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THE INCREASED SURVIVAL OF EX-
tremely low-birth-weight
(ELBW) infants (ie, weighing
401-1000 g at birth) has height-

ened awareness of the importance of as-
sessing and improving long-term out-
comes associated with prematurity.1-4 It
is estimated that as many as 15% of the
most immature infants develop cere-
bral palsy (CP) and approximately half
develop cognitive and behavioral defi-
cits.1-5 Cerebral white matter damage,
identified by cranial ultrasound or mag-
netic resonance imaging, is a powerful
predictor of CP in low-birth-weight pre-
term infants.5,6 Investigators have re-
ported associations among antenatal in-
fection, a fetal inflammatory response,
vasculitis, white matter damage, and
long-term disability.7-10

Infections are a frequent complica-
tion among ELBW preterm infants11,12

and are associated with short-term se-
quelae and an increased risk of death.
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Context Neonatal infections are frequent complications of extremely low-birth-
weight (ELBW) infants receiving intensive care.

Objective To determine if neonatal infections in ELBW infants are associated with
increased risks of adverse neurodevelopmental and growth sequelae in early child-
hood.

Design, Setting, and Participants Infants weighing 401 to 1000 g at birth (born
in 1993-2001) were enrolled in a prospectively collected very low-birth-weight reg-
istry at academic medical centers participating in the National Institute of Child Health
and Human Development Neonatal Research Network. Neurodevelopmental and growth
outcomes were assessed at a comprehensive follow-up visit at 18 to 22 months of
corrected gestational age and compared by infection group. Eighty percent of survi-
vors completed the follow-up visit and 6093 infants were studied. Registry data were
used to classify infants by type of infection: uninfected (n=2161), clinical infection
alone (n=1538), sepsis (n=1922), sepsis and necrotizing enterocolitis (n=279), or men-
ingitis with or without sepsis (n=193).

Main Outcome Measures Cognitive and neuromotor development, neurologic
status, vision and hearing, and growth (weight, length, and head circumference) were
assessed at follow-up.

Results The majority of ELBW survivors (65%) had at least 1 infection during their
hospitalization after birth. Compared with uninfected infants, those in each of the 4 in-
fection groups were significantly more likely to have adverse neurodevelopmental out-
comes at follow-up, including cerebral palsy (range of significant odds ratios [ORs], 1.4-
1.7), low Bayley Scales of Infant Development II scores on the mental development index
(ORs, 1.3-1.6) and psychomotor development index (ORs, 1.5-2.4), and vision impair-
ment (ORs, 1.3-2.2). Infection in the neonatal period was also associated with impaired
head growth, a known predictor of poor neurodevelopmental outcome.

Conclusions This large cohort study suggests that neonatal infections among ELBW
infants are associated with poor neurodevelopmental and growth outcomes in early
childhood. Additional studies are needed to elucidate the pathogenesis of brain injury
in infants with infection so that novel interventions to improve these outcomes can be
explored.
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This study was undertaken to deter-
mine if neonatal infections are associ-
ated with adverse neurodevelopmen-
tal and growth sequelae in early
childhood.

METHODS
Study Population

The National Institute of Child Health
and Human Development (NICHD)
Neonatal Research Network main-
tains a registry of very low-birth-
weight (VLBW) infants (weighing 401-
1500 g at birth).13 Trained personnel
collect maternal and delivery data soon
after birth and infant data for 120 days
(with end points of discharge or death).
Surviving infants who weighed 1000 g
or less at birth are asked to return for
a comprehensive visit at 18 to 22
months of corrected gestational age.
Outcomes of ELBW infants born be-
tween January 1, 1993, and August 31,
2001, who participated in the VLBW
registry and follow-up studies were as-
sessed. Infants with major congenital
malformations/syndromes and those
with ventricular shunts were ex-
cluded because of possible adverse ef-
fects on outcome. The institutional re-
view boards at each center approved
participation in the registry and the fol-
low-up studies. Written informed con-
sent was obtained from parents or le-
gal guardians for follow-up.

Clinical Methods

Maternal and neonatal data included
maternal age, antenatal antibiotic and
steroid use, timing of rupture of mem-
branes, mode of delivery, birth weight,
gestational age, sex, race/ethnicity, post-
natal surfactant, antibiotic, and ste-
roid use, and diagnoses of respiratory
distress syndrome (RDS), patent duc-
tus arteriosus (PDA), intraventricular
hemorrhage (IVH), periventricular leu-
komalacia (PVL), bronchopulmonary
dysplasia (BPD), necrotizing enteroco-
litis (NEC), and infection. Maternal
race, determined by chart abstraction,
was recorded for the infant. Broncho-
pulmonary dysplasia was defined by use
of supplemental oxygen at 36 weeks of
postconceptional age (PCA), NEC was

classified according to the system of Bell
et al,14 and IVH was classified accord-
ing to the method of Papile et al.15

Growth charts developed by Alex-
ander et al16 were used to classify in-
fants as small for gestational age at birth,
defined by a birth weight lower than the
10th percentile for sex and gestational
age. Infants were classified at less than
the 10th percentile for head circumfer-
ence at birth using intrauterine growth
data reported by Thomas et al.17 These
data were further used to classify study
infants at less than the 10th percentile
for weight and head circumference at
36 weeks of PCA, compared with in-
fants born at 36 weeks of gestation (data
used to create curves in article by
Thomas et al,17 Reese Clark, Pediatrix
Medical Group, written communica-
tion, April 1, 2004). When the 36-
week PCA measurements were unavail-
able, the closest measurement between
34 and 38 weeks was used.

Early-onset (�72 hours of birth) and
late-onset (�72 hours) sepsis (EOS and
LOS, respectively) were defined by a
positive blood culture and antibiotic
therapy for 5 or more days. Meningitis
was defined by a positive cerebrospi-
nal fluid culture and antibiotic therapy
for 5 or more days. Cultures positive
for organisms generally considered to
be contaminants (ie, corynebacte-
rium, propionibacterium, diphthe-
roids) were excluded. Infants were clas-
sified by type of infection as follows:
uninfected (no EOS, LOS, late-onset
culture-negative clinical infection, NEC,
or meningitis); clinical infection alone
(late-onset cultures negative but anti-
biotic treatment for �5 days); sepsis
alone (EOS/LOS); sepsis and NEC (not
always concurrent); or meningitis with
or without sepsis. Patients with NEC
were included because of the strong as-
sociation of NEC with infection.18

The follow-up visit included an in-
terview with the infant’s mother or
other primary caregiver, an assess-
ment of cognitive and neuromotor de-
velopment using the Bayley Scales of In-
fant Development II19 and a neurologic
examination (both by certified exam-
iners), ascertainment of vision and hear-

ing by caregiver report, and measure-
ment of weight, length, and head
circumference. Bayley scale scores pro-
vide mental (MDI) and psychomotor
(PDI) developmental indexes. The
mean score is 100; a score of less than
70 (�2 SDs below the mean) indi-
cates significant delay. Infants judged
to be so severely delayed that they were
untestable were assigned MDI and PDI
scores of 49. Cerebral palsy was de-
fined as a nonprogressive disorder char-
acterized by abnormal tone in at least
1 extremity and abnormal control of
movement and posture. Vision impair-
ment was defined as blindness in one
or both eyes or need for corrective
lenses. Hearing impairment was de-
fined as hearing aids in one or both ears.
A composite outcome, neurodevelop-
mental impairment, was defined as MDI
score of less than 70, PDI score of less
than 70, CP, bilateral blindness, or bi-
lateral hearing impairment. Centers for
Disease Control and Prevention growth
charts were used to determine growth
status at follow-up (weight, length, and
head circumference �10th percentile
for sex and age).20

In a secondary analysis, infants in the
sepsis alone group were classified by the
following pathogen types: coagulase-
negative staphylococci; other gram-
positive; gram-negative; fungal; and
combinations (�1 episode of infec-
tion, each with a different pathogen, or
polymicrobial bacteremia); and com-
pared with uninfected infants.

Statistical Analyses

Statistical significance for unadjusted
comparisons was determined by �2

tests. Logistic regression models, ad-
justing for potential confounding vari-
ables, were used to compare infected
and uninfected infants. Weight and
head circumference at 36 weeks of PCA
and outcomes evaluated at follow-up
(MDI �70; PDI �70; CP; vision im-
pairment; hearing impairment; neu-
rodevelopmental impairment; and
weight, length, and head circumfer-
ence �10th percentile) were com-
pared. Models included infection group
(or pathogen type), study center, ges-
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tational age, birth weight, sex, race/
ethnicity, rupture of membranes more
than 24 hours before delivery, mode of
delivery, multiple birth, antenatal an-
tibiotic and steroid use, postnatal sur-
factant and steroid use, RDS, BPD, PDA,
IVH grade 3 or 4, PVL, and maternal
age at the time of delivery. Covariates
were entered as categorical variables ex-
cept maternal age at the time of deliv-
ery. Models fitted to the follow-up out-
comes also included caregiver’s
education at the follow-up visit (high
school degree or not). Because not all
infants were evaluated for PVL, a 3-level
variable (yes, no, or missing) was in-
cluded in all models. Each model was
also run adding head circumference of
less than the 10th percentile at 36 weeks

of PCA to explore whether head cir-
cumference was a mediating variable
between infection and outcome. Head
circumference was entered as a 3-level
variable because of missing values.
Odds ratios (ORs) and 95% confi-
dence intervals (CIs) are reported. Wald
�2 tests were used to determine signifi-
cance for comparisons between infec-
tion or pathogen groups, with P�.05
considered statistically significant.
Analyses were performed using SAS sta-
tistical software.21

RESULTS
Between January 1, 1993, and August
31, 2001, 13013 ELBW infants were en-
tered into the network’s prospective reg-
istry; 4160 infants died before dis-

charge and 226 died after discharge.
Infants with major congenital malfor-
mations (n=337), those with ventricu-
lar shunts (n=159), and those with
positive blood cultures but receiving an-
tibiotic therapy for less than 5 days (and
therefore considered probable contami-
nants; n=239) were excluded from this
analysis. Thus, 7892 infants were eli-
gible for follow-up and 6314 (80%)
completed the follow-up visit.

Of the 6314 infants who completed
follow-up, 6093 were analyzed and cat-
egorized as follows: 2161 (35%) were
uninfected; 1538 (25%) had clinical in-
fection alone; 1922 (32%) had sepsis
alone (EOS, n=52; LOS, n=1844; both,
n=26); 279 (5%) had sepsis/NEC (EOS,
n=5; LOS, n=266; both, n=8); and 193

Table 1. Maternal and Neonatal Characteristics of Study Population by Infection Group vs Uninfected Infants

Characteristics*

No. /Total (%) by Infection Group

Uninfected
(n = 2161)

Clinical Infection
Alone

(n = 1538)
Sepsis Alone

(n = 1922)

Sepsis Plus
Necrotizing Enterocolitis

(n = 279)

Meningitis With or
Without Sepsis

(n = 193)

Maternal
Age �19 y 340/2161 (16) 247/1537 (16) 339/1920 (18)† 50/279 (18) 30/193 (16)

ROM �24 h 495/2121 (23) 366/1490 (25) 430/1874 (23) 78/273 (29) 47/188 (25)

Antenatal antibiotics 1264/2154 (59) 987/1534 (64)§ 1282/1919 (67)§ 181/278 (65)† 139/192 (72)§

Antenatal steroids 1585/2160 (73) 1097/1534 (72) 1345/1918 (70)† 194/278 (70) 142/193 (74)

Cesarean delivery 1407/2161 (65) 882/1537 (57)§ 1050/1917 (55)§ 155/279 (56)‡ 91/192 (47)§

Caregiver education:
high school graduate�

1602/2132 (75) 1142/1524 (75) 1421/1907 (75) 205/277 (74) 147/191 (77)

Neonatal
Birth weight, g

401-500 8/2161 (�1) 23/1538 (2)§ 47/1922 (2)§ 6/279 (2)§ 6/193 (3)§

501-750 491/2161 (23) 610/1538 (40) 918/1922 (48) 128/279 (46) 84/193 (44)

751-1000 1662/2161 (77) 905/1538 (59) 957/1922 (50) 145/279 (52) 103/193 (53)

Gestational age, wk
�25 182/2160 (8) 342/1538 (22)§ 526/1922 (27)§ 69/279 (25)§ 48/193 (25)§

25-28 1479/2160 (69) 1057/1538 (69) 1277/1922 (66) 194/279 (70) 140/193 (73)

29-32 468/2160 (22) 133/1538 (9) 114/1922 (6) 16/279 (6) 5/193 (3)

�33 31/2160 (1) 6/1538 (�1) 5/1922 (�1) 0 0

SGA at birth 521/2160 (24) 214/1538 (14)§ 260/1922 (14)§ 37/279 (13)§ 30/193 (16)‡

Head circumference
�10th percentile at birth

390/2105 (19) 169/1484 (11)§ 227/1844 (12)§ 31/270 (12)‡ 19/187 (10)‡

Male 878/2161 (41) 783/1538 (51)§ 923/1922 (48)§ 148/279 (53)§ 80/193 (41)

Race/ethnicity
Black 956/2160 (44) 705/1537 (46) 891/1921 (46)§ 139/279 (50) 96/193 (50)

White 885/2160 (41) 596/1537 (39) 678/1921 (35) 105/279 (38) 65/193 (34)

Hispanic 247/2160 (11) 199/1537 (13) 303/1921 (16) 28/279 (10) 29/193 (15)

Other 72/2160 (3) 37/1537 (2) 49/1921 (3) 7/279 (3) 3/193 (2)
Abbreviations: ROM, rupture of membranes; SGA, small for gestational age.
*Information was missing on mother’s age for 3 children, ROM �24 hours prior to birth for 147, antenatal antibiotics for 16, antenatal steroids for 10, cesarean delivery for 7,

caregiver’s education for 62, gestational age for 1, SGA for 1, head circumference at birth for 203, and race/ethnicity for 3.
†P�.05 vs uninfected, by �2 test.
‡P�.01 vs uninfected, by �2 test.
§P�.001 vs uninfected, by �2 test.
�The mother was the caregiver for 90% of the infants.
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(3%) had meningitis (with sepsis,
n=136 [EOS, n=2; LOS, n=128; both,
n=6], or without sepsis, n=57). Thir-
teen infants could not be classified be-
cause of missing information and 208
infants with various combinations of
sepsis, meningitis, and NEC were ex-
cluded because of small numbers.

Infection status of the infants who
died (and were therefore unavailable for
follow-up) and of all survivors was as-
sessed. Because limited information was
available for those who died in the first
12 hours after delivery, we evaluated in-
fants who died more than 12 hours af-
ter delivery. Infection was included in
the coded cause of death for 27% of
these infants. Because most deaths
among ELBW infants occurred in the
first week of life, many did not survive
long enough to develop LOS. Thus, in-
fants who died more than 12 hours af-
ter delivery were more likely than sur-
vivors to be uninfected (46% vs 35%)
and less likely to have clinical infec-
tion (11% vs 24%) or sepsis alone (23%
vs 30%). Overall, they were more likely
to have had NEC with or without sep-
sis (17% vs 7%). Approximately 4% in
each group had meningitis. Com-
pared with the survivors seen at the fol-
low-up visit, infants who were alive but
did not complete their follow-up visit

were more likely to be uninfected (39%
vs 35%), and the percentages in each
infection group were 1% to 2% lower
than for study infants (P=.001).

Maternal and neonatal characteris-
tics of the study population are pre-
sented in TABLE 1. Compared with the
uninfected infants, those with infec-
tion were more immature, had lower
birth weights, were more frequently
male, and had several complications that
have been linked to adverse long-term
sequelae, including severe IVH, PVL,
BPD, postnatal steroid use, and poor
growth (TABLE 2). After adjusting for
study center and maternal and neona-
tal variables, infants in each infection
group were significantly more likely than
the uninfected infants to have a head cir-
cumference of less than the 10th per-
centile at 36 weeks of PCA (adjusted OR
vs uninfected for clinical infection alone,
1.8; 95% CI, 1.5-2.2; for sepsis alone, 2.5;
95% CI, 2.1-3.0; for sepsis/NEC, 4.0;
95% CI, 2.9-5.6; and for meningitis, 3.0;
95% CI, 2.1-4.4) and to be at less than
the 10th percentile for weight at 36
weeks of PCA (adjusted OR vs unin-
fected for clinical infection alone, 1.8;
95% CI, 1.5-2.2; for sepsis alone, 2.2;
95% CI, 1.9-2.7; for sepsis/NEC,
3.1; 95% CI, 2.1-4.5; and for meningi-
tis, 2.2; 95% CI, 1.4-3.3).

Follow-up Outcomes
by Infection Group
Overall, 41% of children assessed at 18
to 22 months of corrected gestational
age had at least 1 adverse neurodevel-
opmental outcome (data not shown).
In unadjusted comparisons, children
with infection had significant in-
creases in most adverse outcomes
(TABLE 3). In general, infants without
infection were least likely to have ad-
verse outcomes, while those with sepsis/
NEC were most likely. Overall 62% of
children in the cohort had weight,
length, or head circumferences that
were less than the 10th percentile at fol-
low-up (data not shown). By univari-
ate analyses, infected children were
more likely than those who were un-
infected to have growth failure (�10th
percentile) at follow-up (TABLE 4).

After adjusting for study center and
maternal and neonatal variables, sta-
tistically significant differences for all
neurodevelopmental outcomes ex-
cept hearing impairment were found be-
tween children in most infection groups
and the uninfected group (TABLE 5).
Only children who had sepsis or sepsis/
NEC were at an increased risk of hear-
ing impairment. When head circum-
ference that was less than the 10th
percentile at 36 weeks was added to

Table 2. Clinical Characteristics of Study Population by Infection Group vs Uninfected Infants

Characteristics*

No. /Total (%) by Infection Group

Uninfected
(n = 2161)

Clinical Infection
Alone

(n = 1538)
Sepsis Alone

(n = 1922)

Sepsis Plus
Necrotizing Enterocolitis

(n = 279)

Meningitis With or
Without Sepsis

(n = 193)

RDS 1115/2156 (52) 1059/1534 (69)‡ 1378/1919 (72)‡ 180/277 (65)‡ 133/193 (69)‡

BPD 590/2158 (27) 795/1531 (52)‡ 1046/1915 (55)‡ 153/279 (55)‡ 100/193 (52)‡

PDA 670/2160 (31) 748/1537 (49)‡ 1036/1922 (54)‡ 131/279 (47)‡ 100/193 (52)‡

IVH grade 3 or 4 222/2129 (10) 233/1530 (15)‡ 357/1918 (19)‡ 55/278 (20)‡ 57/193 (30)‡

PVL 60/1884 (3) 75/1437 (5)† 105/1817 (6)‡ 22/266 (8)‡ 15/183 (8)‡

Surfactant use 1409/2158 (65) 1271/1537 (83)‡ 1582/1921 (82)‡ 212/279 (76)‡ 168/193 (87)‡

Postnatal steroids 514/2159 (24) 851/1537 (55)‡ 1083/1921 (56)‡ 146/279 (52)‡ 105/193 (54)‡

Weight �10th percentile
at age 36 wk

1137/1886 (60) 984/1388 (71)‡ 1351/1760 (77)‡ 198/246 (80)‡ 128/173 (74)‡

Head circumference
�10th percentile at
age 36 wk

463/1831 (25) 556/1348 (41)‡ 870/1703 (51)‡ 139/232 (60)‡ 88/168 (52)‡

Abbreviations: BPD, bronchopulmonary dysplasia; IVH, intraventricular hemorrhage; PDA, patent ductus arteriosus; PVL, periventricular leukomalacia; RDS, respiratory distress
syndrome.

*Information was missing on RDS for 14 children, BPD for 17, PDA for 2, IVH for 45, PVL for 506, surfactant use for 5, postnatal steroids for 4, weight at 36 weeks for 640, and head
circumference at 36 weeks for 811.

†P�.01 vs uninfected, by �2 test.
‡P�.001 vs uninfected, by �2 test.
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each model, differences between in-
fected and uninfected groups were re-
duced somewhat; however, a signifi-
cant association remained for all
outcomes except CP (without head cir-
cumference, P= .009; with head cir-
cumference, P=.07).

Children in each infection group
were significantly more likely to have
head circumferences that were less than
the 10th percentile at follow-up than
uninfected children (Table 5). In con-
trast, only children in the sepsis/NEC
and the meningitis groups were more
likely than those who were uninfected
to be at less than the 10th percentile for
length and only those in the sepsis/
NEC group were more likely to be at
less than the 10th percentile for weight.

Follow-up Outcomes
by Pathogen Group

Children in the sepsis alone group were
evaluated by infecting organisms (co-
agulase-negative staphylococci, n=925;
other gram-positive, n = 278; gram-
negative, n=197; fungal, n=105; and
combinations, n=399) and compared
with uninfected children. Eighteen chil-
dren with sepsis were excluded because

Table 3. Neurodevelopmental Outcomes From Univariate Analyses by Infection Group vs
Uninfected Infants

Outcomes

No./Total (%) With Outcome by Infection Group*

Uninfected
Clinical

Infection Sepsis Alone
Sepsis Plus

NEC

Meningitis
With or Without

Sepsis

MDI �70 439/2003 (22) 478/1428 (33)‡ 661/1791 (37)‡ 109/262 (42)‡ 70/183 (38)‡

PDI �70 250/1983 (13) 345/1407 (25)‡ 472/1762 (27)‡ 87/258 (34)‡ 49/183 (27)‡

CP 181/2144 (8) 216/1520 (14)‡ 328/1906 (17)‡ 59/277 (21)‡ 37/193 (19)‡

Vision impairment 115/2137 (5) 165/1520 (11)‡ 275/1893 (15)‡ 45/275 (16)‡ 31/193 (16)‡

Hearing impairment 21/2110 (1) 29/1513 (2)† 58/1882 (3)‡ 13/271 (5)‡ 3/191 (2)

NDI 576/1976 (29) 614/1419 (43)‡ 861/1778 (48)‡ 142/267 (53)‡ 89/184 (48)‡
Abbreviations: CP, cerebral palsy; MDI, mental development index; NEC, necrotizing enterocolitis; NDI, neurodevelopmen-

tal impairment; PDI, psychomotor development index.
*Results were similar when infants whose birth weights were 401 to 750 g vs 751 to 1000 g were analyzed as separate

groups. Information was missing on MDI for 426 children, PDI for 500, CP for 53, vision impairment for 75, hearing im-
pairment for 126, and NDI for 469.

†P�.05 vs uninfected, by �2 test.
‡P�.001 vs uninfected, by �2 test.

Table 4. Growth Outcomes From Univariate Analyses by Infection Group vs Uninfected
Infants

Growth Outcomes

No./Total (%) �10th Percentile by Infection Group*

Uninfected
Clinical

Infection Sepsis Alone
Sepsis Plus

NEC

Meningitis
With or Without

Sepsis

Weight 1070/2138 (50) 778/1515 (51) 1007/1900 (53) 179/276 (65)‡ 101/193 (52)

Length 648/2138 (30) 510/1513 (34)† 701/1890 (37)‡ 133/276 (48)‡ 81/192 (42)‡

Head circumference 419/2137 (20) 396/1514 (26)‡ 573/1900 (30)‡ 103/277 (37)‡ 57/192 (30)‡
Abbreviation: NEC, necrotizing enterocolitis.
*Results were similar when infants whose birth weights were 401 to 750 g vs 751 to 1000 g were analyzed as separate

groups. Information was missing on weight for 71 children, length for 84, and head circumference for 73.
†P�.05 vs uninfected, by �2 test.
‡P�.001 vs uninfected, by �2 test.

Table 5. Neurodevelopmental and Growth Outcomes Assessed by ORs for Infants With Infection vs Uninfected Infants by Logistic Regression
Analysis*

Outcomes

Clinical Infection Sepsis Alone Sepsis Plus NEC
Meningitis With or

Without Sepsis

No. of
Infants OR (95% CI)

No. of
Infants OR (95% CI)

No. of
Infants OR (95% CI)

No. of
Infants OR (95% CI)

MDI �70 (n = 5385) 1349 1.3 (1.1-1.5)‡ 1716 1.3 (1.1-1.6)‡ 251 1.6 (1.2-2.2)‡ 174 1.6 (1.1-2.3)‡

PDI �70 (n = 5314) 1329 1.6 (1.3-2.0)§ 1687 1.5 (1.2-1.9)§ 247 2.4 (1.7-3.4)§ 174 1.7 (1.1-2.5)†

CP (n = 5740) 1438 1.3 (1.0-1.6) 1825 1.4 (1.1-1.8)‡ 266 1.7 (1.2-2.5)‡ 184 1.6 (1.0-2.5)†

Vision impairment (n = 5719) 1438 1.3 (1.0-1.8)† 1813 1.7 (1.3-2.2)§ 264 2.0 (1.3-3.0)‡ 184 2.2 (1.4-3.6)§

Hearing impairment (n = 5674) 1432 1.2 (0.6-2.2) 1802 1.8 (1.0-3.1)† 260 3.4 (1.6-7.3)‡ 182 0.8 (0.2-2.8)

NDI (n = 5346) 1340 1.3 (1.1-1.6)§ 1703 1.5 (1.2-1.7)§ 256 1.8 (1.4-2.5)§ 175 1.6 (1.1-2.3)‡

Weight �10th percentile (n = 5722) 1433 1.0 (0.9-1.2) 1819 1.0 (0.9-1.1) 265 1.7 (1.3-2.2)§ 184 0.9 (0.7-1.3)

Length �10th percentile (n = 5710) 1431 1.1 (0.9-1.3) 1809 1.2 (1.0-1.3) 265 1.8 (1.4-2.4)§ 183 1.6 (1.2-2.3)‡

Head circumference
�10th percentile (n = 5721)

1433 1.3 (1.1-1.6)‡ 1819 1.5 (1.2-1.7)§ 266 2.0 (1.5-2.6)§ 183 1.6 (1.1-2.3)‡

Abbreviations: CI, confidence interval; CP, cerebral palsy; MDI, mental development index; NEC, necrotizing enterocolitis; NDI, neurodevelopmental impairment; OR, odds ratio;
PDI, psychomotor development index.

*Odds ratios were adjusted for study center, gestational age, birth weight, sex, race/ethnicity, rupture of membranes more than 24 hours prior to birth, cesarean delivery, multiple
birth, antenatal antibiotic exposure, antenatal steroid exposure, postnatal steroid exposure, surfactant use, respiratory distress syndrome, bronchopulmonary dysplasia, patent
ductus arteriosus, intraventricular hemorrhage grade 3 or 4, periventricular leukomalacia, maternal age at the time of delivery, and caregiver’s level of education. Participant
numbers shown in row headings represent the total number of infants with nonmissing outcome and covariates who were included in each model from which ORs were derived,
and include uninfected infants as well as other infection groups. The number of patients shown for each OR are the number of infants who were included in each model from the
infection groups shown. Results were similar when infants with birth weights of 401 to 750 g vs 751 to 1000 g were analyzed as separate groups.

†P�.05 vs uninfected, by �2 test.
‡P�.01 vs uninfected, by �2 test.
§P�.001 vs uninfected, by �2 test.
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pathogen information was unavailable.
The majority of children had 1 episode
of sepsis. By definition, patients in the
combination group had more than 1 epi-
sode of sepsis, each with a different
organism, or had 1 episode of polymi-
crobial bacteremia. Unadjusted com-
parisons between pathogen group and
outcomes are shown in TABLE 6. All
adverse neurodevelopmental out-

comes except hearing impairment were
higher among infected children regard-
less of pathogen type. Hearing impair-
ment was significantly higher for those
with gram-negative or fungal infec-
tions and those in the combination
group. Compared with uninfected chil-
dren, those in each pathogen group were
more likely to have head circumfer-
ences that were less than the 10th per-

centile at follow-up. Fewer differences
were found between children in the
pathogen groups and uninfected chil-
dren for weight and length.

After adjusting for study center and
maternal and neonatal variables, sta-
tistically significant differences were
found for children in some pathogen
groups compared with those not in-
fected (TABLE 7). However, for all out-

Table 6. Neurodevelopmental and Growth Outcomes From Univariate Analysis for Pathogen Groups Among Infants With Sepsis Only vs
Uninfected Infants

Outcomes

No. /Total (%) With Outcome by Pathogen Group*

Uninfected CONS Other Gram-Positive Gram-Negative Fungal Combinations

MDI �70 439/2003 (22) 285/864 (33)‡ 91/258 (35)‡ 61/180 (34)‡ 41/98 (42)‡ 172/374 (46)‡

PDI �70 250/1983 (13) 215/843 (26)‡ 73/256 (29)‡ 43/180 (24)‡ 26/95 (27)‡ 110/372 (30)‡

CP 181/2144 (8) 144/915 (16)‡ 52/277 (19)‡ 35/196 (18)‡ 21/104 (20)‡ 72/396 (18)‡

Vision impairment 115/2137 (5) 114/909 (13)‡ 41/274 (15)‡ 27/196 (14)‡ 15/104 (14)‡ 77/394 (20)‡

Hearing impairment 21/2110 (1) 17/906 (2)† 4/272 (1) 9/194 (5)‡ 5/99 (5)‡ 22/393 (6)‡

NDI 576/1976 (29) 378/852 (44)‡ 122/256 (48)‡ 84/185 (45)‡ 55/96 (57)‡ 209/373 (56)‡

Weight �10th percentile 1070/2138 (50) 494/915 (54)† 125/275 (46) 104/195 (53) 53/104 (51) 223/393 (57)†

Length �10th percentile 648/2138 (30) 337/912 (37)‡ 89/271 (33) 64/194 (33) 38/104 (37) 169/392 (43)‡

Head circumference �10th percentile 419/2137 (20) 243/913 (27)‡ 91/275 (33)‡ 59/195 (30)‡ 31/104 (30)† 145/395 (37)‡
Abbreviations: CONS, coagulase-negative staphylococci; CP, cerebral palsy; MDI, mental development index; NDI, neurodevelopmental impairment; PDI, psychomotor develop-

ment index.
*Information was missing on MDI for 288 children, PDI for 336, CP for 33, vision impairment for 51, hearing impairment for 91, NDI for 327, weight at follow-up for 45, length at

follow-up for 54, and head circumference at follow-up for 46.
†P�.05 vs uninfected, by �2 test.
‡P�.001 vs uninfected, by �2 test.

Table 7. Neurodevelopmental and Growth Outcomes Assessed by ORs for Pathogen Groups Among Infants With Sepsis Only vs Uninfected
Infants by Logistic Regression Analysis*

Outcomes

CONS Other Gram-Positive Gram-Negative Fungal Combinations

No. of
Patients OR (95% CI)

No. of
Patients OR (95% CI)

No. of
Patients OR (95% CI)

No. of
Patients OR (95% CI)

No. of
Patients OR (95% CI)

MDI �70 (n = 3594) 825 1.2 (1.0-1.5) 244 1.4 (1.0-2.0)† 172 1.3 (0.9-1.9) 94 1.1 (0.7-1.8) 364 1.5 (1.2-2.0)‡

PDI �70 (n = 3548) 804 1.4 (1.1-1.9)‡ 242 1.8 (1.2-2.5)‡ 172 1.3 (0.8-1.9) 91 1.1 (0.6-1.9) 362 1.3 (1.0-1.8)

CP (n = 3834) 874 1.4 (1.0-1.9)† 262 1.8 (1.2-2.7)‡ 187 1.5 (1.0-2.4) 100 1.4 (0.8-2.5) 384 1.2 (0.8-1.8)

Vision impairment
(n = 3817)

868 1.7 (1.2-2.3)‡ 260 1.7 (1.1-2.6)† 187 1.4 (0.9-2.3) 100 1.6 (0.8-3.1) 382 2.0 (1.4-3.0)§

Hearing impairment
(n = 3782)

865 1.2 (0.6-2.5) 257 1.2 (0.4-3.7) 186 3.1 (1.2-7.6)† 95 2.5 (0.8-7.4) 381 3.3 (1.6-6.7)‡

NDI (n = 3559) 811 1.3 (1.1-1.6)† 242 1.7 (1.2-2.3)‡ 178 1.4 (1.0-2.0) 93 1.4 (0.9-2.2) 363 1.6 (1.2-2.0)‡

Weight �10th percentile
(n = 3822)

874 1.0 (0.9-1.3) 260 0.8 (0.6-1.1) 186 1.2 (0.8-1.6) 100 1.1 (0.7-1.7) 381 1.2 (0.9-1.5)

Length �10th percentile
(n = 3814)

871 1.1 (0.9-1.4) 256 1.0 (0.7-1.3) 185 1.1 (0.8-1.5) 100 1.2 (0.8-1.9) 380 1.4 (1.1-1.8)‡

Head circumference
�10th percentile
(n = 3821)

872 1.3 (1.1-1.7)‡ 260 1.9 (1.4-2.5)§ 186 1.8 (1.3-2.6)‡ 100 1.4 (0.8-2.2) 383 1.9 (1.4-2.5)§

Abbreviations: CI, confidence interval; CONS, coagulase-negative staphylococci; CP, cerebral palsy; MDI, mental development index; NDI, neurodevelopmental impairment;
OR, odds ratio; PDI, psychomotor development index.

*Odds ratios were adjusted for study center, gestational age, birth weight, sex, race/ethnicity, rupture of membranes more than 24 hours prior to birth, cesarean delivery, multiple
birth, antenatal antibiotic exposure, antenatal steroid exposure, postnatal steroid exposure, surfactant use, respiratory distress syndrome, bronchopulmonary dysplasia, patent
ductus arteriosus, intraventricular hemorrhage grade 3 or 4, periventricular leukomalacia, maternal age at the time of delivery, and caregiver’s level of education. Participant
numbers shown in row headings represent the total number of infants with nonmissing outcome and covariates who were included in each model from which ORs were derived,
and include uninfected infants as well as those in the sepsis pathogen groups shown. The number of patients shown for each OR are the number of infants who were included
in each model from the pathogen groups shown.

†P�.05 vs uninfected, by �2 test.
‡P�.01 vs uninfected, by �2 test.
§P�.001 vs uninfected, by �2 test.
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comes except hearing impairment, we
detected no differences in risk by type
of infecting pathogen. Compared with
infants with coagulase-negative staphy-
lococcus infection, those with gram-
negative infections (OR, 2.5; 95% CI,
1.0-6.3) and those in the combination
group (OR, 2.7; 95% CI, 1.3-5.5) were
significantly more likely to have hear-
ing impairment.

COMMENT
Infection is an important problem
among VLBW preterm infants. Previ-
ous studies from the NICHD Neonatal
Research Network have demonstrated
that as many as 25% of these infants
have 1 or more positive blood cul-
tures and about 5% have a positive ce-
rebrospinal fluid culture over the course
of their neonatal hospitalization.11,12,22

Rates of infection increase with de-
creasing birth weight and gestational
age. Moreover, postnatal infection is as-
sociated with an increased risk of neo-
natal complications, prolonged hospi-
talization, and death.11,12

This study was undertaken to deter-
mine if neonatal infections are associ-
ated with adverse sequelae in early
childhood. Although few studies have
directly addressed infection and out-
come, neonatal sepsis was first linked
to cerebral white matter damage in term
infants more than 30 years ago.23 Fol-
low-up studies of preterm infants have
suggested an association between sep-
sis and cerebral white matter damage
and CP.24-27 A recent report from the
United Kingdom noted a 4-fold in-
crease in CP among VLBW infants with
a history of neonatal sepsis compared
with infants with no history of neona-
tal infection.27

To our knowledge, this is the larg-
est study to date to evaluate the im-
pact of neonatal infection on adverse
outcomes in early childhood. More than
6000 ELBW infants were classified by
infection during initial hospitaliza-
tion and were seen in follow-up at 18
to 22 months of corrected age. Culture-
confirmed neonatal infection in-
creased the rate of several adverse neu-
rodevelopmental outcomes that

contribute to long-term disability, in-
cluding significantly delayed mental and
psychomotor Bayley Scales of Infant De-
velopment II scores, vision and hear-
ing impairment, and CP. Of interest,
clinical infection alone was also asso-
ciated with increased risk for adverse
outcomes and infants with sepsis/
NEC were at highest risk. Although we
suspected that infants with gram-
negative or fungal infections might have
worse neurodevelopmental outcomes
than those infected with other patho-
gens, the type of infecting pathogen had
little effect on outcome among survi-
vors. This may be explained in part by
the high mortality rate among those in-
fected with gram-negative and fungal
organisms.11,12

Intrauterine infection, as evidenced
by clinical and/or histologic chorioam-
nionitis, is associated with cerebral
white matter injury and subsequent
neurodevelopmental impairment.28-32 A
key role for an inflammatory response
by the fetus as well as the mother in the
pathogenesis of brain injury has been
postulated.33-35 Proinflammatory cyto-
kines in amniotic fluid and in fetal or
neonatal blood appear to increase the
risk for neonatal brain injury and ad-
verse long-term outcome.

Studies to elucidate the pathophysi-
ology of brain injury in infants with
neonatal infection are warranted. In-
fecting organisms and/or their micro-
bial products can stimulate the pro-
duction of proinflammatory cytokines.
Experimental data indicate that inflam-
matory cytokines may be neurotoxic in
vitro and in vivo and may increase the
permeability of the preterm blood-
brain barrier.36-40 Although it appears
that the inflammatory cytokine re-
sponse precedes and contributes to
brain injury, a cytokine response may
also be the result and/or marker of dam-
aged white matter. Efforts to reduce the
inflammatory responses of the neo-
nate with infection might reduce the
risk of brain injury associated with in-
fection, but must be approached with
caution.41,42

Neonates with infection are also at
risk for circulatory and/or respiratory

insufficiency with decreased systemic
blood pressure, hypoxemia, and patho-
logic alterations in cerebral blood flow.
A maturation-dependent impairment in
regulation of cerebral blood flow in
ELBW43 infants increases the risk of is-
chemic injury. The long-term impact
of cerebral ischemia-reperfusion pre-
cipitated by sepsis-related cardiovas-
cular instability is unclear. Volpe44-46

and others have shown that oligoden-
droglial precursor cells, the major cel-
lular target in the pathogenesis of white
matter injury/PVL, are particularly vul-
nerable to free radicals that are gener-
ated in response to ischemia-reperfu-
sion. The role of infection and cytokines
in the pathogenesis of PVL might be re-
lated to effects on cerebral hemody-
namics, to the generation of reactive
oxygen species/free radicals, or to di-
rect toxic effects on vulnerable oligo-
dendroglial precursors.44,46

Hearing impairment was more fre-
quent among children who survived
neonatal sepsis or sepsis/NEC, espe-
cially if they were infected with gram-
negative agents or had polymicrobial
bacteremia or multiple infections. This
finding likely reflects that aminoglyco-
sides are often used to treat these infec-
tions. At first glance, it is curious that
infants with meningitis were not more
likely to have hearing impairment. How-
ever, because gram-positive organisms
have been more commonly associated
with neonatal meningitis among net-
work infants,22 prolonged therapy with
aminoglycosides may be less likely.
Aminoglycoside ototoxicity is a known
complication of prolonged high drug lev-
els; at lower levels there appears to be
genetic susceptibility to ototoxic-
ity.47,48 It is unclear whether infants with
hearing loss who received aminoglyco-
sides in the neonatal period should be
screened for the presence of the mito-
chondrial mutations known to in-
crease risk.

Many VLBW infants fail to achieve
their ultimate growth potential as a re-
sult of intrauterine and postnatal growth
failure.49 Impaired head growth and sub-
normal head size are associated with
poor cognitive function and academic
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achievement at 8 years of age,50 suggest-
ing a link between postnatal growth and
neurodevelopmental potential. Re-
cently, the NICHD Neonatal Research
Network reported that while 16% of
ELBW infants were small for gesta-
tional age at birth, by 36 weeks of PCA,
89% had growth failure.51 Further-
more, by 18 to 22 months of corrected
age, 40% still were at less than the 10th
percentile for weight, length, and head
circumference.52 Our study demon-
strates that infection affects weight and
head circumference at both 36 weeks of
PCA and 18 to 22 months of corrected
gestational age. Of greatest concern was
our finding that infants with neonatal in-
fections were significantly more likely
to have poor head growth. The long-
term impact of impaired growth dur-
ing and following neonatal infections de-
serves further study.

The major limitation of our study is
that neurodevelopmental and growth
status were assessed by a single fol-
low-up visit. Outcomes may change as
children get older; ie, some may im-
prove, some remain unchanged, or
some may worsen. Although patients
who returned for follow-up had slightly
higher rates of infection, it is unlikely
that these differences between survi-
vors who did and did not return for fol-
low-up were clinically significant or af-
fected the study’s robust findings. It also
is difficult to speculate on the possible
bias introduced by infants who died be-
fore follow-up. Because we studied the
most immature ELBW infants, many of
whom had very complicated neonatal
courses, we do not know whether our
findings are applicable to larger pre-
term or term infants.

In summary, this large cohort study
demonstrates an association between
neonatal infection in ELBW infants and
increased risk of poor neurodevelop-
mental and growth outcomes. Possible
interventions to reduce brain injury as-
sociated with infection might include
earlier diagnosis and improved thera-
pies, including efforts to stabilize blood
pressure and maintain adequate oxy-
genation, reduction of systemic inflam-
mation and generation of proinflamma-

tory cytokines, and pharmacologic
interventions to reduce the impact of re-
active oxygen species on vulnerable oli-
godendroglial precursors. Ultimately, ef-
forts to reduce the high rates of infection
in ELBW infants are the most impor-
tant interventions.
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