen’s syndrome (1), Meckel-Gruber syndrome (3), Miller-Dieker syndrome (1), Moebius syndrome (1), Nager syndrome
(1), Neu-Laxova syndrome (1), Noonan syndrome (2), Opitz syndrome (2), Pena-Shokeir syndrome (4), Peters plus syndrome
(1), Pierre Robin syndrome (5), Poland syndrome (1), Roberts syndrome (1), Saethre-Chotzen syndrome (1), Smith-Lemli-
Opitz syndrome (1), Stickler syndrome (1), thrombocytopenia-absent radius (TAR) syndrome (1), Townes-Brocks syndrome
(1), Treacher Collins syndrome (1), and Waardenburg syndrome (2).

b Thirty-three infants born in 2006—2007 who had an anomaly coded “other congenital heart defects” were counted in the
“other single cardiovascular anomalies” category. It was not possible to determine whether a single cardiovascular anomaly
was present or multiple cardiovascular anomalies were present because a descriptive text field was not available during
these 2 years.

¢ Includes cleft palate (36 infants), congenital cystic adenomatoid malformation, and other anomalies.

d Percents are shown for each category of birth defects overall. Dashes indicate that percents for individual birth defects
within category are not shown.

TABLE 4 Risk of Death for VLBW Infants in the NRN Cohort Born in 1998—2007 With and Without

a Major BD
Infants With BDs, Infants Without BDs, Adjusted RR for Death p?
N=1776 N = 35486 (95% Cl) BD Versus No BD®
Survived 898 (51) 29003 (82)
Died 878 (49) 6483 (18) 3.66 (3.41-3.92) <.001
Died =12 h 326 (18) 2401 (7) 3.83 (3.37—4.36) <.001
Died = 3 d° 460 (26) 3421 (10) 3.77 (3.40-4.19) <.001
Deaths by BW, g
401-500 51 (86) 1249 (83) 1.06 (0.94-1.19) 37
501-750 177 (67) 3520 (46) 1.46 (1.33-1.59) <.001
751-1000 203 (48) 1102 (14) 3.48 (3.10-3.90) <.001
1001-1250 210 (45) 411 (5) 9.22 (8.02-10.60) <.001
1251-1500 237 (42) 201 (2) 20.07 (16.94-23.79) <.001
Deaths by GA, wk
<22 20 (100) 354 (99) 0.98 (0.91-1.06) 59
20-24 114 (77) 3632 (62) 1.24 (1.12-1.37) <.001
25-28 297 (51) 2127 (14) 3.39 (3.10-3.70) <.001
29-32 318 (43) 343 (3) 14.07 (12.28-16.11) <.001
33+ 128 (45) 24 (1) 35.58 (23.21-54.57) <.001

a RRs, Cls, and P values by the Score XQ test for the overall cohort from modified Poisson regression models that included
study center, GA (<22, 2224, 25-28, 29-32, 33+), SGA, male gender, race/ethnicity (non-Hispanic black, non-Hispanic white,
Hispanic, other), and the BDs indicator. RRs, Cls, and P values by the Wald )(2 for each GA group from a similar model that
included effects for the interaction of GA group and the BDs indicator. BW was substituted for GA and SGA in the model
examining deaths by BW, which also included effects for the interaction between BW group and the BDs indicator.

b Timing of death after 12 h could not be determined for 1 infant with a BD due to missing date of death.

white infants (adjusted RR: 1.0 [0.88—
1.13], P=.98). However, risk of death
was increased for Hispanic compared
with non-Hispanic white infants with
BDs (adjusted RR: 1.18 [1.03—1.35], P =
02). Over the 10-year period, the pro-
portion of infants with BDs who died
each year decreased somewhat (ad-
justed RR for linear trend: 0.98 [0.96—
0991, P=.01). The mortality rate varied
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from 56% of those with BDs in 1998 to
49% in 2007, and the change in mortality
over time did not differ significantly by
racial group (adjusted P = .51).

More than half of infants with chromo-
somal (61%), nervous system (57%),
genitourinary (58%), bone and skeletal
(51%), and other multiple system anom-
alies (69%) died before discharge
(Table 3). Death rates varied considerably

within category depending on the spe-
cific anomaly. For example, 92/102 (90%)
VLBW infants with Trisomy 18 died before
discharge compared with 38/96 (40%)
with Trisomy 21. Among infants with
cardiovascular anomalies, deaths rates
varied from 12.5% to 100%. Infants with
single ventricle physiology had the
highest mortality, including 84% mor-
tality among those with HLHS.

In-Hospital Morbidities and
Surgeries

Morbiditiesand major surgerieswere
reviewed for the 33 380 infants who
survived more than 3 days after birth.
Infants with BDs were at increased
risk for PDA (adjusted RR: 2.01 [95%
Cl: 1.89-2.13]), RDS, NEC, and LOS
compared with those without BDs
(Table 5). Rates of PDA, RDS, NEC, and
LOS were similar among infants who
survived more than 14 days. No sig-
nificant difference was found in the
proportion of infants with BDs who
were diagnosed with NEG by type of
BD category, P = .63. PDA alone was
not counted as a BD (see the Appen-
dix). However, the proportion of
infants with PDA varied by type of BD
(P <.001) ranging from 29% of those
with bone and skeletal anomalies to
98% with a chromosomal anomaly,
99% with a cardiac defect, and 63%
with multiple system anomalies. Most
infants (94%) had a cranial sonogram
within 28 days of birth. The adjusted
risk for severe ICH, and for PVL, was
increased for infants with BDs.

Among the 28517 (85%) infants still
hospitalized at 28 days, 81% had a ROP
examination. ROP was diagnosed in 42%
of infants with BDs and in 47% of those
without, with stage 3 or higher di-
agnosed in ~10% in each group. After
adjusting for GA and other character-
istics, risk for ROP was somewhat in-
creased for infants with BDs. Among
30 257 infants born <36 weeks PMA
who survived to 36 weeks and were



TABLE 5 Risk of In-Hospital Morbidities for VLBW Infants in the NRN Cohort Born 1998—2007 With
and Without a Major BD Who Survived > 3 Days

Outcome, N (%)° Infants Infants Adjusted RR for Morbidity pP
With BDs ~ Without BDs  (95% Cl) BD Versus No BD®

Infants who survived > 3 d N=1315 N = 32065 — —

PDA 686 (52) 10394 (32) 2.01 (1.89-2.13) <.001

RDS 1008 (77) 24 266 (76) 1.16 (1.13—-1.20) <.001

NEG 135 (10) 2492 (8) 1.59 (1.35—1.88) <.001

LOS 375 (29) 7609 (24) 1.53 (1.41-1.67) <.001
Infants who had a cranial sonogram N=1196 N = 30094 — —

within 28 d°

Severe ICH 136 (11) 3253 (11) 1.41 (1.20—1.65) <.001
Infants with a cranial sonogram within N = 1220 N = 30351 — —

28 d and/or closest to 36 wk PMA

PVL 67 (5 1163 (4) 1.71 (1.35-2.17) <.001
Infants with sufficient information N=1194 N=30078 — —

to include in analysis®

Severe ICH or PVL 174 (15) 3788 (13) 1.50 (1.30-1.72) <.001
Infants still in the hospital at 28 d N=2819 N=22414 — —_

who had a ROP examination

ROP 344 (42) 10519 (47) 1.12 (1.04—1.21) .003

ROP stage 3 or higher 78 (10) 2563 (11) 1.25 (1.02—1.53) .05
Infants born <36 wk GA who were N=1016 N=29241 — —

evaluated for BPD

BPD 463 (46) 8185 (28) 1.93 (1.79-2.08) <.001

a|nformation was missing for PDA: 9 infants; RDS: 45; NEC: 5; LOS: 32; ICH: 21; PVL: 12; ICH or PVL: 299; ROP: 4; ROP stage 3+: 16;
BPD: 135 infants. The majority with missing information were infants with no major BD. One infant with a BD who died with

unknown death date was excluded from survivors >3 d.

b RRs, Cls, and Pvalues by the Score test from modified Poisson regression models fit to each outcome that included study
center, GA (<25, 25-28, 29-32, 33+), SGA, male gender, race (African American, non-African American), and the BD indicator.
On rows showing numbers of infants, adjusted RRs and Pvalues are not applicable and are not shown as indicated by dashes.
cSevere ICH was defined as grade 3 or 4 and was diagnosed based on the cranial sonogram taken within 28 days of birth with

the most severe results.

dPVL was determined based on a sonogram taken within 28 days of birth and/or a sonogram taken closest to 36 weeks PMA

(specified as after 28 days beginning in 2006).

¢ Percents were based on infants with nonmissing ICH and PVL outcomes, except that a diagnosis of either condition was
sufficient to set the outcome to yes. Thus, percents were based on a sonogram taken within 28 days of birth and/or
a sonogram taken closest to 36 weeks PMA (specified as after 28 days beginning in 2006).

fBPD was defined for infants born <36 weeks’ GA as the need for supplemental oxygen use at 36 weeks PMA. For infants
discharged or transferred before 36 weeks PMA, BPD was defined based on oxygen use at 36 weeks if known, or oxygen use at

the time of discharge or transfer.

evaluated, the proportion with BPD was
higher among those with BDs (46% vs
28%; adjusted RR: 1.93 [95% Cl: 1.79—
2.08]).

Excluding surgery for PDA, NEC, and
ROP, major surgery was more com-
mon in infants who survived >3 days
with a BD than in those without (48%
vs 13%, P < .001). Among infants who
had major surgery, those with BDs
were more likely to have multiple
procedures. The proportions with 1,
2,and 3+ surgery codes recorded are
as follows: BDs: 42%, 28%, 30% vs No
BDs: 59%, 19%, 22%; P < .001. Sur-
gery was most common for those
with Gl anomalies (89%), and multiple
system anomalies (64%), and lowest
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for those with inborn errors of me-
tabolism (22%; Table 6). The percent
of infants who underwent surgery var-
ied within each BD category. For exam-
ple, surgery was performed for 3 of 13
(23%) infants with HLHS who survived
>3 days, whereas 16/22 (72%) with
coarctation of the aorta had surgery.
Most surgical procedures were related
to the underlying BDs; however, 32
infants in our cohort had a tracheos-
tomy performed, and 4 infants had
peritoneal dialysis.

Mediantime to discharge was 85 days for
infants with major BDs (25th—75th per-
centiles: 58—128 days) compared with 62
days for infants without BDs (25th—75th
percentiles: 41-90 days), P << .001.
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DISCUSSION

BDs continue to be a leading cause of
infant death in the United States.! In our
cohort, VLBW infants with BDs had 3
times the risk of death compared with
their peers without BDs. The risk was
most exaggerated among those with
higher BW for whom neonatal survival
rates are typically high. The increased
risk for neonatal morbidity, including
RDS, BPD, NEG, and severe ICH, likely
impacts the overall risk of death in these
infants.

In our cohort of over 37 000 VLBW in-
fants, the prevalence of BDs was 4.8%,
which is higher than the 3% prevalence
reported among all births in the Cen-
ters for Disease Control and Prevention
registry data. Additionally, during the
10-year study period, we found a signif-
icant increase in the prevalence of BDs
from 4.0% of infants born in 1998 to
0.6% in 2007. Horbar et al'® recently
reported a similar increase in rate of
BDs in the VON database from 4.3% in
2000 to 5.1% in 2009. This increase may
represent ascertainment bias, as rates
of overall survival and options for sur-
gical interventions have increased over
time for VLBW infants. Although it
appears that the pregnancies in our
cohort were being actively managed
based on the frequency of antenatal
steroid use and operative delivery (Ta-
ble 1), we have no data on whether
prenatal diagnosis may have affected
pregnancy or neonatal management
and outcomes. Trends in increasing
maternal age and the frequency of ma-
ternal conditions associated with an
increased risk of BDs may have also
affected changes in prevalence.

Chromosomal and cardiovascular
anomalies occurred most frequently
in our VLBW cohort, each accounting
for 20% of the infants with BDs.
The proportion with chromosomal
anomalies was also 20% among
infants with BDs born at VON centers
in 1994 and 1995,° but the proportion
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reported with cardiovascular defects
was smaller than at NRN sites (11%vs
20.6%). Neonates with BDs are more
likely to have a screening echocar-
diogram, which may contribute to the
increased frequency of congenital
heart disease seen in these patients.
However, these findings are impor-
tant because only clinically signifi-
cant defects were included in this
analysis and itis unlikely that criteria
for screening changed significantly
during the study period.

Mortality varied considerably in our
cohortdepending ontype of defect. VLBW
infants with Trisomy 13 and Trisomy 18
were likely to die before hospital dis-
charge. Interestingly, in our cohort, 4
infants (12%) with Trisomy 13 and 10
infants (10%) with Trisomy 18 were
discharged from the hospital alive.
Similarly, Boghossian et al'” reported
that 7.6% of infants with Trisomy 13 and
11% with Trisomy 18 at VON centers
survived until hospital discharge. Major
surgical procedures were performed
on 2 neonates with Trisomy 13 who were
discharged from the hospital; however,
it is unknown if these procedures im-
proved survival after hospital dis-
charge. In contrast, the 2 infants in our
cohort with Trisomy 18 who had surgi-
cal procedures died before hospital
discharge. Although term infants with
Trisomy 21 typically survive beyond
hospital discharge, 40% of VLBW infants
in our cohort with Trisomy 21 died be-
fore discharge. In an earlier NRN report,
VLBW infants with Trisomy 21 and
a congenital heart or gastrointestinal
anomaly had nearly twice the risk of
death compared with infants with Tri-
somy 21 who did not have these
defects.'8

Although mortality rates related to con-
genital heart defects have trended
downward over the past decade, mor-
tality from heart defects is higher among
low BW infants.'®-2" Cardiovascular de-
fect specific mortality rates in our cohort
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TABLE 6 Frequency of Major Surgery by Type of BD Among VLBW Infants in the NRN Cohort

Born in 1998-2007 Who Survived > 3 Days

Category No. n (%) Who Had Major Surgery
Before Discharge®
Chromosomal anomalies
Trisomy 13 13 3(23.1)
Trisomy 18 49 2 (4.1)
Trisomy 21 (Down syndrome) 87 36 (41.4)
Turner syndrome 9 2(222)
Triploidy 9 1(11.1)
22q deletion 12 7 (58.3)
Klinefelter syndrome 5 1(20.0
Wolf-Hirschhorn syndrome 4 1 (25.0)
Other chromosomal abnormalities 66 22 (33.3)
Total 254 75 (29.5)
Named syndromes, sequences, and associations® 65 30 (46.2)
Nervous system
Anencephaly 0 —
Meningomyelocele * hydrocephalus 15 13 (86.7)
Congenital hydrocephalus 16 8 (50.0)
Hydranencephaly 3 0(0)
Holoprosencephaly 7 0(0)
Myotonic dystrophy/myopathy 7 3 (42.9)
Spina bifida 1 1(100)
Other nervous system anomalies 63 24 (38.1)
Total 112 49 (43.8)
Cardiovascular®
Tetralogy of Fallot = pulmonary atresia 37 15 (40.5)
Transposition of great vessels 15 11 (73.3)
Pulmonary atresia 9 3 (33.3)
Truncus arteriosus 3 0 (0)
Total anomalous pulmonary venous return 4 1(25.0)
HLHS 13 3 (23.1)
Interrupted aortic arch 7 3(429)
Coarctation of aorta 22 16 (72.7)
Complete atrioventricular canal 7 2 (28.6)
Single ventricle 0 —
Double outlet right ventricle 10 5 (50.0)
Tricuspid atresia 0 —
Other single cardiovascular anomalies 121 34 (28.1)
Multiple cardiovascular anomalies 75 38 (50.7)
Total 323 131 (40.6)
Gastrointestinal anomalies
Esophageal atresia and/or tracheoesophageal fistula 42 39 (92.9)
Duodenal/jejunal/ileal atresia 39 37 (94.9)
Atresia of large bowel or rectum 2 2 (100)
Imperforate anus 9 8 (88.9)
Gastroschisis 38 36 (94.7)
Omphalocele 17 13 (76.5)
Diaphragmatic hernia 7 5(71.4)
Other gastrointestinal anomalies 51 43 (84.3)
Total 205 183 (89.3)
Genitourinary
Bilateral renal agenesis 0 —
Bilateral polycystic, multicystic, or dysplastic 15 4 (26.7)
kidneys
Obstructive uropathy with congenital 29 13 (44.8)
hydronephrosis
Exstrophy of the urinary bladder 2 1(50.0)
Other genitourinary anomalies 51 17 (33.3)
Total 97 35 (36.1)
Bone and skeletal anomalies 21 5 (23.8)
Miscellaneous single system anomalies® 63 27 (42.9)
Inborn errors of metabolism 36 8 (22.2)




TABLE 6 Continued

Category No. n (%) Who Had Major Surgery
Before Discharge®
Other multiple system anomalies 137 88 (64.2)
Total 1313° 631 (48)

aNamed syndromes, sequences, and associations among survivors > 3 days include the following: adducted thumb
syndrome (1), amniotic band syndrome (6), Alagille syndrome (1), Baller-Gerold syndrome (1), Bart syndrome (1), Beals
syndrome (1), Beckwith-Wiedemann syndrome (3), branchiootorenal (BOR) syndrome (1), caudal regression syndrome
(1), CHARGE syndrome (2), Cornelia de Lange syndrome (9), Ehlers-Danlos syndrome (1), Fanconi syndrome (1), Fryns
syndrome (1), Goldenhar syndrome (9), Goltz syndrome (1), Holt-Oram syndrome (1), Hurler syndrome (1), Jarcho Levin
syndrome (1), Larsen syndrome (1), Miller-Dieker syndrome (1), Moebius syndrome (1), Nager syndrome (1), Noonan
syndrome (1), Opitz syndrome (2), Pena-Shokeir syndrome (1), Peters plus syndrome (1), Pierre Robin syndrome (5),
Poland syndrome (1), Roberts syndrome (1), Saethre-Chotzen syndrome (1), Stickler syndrome (1), thrombocytopenia-
absent radius (TAR) syndrome (1), Townes-Brocks syndrome (1), and Waardenburg syndrome (2).

b Thirty-three infants born in 2006—2007 who had an anomaly coded “other congenital heart defects” and survived >3
days were counted in the “other single cardiovascular anomalies” category. It was not possible to determine whether
a single cardiovascular anomaly was present or multiple cardiovascular anomalies were present as a descriptive text

field was not available during these 2 years.

¢ Includes cleft palate (36 infants), congenital cystic adenomatoid malformation, and other anomalies.

d0f infants with BDs, 1315 survived >3 days. Surgery information was missing for 2 infants with cardiovascular defects
who survived >3 days: 1 infant with transposition of the great vessels and 1 with truncus arteriosus. One infant with
a BD who died after 12 hours but for whom more precise timing of death was unknown was not included among

survivors >3 days.

¢ Where the number of infants with a specific birth defect is 0, a dash indicates that no percent is shown.

were variable yet similar to reports in
larger cohort studies of VLBW infants,
with the highest mortality in those with
HLHS, single ventricle, and tricuspid
atresia. The majority of infants (84%)
with HLHS in our cohort died before
hospital discharge. Management of
these infants is challenging due to neo-
natal comorbidities such as BPD, and
inability to intervene surgically due to
small size. Pappas et al?2 reported an
increased risk of growth impairment
and neurodevelopmental impairment
among ELBW survivors with congenital
heart defects. It will be important to
monitor mortality trends in VLBW infants
with congenital heart defects over time
and morbidity among survivors.

In our cohort, neural tube defects ac-
counted for 4% of all BDs and 41.5% of
those involving the nervous system.
Similar to published data? the 70%
mortality associated with neural tube
defects in our cohort was higher than is
typical among term infants.

VLBW infants with BDs who survived
past 3 days had a more protracted
hospitalization and were 3 times more
likely to require surgical intervention
thanVLBWinfants without defects. Over
time, there has been a shift toward
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performing surgical procedures on
neonates with conditions previously
felt to be lethal. Therefore, it is im-
portant to examine specific mortality
profiles and interventions to better
evaluate the risk:benefit ratio in these
clinical scenarios. Three (23%) of 13
infants with HLHS who survived more
than 3 days had surgery, of whom 2
survived to discharge. It is unclear
whether the other infants with HLHS
were not considered surgical candi-
dates based on their low BW or
whether life-threatening complica-
tions developed before reaching an
appropriate size to attempt surgical
palliation. Seventy-one percent of
those with congenital diaphragmatic
hernia and 77% of those with an
omphalocele underwent surgery be-
fore hospital discharge, yet mortality
rates remained high. Some surgical
options and potentially life-sustaining
therapies, such as extracorporeal
membrane oxygenation, are not tech-
nically feasible in VLBW infants
resulting inhigher mortality ratesthan
those seen in term neonates with
similar conditions.

Although our birth cohort was not
population-based, it included all VLBW
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infants from 22 academic centers
across the United States. Data collec-
tion for this cohort was based on BW;
therefore, our data collection may be
incomplete at the extremes of GA. Al-
though we were able to evaluate
whether overall prevalence of BDs
changed over the study period, our
ability to evaluate trends in prevalence
of specific BDs was limited by small
numbers. We had no data on prenatal
diagnosis, intent to treat, or timing of
confirmation of diagnosis, each of
which may have affected physician
attitudes toward provision of intensive
and aggressive care and effected in-
hospital mortality rates. Information
on indication and timing of surgical
procedures was limited.

CONCLUSIONS

Frequency ofamajor BD was low among
VLBW infants but increased during the
10-year period. Infants with BDs had an
increased risk of neonatal morbidity
and mortality compared with peers
without BDs. As boundaries for the care
of extremely premature and VLBW
infants with BDs continue to shift to
lower GAs, it is important to evaluate
morbidity and mortality among af-
fected infants.

APPENDIX: CONDITIONS NOT
COUNTED AS MAJOR BDs FOR THIS
ANALYSIS

Hydrops fetalis

Oligohydramnios sequence

Pulmonary hypoplasia/ hypoplastic
lungs

PDA
Patent foramen ovale

Cardiac conduction defects/myocardial
dysfunction

Hemoglobinopathies

Genetic RBC abnormalities (sickle cell
disease, thalassemia, +G6PD)
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Cystic liver disease

Congenital tumors

Congenital infections

Congenital glaucoma

Isolated microcephaly

In utero cerebrovascular accident

Laryngomalacia, tracheomalacia, and
pharyngomalacia

Subglottic stenosis, tracheal steno-
sis, and bronchial stenosis

Laryngeal web

Meconium plug, meconium ileus, and
meconium peritonitis

Toxic megacolon

Cystic fibrosis

Fetal alcohol syndrome
Twin to twin transfusion
Hypothyroidism

Adrenal insufficiency
Panhypopituitarism
Hypospadias

Inguinal hernia
Arthrogryposis

Congenital dislocation of the hips
Club feet

Cleft lip without cleft palate
Syndactyly

Polydactyly

“Congenital malformation,” “termi-
nation for congenital anomalies,”
“congenital heart,” “dysmorphic fea-
tures,” “multiple minor malforma-
tions” with no other information (5
cases—1 case each)
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ABBREVIATIONS

BD—hbirth defect
BPD—bronchopulmonary dysplasia
BW—birth weight

Cl—confidence interval
GA—¢gestational age
HLHS—hypoplastic left heart syndrome
ICH—intracranial hemorrhage
LOS—TIate-onset sepsis
NEC—necrotizing enterocolitis
NICHD—Eunice Kennedy Shriver National Institute of Child Health and Human Development
NRN—Neonatal Research Network
PDA—patent ductus arteriosus
PMA—postmenstrual age
PVL—periventricular leukomalacia
RDS—respiratory distress syndrome
ROP—retinopathy of prematurity
RR—relative risk

SGA—small for gestational age
VLBW—very low birth weight
VON—Vermont Oxford Network
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