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Objectives To evaluate whether in children born extremely preterm, indicators of sustained systemic inflamma-
tion in the first month of life are associated with cognitive impairment at school age.
Study design A total of 873 of 966 eligible children previously enrolled in the multicenter Extremely Low Ges-
tational Age Newborn Study from 2002 to 2004 were evaluated at age 10 years. We analyzed the relationship between
elevated blood concentrations of inflammation-associated proteins in the first 2 weeks (“early elevations”; n = 812)
and the third and fourth week (“late elevations”; n = 532) of life with neurocognition.
Results Early elevations of C-reactive protein, tumor necrosis factor-a, interleukin (IL)-8, intercellular adhesion
molecule (ICAM)-1, and erythropoietin were associated with IQ values >2 SD below the expected mean (ORs: 2.0-
2.3) and with moderate to severe cognitive impairment on a composite measure of IQ and executive function (ORs:
2.1-3.6). Additionally, severe cognitive impairment was associated with late protein elevations of C-reactive protein
(OR: 4.0; 95% CI 1.5, 10), IL-8 (OR: 5.0; 1.9, 13), ICAM-1 (OR: 6.5; 2.6, 16), vascular endothelial growth factor-
receptor 2 (OR: 3.2; 1.2, 8.3), and thyroid-stimulating hormone (OR: 3.1; 1.3, 7.3). Moderate cognitive impairment
was most strongly associated with elevations of IL-8, ICAM-1, and vascular endothelial growth factor-receptor 2.
When 4 or more inflammatory proteins were elevated early, the risk of having an IQ <70 and having overall im-
paired cognitive ability was more than doubled (ORs: 2.1-2.4); the presence of 4 or more inflammatory protein el-
evated late was strongly linked to adverse cognitive outcomes (ORs: 2.9-4.8).
Conclusions Extremely preterm children who had sustained elevations of inflammation-related proteins in the
first postnatal month are more likely than extremely preterm peers without such elevations to have cognitive im-
pairment at 10 years. (J Pediatr 2017;180:116-23).

Advances in neonatal intensive care have increased the survival of ex-
tremely preterm children born before 28 weeks of gestation.1 Little prog-
ress has been made, however, in the prevention of moderate to severe

neurocognitive impairments that affect about 40% of extremely preterm survivors.1-13

Improvement in outcomes of extremely preterm children requires a better un-
derstanding of the antecedents and causes of neurocognitive impairment in this
population, which could lead to development of new technologies and ap-
proaches. In the initial phase of the Extremely Low Gestational Age Newborn
(ELGAN) Study that evaluated more than 900 children born before 28 weeks ges-

BSID-II Bayley Scales of Infant Development, Second Edition
CRP C-reactive protein
DAS–II Differential Ability Scales, Second Edition
ELGAN Extremely low gestational age newborn
ICAM Intercellular adhesion molecule
IL Interleukin
LPA Latent profile analysis
MDI Mental development index
MMP Matrix metalloproteinase
NEPSY-II Neuropsychological Assessment, Second Edition
SAA Serum amyloid A
TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor
VEGF-R2 VEGF-receptor 2
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tation, neonatal elevations of specific molecular biomarkers
(ie, inflammation-associated proteins in blood), robustly pre-
dicted cognitive impairment at 2 years of age.14,15 Moreover,
concentrations of inflammation-related proteins in blood spot
samples collected in the third and fourth weeks of life were
associated with 2-year outcomes beyond associations with
protein concentrations from the first 2 postnatal weeks alone.16

Cognitive assessments at 2 years among infants born with
extremely low birth weight, however, have correlated only mod-
estly with school-age cognitive abilities,12,17 which better predict
later academic achievement and vocational and social
competence.18 For a more definitive evaluation of the long-
term impact of neonatal elevations of inflammation-related
proteins, we assessed cognitive abilities during school age in
the ELGAN Study cohort when assessment of cognitive ability
is reliable.

We report here analyses that test the hypothesis that per-
sistent, elevated concentrations of circulating inflammation-
associated proteins in the first 2 postnatal weeks (early) are
associated with an increased risk of cognitive deficits at 10 years
of age in extremely preterm children. We also test the hypoth-
esis that persistent, elevated concentrations of circulating
inflammation-associated proteins in the third and fourth post-
natal weeks are associated with risk of cognitive deficits at age
10 years beyond the risk conferred by the “early” elevations of
inflammatory proteins.

Methods

The ELGAN Study is a multicenter observational study of the
risk of structural and functional neurologic disorders in ex-
tremely preterm infants. During 2002-2004, women deliver-
ing before 28 weeks gestation were asked to enroll in the study.
A total of 1249 mothers of 1506 infants consented to partici-
pate. At 10 years of age, 966 surviving children for whom we
obtained neonatal blood specimens for measurement of
inflammation-related proteins were targeted for recruit-
ment. The families of 889 (92%) of these children returned
for follow-up. The institutional review boards of all partici-
pating institutions approved enrollment and consent proce-
dures for this follow-up study.

Of the 889 children evaluated, 11 did not accompany the
parent or caregiver during the follow-up visit (hence, in-
formed consent could not be obtained), and 5 children did not
cooperate with the child assessment, leaving a final sample of
873 children. In the analyses that included only early protein
elevations, of the 873 participants, we evaluated risk in the 812
for whom both early blood samples and 10-year outcome data
were available. When we evaluated risk associated with late el-
evations (third and fourth postnatal week), we considered the
risk above that attributable to the early elevations, and in-
cluded only the 532 children for whom we possessed blood
samples at both the early and late time intervals. Because of
severe motor, visual, and cognitive disability, 29 children were
assigned floor scores on all tests, and 11 were assigned floor
scores on some tests.

Families willing to participate were scheduled for 1 visit,
usually at the institution of birth. Child measures were se-
lected to provide the most comprehensive assessment of cog-
nitive and academic function obtainable in a single testing
session. Evaluations were administered by certified child psy-
chologists blinded to clinical information in a 3- to 4-hour
session that included breaks. All psychologist examiners un-
derwent a 1-day in-person training and verification of com-
petency for administering the neurocognitive test battery.

Assessments
General cognitive ability (or IQ) was assessed with the school-
age Differential Ability Scales, Second Edition (DAS-II)19 and
Verbal and Nonverbal Reasoning scales. Because DAS-II Verbal
and Nonverbal IQ scores were strongly correlated within the
sample, the mean of these 2 measures was used as an esti-
mate of general cognitive ability.

Attention and executive function were assessed with the DAS-
II and the Neuropsychological Assessment, Second Edition
(NEPSY-II).20 DAS-II Recall of Digits Backward and Recall of
Sequential Order measured verbal working memory. NEPSY-
II Auditory Attention and Auditory Response Set measured
sustained auditory attention, set switching, and inhibition.
NEPSY-II Inhibition-Inhibition and Inhibition-Switching tasks
measured simple inhibition and inhibition in the context of
set shifting, respectively. NEPSY-II Animal Sorting measured
concept generation and mental flexibility. For purposes of these
analyses, executive function was considered in conjunction with
IQ using a latent profile analysis (LPA) construct.

We used LPA to classify children in our sample into sub-
groups based on similarities in their profiles of IQ and execu-
tive function scores. These analyses identified 4 subgroups in
our cohort corresponding to overall cognitive functioning that
was normal (34% of cohort, with mean IQ and executive func-
tion scores within normal range on all measures), low-
normal (41%, with mean IQ and executive function scores
ranging from 0.5 to 1 SDs below the norm), moderately im-
paired (17%, with mean IQ and executive function measures
between 1.5 and 2.5 SDs below the norm), and severely im-
paired (8%, with mean IQ and executive function measures
from 3 to 4 SDs below the norm).

Blood Protein Measurements
Drops of whole blood were collected on Schleicher and Schuell
903 (Schleicher and Schuell, Inc, Keene, New Hampshire) filter
paper on the first postnatal day (range: 1-3 days) and the
seventh (range: 5-8 days) and 14th (range: 12-15 days) post-
natal days. Twenty-eight proteins taken from blood samples
in the first 2 weeks of life and 16 proteins taken from blood
sample in the third and fourth weeks of life were measured
in the Laboratory of Genital Tract Biology, Brigham and
Women’s Hospital, using the Meso Scale Discovery multi-
plex platform and Sector Imager 2400 (Meso Scale Discov-
ery, Gaithersburg, Maryland), which has been validated against
enzyme-linked immunosorbent assay. Details about the pro-
cedure for processing the blood spots and for measuring protein
concentrations and absolute value ranges for 28 inflammation-
regulating proteins are explained elsewhere.21
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In the blood spot samples, we considered for analyses the
16 proteins that were measured at all 5 points of time in the
first month of life, including cytokines: interleukin (IL)-1b,
IL-6, and its receptor, IL-6 receptor, tumor necrosis factor
(TNF)-a, and one of its receptors (TNF receptor 2); adhe-
sion molecules: intercellular adhesion molecule (ICAM)-1;
growth factors: vascular endothelial growth factor (VEGF)
and one of its receptors (VEGF-receptor 2 [VEGF-R2]);
chemokines: interleukin-8 (IL-8), regulated upon activation,
and normal T-lymphocyte expressed, and (presumably) se-
creted; metalloproteinases: matrix metalloproteinase (MMP)-
9; liver-produced: serum amyloid A (SAA), C-reactive protein
(CRP); and endocrine regulators: thyroid-stimulating hormone
and erythropoietin, and neutrophil-derived effectors:
myeloperoxidase.

Volumes of blood spotted on the filter paper varied, and to
standardize the inflammation protein measurements, we eluted
each fixed spot area in the same volume of elution buffer and
normalized the concentration of each biomarker to total protein
concentration.22 Measurements were made in duplicate, and
the mean served as the basis for all tables and analyses. The
protein concentrations varied with gestational age and with
the postnatal day of collection.23,24 In addition, measure-
ments from the first 2 weeks of life were assayed in 2009-
2010, whereas the proteins obtained from weeks 3 and 4 of life
were assayed in 2015, and, although the distributions of each
were similar, they were not identical. Consequently, we divided
our sample into 30 groups defined by gestational age cat-
egory (23-24, 25-26, and 27 weeks), postnatal day of blood
collection (1, 7, 14, 21, and 28), and measurement set (2009-
2010 and 2015). Four considerations prompted us to
operationalize using highest quartile protein values for a par-
ticular gestational age and postnatal day/week of sampling as
a measure of inflammation signal. First, normative data for cir-
culating inflammation-associated proteins in ELGANs are not
available. Second, circulating protein concentrations in our
cohort of ELGANs varied according to gestational age and by
postnatal day or week the blood was sampled. Third, the protein
values did not conform to a normal distribution. Finally,
because weeks 3 and 4 blood measures were completed nearly
10 years apart, use of quartile minimizes potential impact of
protein degradation over time. Sustained elevation for a par-
ticular protein was defined as a protein concentration in the
highest quartile on at least 2 of the 3 measures obtained in the
first 2 weeks and in the highest quartile on both measures for
the third and fourth week samples.

Data Analyses
We evaluated 2 measures of cognition using IQ and LPA cat-
egories. We use cognitive impairment as an overarching term
that refers to either having impaired IQ (mean verbal and non-
verbal IQ less than 70) or having impaired overall cognitive
functioning (moderately or severely impaired groups based on
LPA, which integrates measures of IQ and executive function
abilities). We also present 2 intermediary categories based on
IQ z scores between –2 and –1 or being in the low normal group
based on LPA. We tested the hypothesis that infants with sus-

tained inflammation were not more likely than infants without
sustained inflammation to have cognitive impairment at age
10 years. We defined cognitive impairment as IQ at least 2 z
scores below normative expectation or as moderately or se-
verely impaired by LPA.

In the analyses in which we considered the number of
inflammation-related protein elevations as a predictor of
outcome, we used a subset of 9 proteins (CRP, SAA, IL-1b, IL-
6, TNF-a, IL-8, ICAM-1, matrix metalloproteinase-9, and
VEGF) common to both the early and late protein sets. These
proteins have been associated consistently with structural and
functional neurologic outcomes in the literature and in pre-
vious ELGAN Study analyses.14,25,26

Logistic regression and multinomial logistic regression
models were used to examine the association between mea-
sures of inflammation and cognitive impairment, control-
ling for public insurance status at birth (as a measure of low
socioeconomic status) and child sex. First, we explored whether
sustained elevation of specific, individual proteins in the first
2 postnatal weeks of life (early) predicted cognitive impair-
ment. Second, we explored whether breadth of early inflam-
mation (high defined by the presence of sustained elevations
of 4 or more inflammation-related proteins and moderate in-
flammation defined by sustained elevations in 2-3 proteins)
was associated with cognitive impairment. Finally, using time-
oriented models, we evaluated the added contribution to risk
of cognitive impairment from protein elevations in the third
and fourth weeks of life, controlling for early protein
elevations.27

ORs and 95% CIs were used to describe associations between
markers of inflammation and our 3- category IQ outcome (IQ
z score –2 or below, between –2 and –2, or above –1) and
4-category overall cognitive functioning outcome (severely im-
paired, moderately impaired, low normal function, normal cog-
nitive function). ORs are given for each impairment category
relative to the highest functioning reference category.

Results

Approximately 20% of the cohort was born at 23-24 weeks,
45% were born at 25-26 weeks, and 34% were born at 27 weeks
gestation. Seven percent (38/532) were born small for gesta-
tional age, and 27% (132/487) had a Bayley Scales of Infant
Development, Second Edition (BSID-II) mental develop-
ment index (MDI) score <70 at 2 years of age. Impaired BSID-
II MDI values were highly associated with impaired IQ and
with non-normal overall cognitive impairment at age 10 years.
Children whose mothers had indicators of low socioeco-
nomic status (less than high school education, single status,
and public insurance), who were nonwhite, and who were male
were more likely to have cognitive impairment (Table I).

In the first 2 weeks, elevated concentration of CRP,
TNF-a, IL-8, ICAM-1, and erythropoietin individually was
associated with Impaired IQ (ORs ranging from 2.0 to 2.3).
(Table II). These proteins, as well as CRP and SAA, also were
associated with moderately and severely impaired overall cog-
nitive functioning (ORs: 2.1 to 3.6 for the severely impaired
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group and from 2.0 to 2.4 for the moderately impaired group)
(Table III). After adjusting for early protein elevations, late el-
evations of CRP, VEGF-R2, and thyroid-stimulating hormone
were associated with severe impairment (ORs ranged from 3.1
to 6.5). IL-8, ICAM-1, and VEGF-R2 also were significantly
higher in the groups testing as moderately impaired and low
normal compared with groups testing as normal.

The presence of ≥4 elevations of inflammatory protein was
associated with impaired IQ (ORs ranged from 2.1 to 2.4)

(Table IV). In addition, elevations of ≥4 proteins were asso-
ciated with moderately impaired overall cognitive function (OR
2.8; 95% CI 1.5, 5.0) and low normal overall cognitive func-
tion (OR 1.7; 95% CI 1.01, 2.7).

After adjusting for early elevations of protein in the 532 chil-
dren for whom we assayed proteins both in the early and late
periods (Table IV), late elevation of ≥4 proteins was associ-
ated with impaired IQ, and severe and moderate overall cog-
nitive impairment (ORs ranged from 2.9 to 5.1).

Among the proteins evaluated, the 2 most consistently as-
sociated with cognitive impairment were IL-8 and ICAM-1 .
Early elevations of these were associated with severely de-
creased IQ (IL-8- OR 2.3; 1.4, 3.8; ICAM-1 OR 2.3; 1.4, 3.7)
(Table II). When adjusting for early elevations of proteins, late
elevations of these 2 proteins were associated with severe overall
cognitive impairment (IL8- OR 5.0; 1.9, 13; ICAM-1 OR: 6.5;
2.6, 16) (Table III). Both of these protein elevations also were
associated with moderately impaired and low normal overall
impairment from the LPA grouping with ORs that ranged from
2.7 to 6.3.

Discussion

Persisting, elevated concentrations of a broad number of cir-
culating inflammation-associated proteins in the first 4 post-
natal weeks were associated with cognitive impairment at age

Table I. Percent of children with cognitive impair-
ment by mother and child characteristics, n = 812

DAS IQ
z score*

Impairment
level by LPA

N
≤ –2
%

> –2,
≤ –1
%

Severe
%

Moderate
%

Low
normal

%

Maternal characteristics
Racial identity

White 512 10 16 5 12 40
Black 208 25 28 13 26 45
Other 90 23 16 9 21 38

Hispanic
Yes 80 23 24 14 16 49
No 731 15 18 7 17 40

Age, y
<21 105 17 28 9 26 42
21-35 546 16 18 8 16 42
>35 161 12 15 7 13 38

Education, y
≤ 12 334 22 24 11 23 46
>12, < 16 190 15 22 8 17 42
≥ 16 288 8 11 3 9 35

Single marital status
Yes 329 19 27 10 23 46
No 483 13 13 7 12 37

Public insurance
Yes 286 23 26 12 25 44
No 526 11 15 6 12 40

Newborn characteristics
Sex

Male 413 20 18 10 18 39
Female 399 11 19 6 15 44

Gestational age, wk
23-24 173 26 20 16 21 40
25-26 366 15 21 7 17 42
27 273 9 15 4 13 41

Birth weight, g
≤750 306 24 22 14 23 41
751-1000 347 11 18 4 14 44
>1000 159 8 14 5 11 35

Birth weight z score
< –2 49 19 23 8 24 41
≥ –2, < –1 106 20 24 8 24 41
≥ –1 657 15 18 8 15 41

BSID-II scales at age 2 y
MDI
<55 109 56 16 38 29 26
55-69 80 33 25 11 29 46
≥ 70 564 5 18 1 12 44

PDI
<55 109 52 18 38 24 28
55-69 115 18 24 4 24 44
≥ 70 529 7 17 2 13 43

PDI, psychomotor development index.
*n = 809 for DAS IQ, 3 children completed only the verbal or nonverbal IQ, so an average could
not be calculated.

Table II. aORs* and 95% CIs for impaired IQ† at age 10
years for those with elevated inflammatory protein
concentrations‡ on 2 of the first 3 postnatal measure-
ments (n = 809)§

N DAS IQ z score

Elevated /
not elevated

≤ –2
(n = 125)

> –2, ≤ –1
(n = 153)

CRP 155/654 2.0 (1.2, 3.2) 1.4 (0.9, 2.2)
SAA 133/676 1.6 (0.97, 2.7) 1.5 (0.9, 2.4)
MPO 142/667 1.0 (0.6, 1.6) 1.1 (0.7, 1.7)
IL-1b 132/677 1.6 (0.98, 2.7) 1.1 (0.6, 1.8)
IL-6 131/678 2.0 (1.2, 3.3) 1.2 (0.8, 2.0)
IL-6R 161/648 0.7 (0.4, 1.2) 1.1 (0.7, 1.7)
TNF-a 154/655 2.0 (1.2, 3.2) 1.6 (1.00, 2.4)
TNF-R2 138/671 1.3 (0.8, 2.1) 1.0 (0.6, 1.7)
IL-8 (CXCL8) 136/673 2.3 (1.4, 3.8) 1.6 (1.02, 2.6)
RANTES (CCL5) 149/660 0.7 (0.4, 1.2) 0.7 (0.4, 1.2)
ICAM-1 (CD54) 152/687 2.3 (1.4, 3.7) 1.5 (0.9, 2.3)
MMP-9 122/687 0.7 (0.4, 1.3) 0.9 (0.6, 1.6)
VEGF 164/645 0.7 (0.4, 1.1) 0.9 (0.6, 1.4)
VEGF-R2 164/645 1.1 (0.7, 1.8) 1.2 (0.8, 1.9)
TSH 164/645 1.2 (0.7, 1.9) 1.0 (0.6, 1.5)
EPO 138/671 2.2 (1.3, 3.5) 1.4 (0.9, 2.3)

EPO, erythropoietin; IL-6R, IL 6 receptor; MMP, matrix metalloproteinase; MPO, myeloperoxidase;
RANTES, regulated upon activation, normal T-cell expressed, and secreted; TNF-R2, TNF
receptor 2; TSH, thyroid-stimulating hormone.
Bold values represent ORs for which the 95% confidence limits do not include 1; ie, signifi-
cantly different from 1 at P < .05.
*ORs comparing indicated IQ group to those with IQ z score above –1, adjusting for public in-
surance and child sex through multinomial logistic regression.
†IQ z score based on average of the DASII verbal and nonverbal IQ scores.
‡Inflammatory protein concentration in the top quartile controlling for gestational age and day
of measurement.
§Three children completed only the verbal or nonverbal IQ, so an average could not be
calculated.
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10 years. The association was found for IQ measures, and a
categorical outcome that summarized IQ and executive func-
tion. In addition, IL-8 and ICAM-1 were the circulating pro-
teins in the first month of life most strongly associated with
cognitive impairment at 10 years of age.

Previously, we demonstrated that persisting, elevated levels
of circulating inflammation-associated proteins in the first 2
postnatal weeks of life were associated with cognitive impair-
ment at 2 years of age in the ELGAN Study cohort.14,15 Now
we provide evidence that elevation of circulating inflammation-
associated proteins detectable in the third and fourth postna-

tal weeks contribute to risk of cognitive impairment beyond
the risk posed by the presence of such proteins in the first 2
weeks of life.28 This observation coupled with our previous
report, which shows little association of day 1 inflammatory
protein elevations with 2-year cognitive outcomes,14 suggests
that in addition to exposures that initiate an inflammatory
process in utero, postnatal exposures also might initiate in-
flammation that predicts later cognitive deficits. Such post-
natal exposures could injure the brain directly and also could
constitute a second hit to an already sensitized central nervous
system.29,30 Postnatal events that can contribute to risk over the

Table III. aORs* and 95% CIs of overall cognitive impairment based on LPA at age 10 years for those with elevated con-
centrations of inflammatory proteins on 2 of the first 3 postnatal measurements (early period) and on both the 21st and
28th postnatal day measurements (controlling for early protein level, late period)

Earlys† Late in light of early‡

(n = 812) (n = 532)

Impairment level by LPA

N
Elevated

Severe
(n = 64)

Moderate
(n = 135)

Low normal
(n = 333)

N
Elevated

Severe
(n = 45)

Moderate
(n = 98)

Low normal
(n = 221)

CRP 156 2.1 (1.05, 4.2) 2.4 (1.4, 4.1) 1.8 (1.1, 2.8) 62 4.0 (1.5, 10) 2.0 (0.8, 4.6) 1.7 (0.8, 3.5)
SAA 133 2.1 (1.01, 4.2) 2.0 (1.1, 3.5) 1.6 (0.98, 2.5) 48 2.6 (0.9, 7.7) 2.0 (0.9, 5.1) 1.2 (0.6, 2.7)
MPO 143 1.1 (0.6, 2.3) 0.9 (0.5, 1.6) 1.0 (0.7, 1.5) 64 0.6 (0.2, 2.2) 1.0 (0.5, 2.3) 1.2 (0.7, 2.2)
IL-1b 132 1.9 (0.9, 3.8) 1.5 (0.8, 2.6) 1.2 (0.8, 1.9) 65 0.5 (0.1, 2.0) 1.9 (0.9, 4.0) 1.1 (0.6, 2.0)
IL-6 131 2.5 (1.3, 5.0) 2.0 (1.2, 3.6) 1.3 (0.8, 2.1) 62 2.0 (0.8, 5.5) 1.4 (0.6, 3.1) 1.2 (0.6, 2.4)
IL-6R 163 0.5 (0.2, 1.2) 1.1 (0.6, 1.8) 1.1 (0.7, 1.6) 67 1.1 (0.4, 3.1) 0.6 (0.3, 1.5) 1.0 (0.6, 1.9)
TNF-a 154 2.2 (1.1, 4.3) 2.8 (1.6, 4.6) 1.4 (0.9, 2.2) 89 0.7 (0.2, 2.0) 1.7 (0.9, 3.3) 1.1 (0.6, 1.9)
TNF-R2 138 1.6 (0.8, 3.2) 1.2 (0.7, 2.1) 1.1 (0.7, 1.8) 67 2.2 (0.8, 5.6) 1.6 (0.7, 3.5) 1.4 (0.7, 2.7)
IL-8 (CXCL8) 136 2.8 (1.4, 5.5) 2.2 (1.3, 3.9) 1.4 (0.9, 2.3) 80 5.0 (1.9, 13) 6.3 (2.8, 14) 2.4 (1.1, 5.1)
RANTES (CCL5) 151 0.6 (0.3, 1.3) 0.8 (0.4, 1.3) 0.7 (0.5, 1.1) 65 1.3 (0.5, 3.3) 0.9 (0.4, 2.0) 0.8 (0.4, 1.4)
ICAM-1 (CD54) 153 3.1 (1.6, 6.0) 2.4 (1.4, 4.2) 1.5 (0.9, 2.3) 87 6.5 (2.6, 16) 2.9 (1.3, 6.4) 2.7 (1.4, 5.4)
MMP-9 124 0.5 (0.2, 1.3) 1.1 (0.6, 2.0) 1.2 (0.8, 1.9) 53 0.9 (0.3, 2.9) 1.0 (0.4, 2.3) 0.9 (0.5, 1.8)
VEGF 165 0.7 (0.3, 1.4) 0.7 (0.4, 1.2) 0.8 (0.6, 1.2) 68 0.8 (0.3, 2.2) 0.9 (0.4, 2.0) 0.6 (0.3, 1.2)
VEGF-R2 161 1.2 (0.6, 2.4) 1.2 (0.7, 2.0) 1.1 (0.8, 1.7) 71 3.2 (1.2, 8.3) 2.4 (1.1, 5.4) 2.0 (1.01, 4.1)
TSH 165 1.4 (0.8, 2.8) 1.0 (0.6, 1.7) 1.1 (0.7, 1.6) 73 3.1 (1.3, 7.3) 1.4 (0.6, 3.0) 1.1 (0.6, 2.1)
EPO 138 3.6 (1.8, 7.1) 2.3 (1.3, 4.1) 1.8 (1.1, 3.0 65 1.0 (0.3, 3.0) 1.4 (0.6, 3.1) 1.3 (0.7, 2.5)

Bold values represent ORs for which the 95% confidence limits do not include 1; ie, significantly different from 1 at P < .05.
*OR comparing the indicated category to those with normal overall cognitive function, controlling for public insurance at birth and child sex.
†Early: protein in the highest quartile on 2 or more of the first 3 days (days 1, 7, and 14).
‡Information added by the late concentrations (protein in the highest quartile on both days 21 and 28).

Table IV. aORs* and 95% CIs for measures of cognitive impairment at age 10 years associated with 4+† or 2-3 elevated
proteins on 2 of postnatal days 1, 7, and 14 (early period), on both postnatal days 21 and 28 controlling for early eleva-
tion (late period), and with both early and late 4+ elevations, or one with 4 + and the other having 2-3 elevations (4+ and
2-3+)

Early‡ Late in light of early‡ Both early and late§

(n = 812) (n = 532) (n = 532)

4+
(n = 130)

2-3
(n = 179)

4+
(n = 47)

2-3
(n = 115)

4+
(n = 16)

4 + and 2-3+
(n = 270)

DAS IQ¶ ≤ -2 2.4 (1.4, 4.0) 1.3 (0.8, 2.1) 3.2 (1.5, 6.9) 2.2 (1.2, 3.9) 5.9 (1.7, 21) 2.1 (1.3, 3.5)
z score > -2, ≤ -1 1.5 (0.9, 2.5) 1.3 (0.9, 2.5) 1.1 (0.5, 2.7) 1.3 (0.8, 2.3) 2.3 (0.6, 8.8) 1.2 (0.8, 1.9)

LPA level Severe 2.3 (1.1, 4.9) 1.1 (0.5, 2.3) 4.8 (1.5, 16) 1.5 (0.6, 3.5) 5.8 (0.7, 48) 2.2 (1.1, 4.6)
of Moderate 2.8 (1.5, 5.0) 1.9 (1.1, 3.2) 5.1 (1.9, 14) 1.7 (0.9, 3.3) 9.3 (1.8, 50) 2.0 (1.2, 3.5)
impairment Low normal 1.7 (1.01, 2.7) 1.1 (0.7, 1.6) 1.9 (0.8, 4.8) 1.0 (0.6, 1.7) 2.2 (0.4, 1.2) 1.3 (0.9, 2.9)

SSA, serum amyloid A.
Bold values represent ORs for which the 95% confidence limits do not include 1; ie, significantly different from 1 at P < .05.
*OR comparing the indicated category to those without elevated proteins, controlling for public insurance at birth and child sex.
†Number of elevated proteins among CRP, SAA, IL-1b, IL-6, TNF-a, IL-8, ICAM-1, MMP-9, and VEGF.
‡Referent protein group is <2 elevations.
§Referent protein group is early <2 elevations and late <2 elevations.
¶n = 809 for DAS IQ, 3 children completed only the verbal or nonverbal IQ, so an average could not be calculated.
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first 4 weeks of life include lung inflammation, necrotizing en-
terocolitis, derangements of blood pressure and oxygen ex-
change, acidosis, and bacteremia, fungemia, and/or sepsis.31-33

The mechanisms by which inflammation contributes to neu-
rologic dysfunction are not yet known, but could include mi-
croglial activation, enhanced expression of cyclooxygenase 2,
death of immature oligodendrocyte, excitotoxic-glutamatergic-
mediated injury, disruptions to neuronal migration and sur-
vival, and impaired synaptogenesis.34 The mechanisms may be
more indirect, including the initiation of epigenetic-mediated
changes that contribute to neuronal death, impedance
production of neuroprotective proteins, and/or interference with
neuroplasticity mechanisms.29,35-39 In addition, it is possible that
disturbance of the infant’s systemic immune-inflammatory
balance may affect the establishment of a healthy microbiome
at birth with consequent microbiota-mediated harmful effects
on the brain.40,41

Aside from the ELGAN Study, only 2 studies have assessed
relationships between inflammation-related proteins42,43 in neo-
natal blood and subsequent developmental outcomes; one in-
volved infants born at less than 1 kg42 and the other 67 infants
born at less than 32 weeks gestation.43 Both studies associ-
ated TNF-a with poor cognitive outcomes. One also identi-
fied an elevation of IL-8,42 and the other an elevation of IL-643

as associated with decreased scores on one of the 2 BSID-II
scales of Infant Development at 2 years of age. A large study
that evaluated proteins in cord blood44 did not identify any
protein elevation as being associated with low BSID-II MDI
or psychomotor development index. Our study differed from
these in that we examined school-age outcomes, evaluated pro-
teins over the course of the first month of life, and investi-
gated sustained elevation of proteins.

Among adults, neurologic injury after cardiac arrest or severe
head trauma is associated with elevations of many inflamma-
tory markers, most elevations, which resolve within 12 hours.45

Persisting IL-8 (and E-selectin) elevations, much as in our study,
however, are associated with greater degrees of neurologic
injury.46 The elevations of inflammation-related proteins early
in life that are associated with later cognitive impairment appear
to persist for weeks. Although inflammation also might be a
consequence of brain injury, evidence suggests that the process
of inflammation resolution promotes feedback-loops between
the immune system and the brain damage,47 leading to aug-
mented brain damage and increased neurologic dysfunction.48

The persistence of risk through the first 4 weeks of life and
the limited risk associated with protein elevation on the
first day of life imply a later and broader window of vulner-
ability than previously recognized, when specific therapeutic
interventions targeting inflammatory processes might effec-
tively decrease the risk of adverse outcomes. Therapies
that can modulate inflammation, such as hypothermia,49

erythropoietin,50 and melatonin,50-52 show promise as strate-
gies to improve brain-related outcomes in newborns.
Inflammation,53-55 developmental regulation of immunity,56

immune response to infections,57 and stress-induced immune
dysregulation58 may be influenced by epigenetic alterations that
activate the expression of proinflammatory cytokines. Phar-

macologic agents that target epigenetic processes (eg, histone
deacetylase inhibitors59-61 and folate, a 1-carbon donor for DNA
methylation62) show promise as therapies for dampening in-
flammation or its effects in the postnatal period.

Our data suggest that IL-8 and ICAM-1 are important risk
modulators for cognitive outcome. IL-8, a chemokine, previ-
ously has been implicated as a marker of adverse neurologic
outcomes in preterm newborns63,64 and in adults following
cardiac arrest.65 IL-8 plays a role in acute inflammation by re-
cruiting and activating neutrophils66 and specifically has been
associated with increased risk of psychomotor development
index < 70.42 ICAM-1 is an adhesion molecule and is thought
to play a crucial role in the pathogenesis of inflammation.
Simvastatin reduces expression of ICAM-1 and has been as-
sociated with improved outcomes in a rat model of trau-
matic brain injury.67 Elevations of ICAM-1 in humans with
stroke have been associated with more severe neurologic
deficits.68,69 Both IL-8 and ICAM-1 also specifically were el-
evated in our cohort of infants with cerebral white matter injury
and/or intraventricular hemorrhage on early head ultra-
sound studies,27,70 and in children at age 2 years with
microcephaly,26 abnormal cognition,14 attentional disorders,71

and cerebral palsy.25

The association of later adverse outcomes with the pres-
ence of early-life circulating inflammatory proteins probably
is modulated by other factors associated with immaturity,
including the availability of endogenous protective
factors,72-74 such as oligotrophins. Heightened production and
availability of oligotrophins could modulate the damaging
effects associated with inflammation, for example, by enhanc-
ing cell development and/or survival.73 In this report, we focus
on risk associated with cytokines and other effectors of acute
inflammation, but a clearer understanding of the relation-
ship of inflammation to neuronal risk and later cognitive con-
sequences could derive from consideration of endogenous
protectors as well.

Our study has several strengths. We included a large number
of infants, collected our data prospectively, had only modest
attrition across 10 years of follow-up, examiners at 2 and 10
years were not aware of the medical histories of the children
they examined, and measured protein data are of high quality,
with high content validity.22,23,75

A limitation of an observational study is that causation and
association of study findings cannot be distinguished. Al-
though we sampled a wide range of inflammation-associated
proteins, including specific proteins known to be associated
with neurologic damage, we did not evaluate all known
inflammation-associated proteins. We selected proteins on the
basis of likely involvement in the fetal/neonatal inflamma-
tory response and the accuracy with which they could be mea-
sured reliably in whole blood spots using the Meso Scale
Discovery multiplex platform. It is likely that the 532 chil-
dren who underwent late protein assessments were more ill
than those who no longer required blood samples. Even though
this probably does not bias associations, it could limit the degree
to which these associations can be generalized to healthier
preterm infants. Finally, rather than report absolute protein
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concentration values, we used a distribution-based defini-
tion of protein elevation according to gestational age, post-
natal day, and the interval between processing blood samples,
because normal values are not known and values appear to be
influenced by these factors. ■
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Appendix

Additional ELGAN Study Investigators include:
Boston Children’s Hospital, Boston, MA: Janice Ware, PhD,

Taryn Coster, BA, Brandi Hanson, PsyD, Rachel Wilson, PhD,
Kirsten McGhee, PhD, Patricia Lee, PhD, Aimee Asgarian, PhD,
Anjali Sadhwani, PhD; Tufts Medical Center, Boston, MA: Ellen
Perrin, MD, Emily Neger, MA, Kathryn Mattern, BA, Jenifer
Walkowiak, PhD, Susan Barron, PhD; Baystate Medical Center,
Springfield, MA: Bhavesh Shah, MD, Rachana Singh, MD, MS,
Anne Smith, PhD, Deborah Klein, BSN, RN, Susan McQuiston,
PhD; University of Massachusetts Medical School, Worces-
ter, MA: Lauren Venuti, BA, Beth Powers, RN, Ann Foley, Ed
M, Brian Dessureau, PhD, Molly Wood, PhD, Jill Damon-
Minow, PsyD; Yale University School of Medicine, New Haven,
CT: Richard Ehrenkranz, MD, Jennifer Benjamin, MD, Elaine
Romano, APRN, Kathy Tsatsanis, PhD, Katarzyna Chawarska,
PhD, Sophy Kim, PhD, Susan Dieterich, PhD, Karen Bearrs,

PhD; Wake Forest University Baptist Medical Center, Winston-
Salem, NC: Nancy Peters, RN, Patricia Brown, BSN, Emily
Ansusinha, BA, Ellen Waldrep, PhD, Jackie Friedman, PhD, Gail
Hounshell. PhD, Debbie Allred, PhD; University Health Systems
of Eastern Carolina, Greenville, NC: Stephen C. Engelke, MD,
Nancy Darden-Saad, BS, RN, CCRC, Gary Stainback, PhD;
North Carolina Children’s Hospital, Chapel Hill, NC: Diane
Warner, MD, MPH, Janice Wereszczak, MSN, PNP, Janice
Bernhardt, MS, RN, Joni McKeeman, PhD, Echo Meyer, PhD;
Helen DeVos Children’s Hospital, Grand Rapids, MI: Steve
Pastyrnak, PHD, Julie Rathbun, BSW, BSN, RN, Sarah Nota,
BS, Teri Crumb, BSN, RN, CCRC; Sparrow Hospital, Lansing,
MI: Madeleine Lenski, MPH, Deborah Weiland, MSN, Megan
Lloyd, MA, EdS; University of Chicago Medical Center, Chicago,
IL: Scott Hunter, PhD, Michael Msall, MD, Rugile Ramoskaite,
BA, Suzanne Wiggins, MA, Krissy Washington, MA, Ryan
Martin, MA, Barbara Prendergast, BSN, RN, Megan Scott, PhD;
William Beaumont Hospital, Royal Oak, MI: Judith Klarr, MD,
Beth Kring, RN, Jennifer DeRidder, RN, Kelly Vogt, PhD.
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