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Abstract

Objective—To examine whether early inflammation is related to cortisol levels at 18 months
corrected age (CA) in children born very preterm.

Study Design—Infants born < 32 weeks gestational age were recruited in the NICU, and
placental histopathology, MRI, and chart review were obtained. At 18 months CA developmental
assessment and collection of 3 salivary cortisol samples were carried out. Generalized least
squares was used to analyze data from 85 infants providing 222 cortisol samples.

Results—Infants exposed to chorioamnionitis with funisitis had a significantly different pattern
of cortisol across the samples compared to infants with chorioamnionitis alone or no prenatal
inflammation (F[4,139] = 7.3996, P <.0001). Postnatal infections, necrotizing enterocolitis and
chronic lung disease were not significantly associated with the cortisol pattern at 18 months CA.

Conclusion—In children born very preterm, prenatal inflammatory stress may contribute to
altered programming of the HPA axis.
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Introduction

Infections are common in very preterm infants in the fetal period as well as postnatally.
Chorioamnionitis is often involved in initiation of preterm labor, occurring in 60% of
preterm deliveries.(1) Postnatal sepsis occurs in up to 24% of very low birth weight preterm
infants while in the neonatal intensive care unit (NICU).(2) Both fetal and postnatal
infections are characterized by the presence of marked inflammation and the release of
inflammatory mediators; elevated pro-inflammatory cytokine levels are reported in preterm
neonates with evidence of chorioamnionitis(3), funisitis(4), and sepsis.(5) In an earlier
cohort, we found elevated basal salivary cortisol levels at 8 and 18 months corrected age
(CA),(6,7) in preterm infants born at extremely low gestational age (24-28 weeks gestation)
compared to healthy full term controls, suggesting altered programming of the HPA axis.

Important and complex bi-directional interactions exist between the immune system and the
endocrine system at the hypothalamic and pituitary levels and peripherally. In brief,
cytokines (IL-1, IL-2, IL-6 and TNF, for example) elicit an acute hypothalamic-pituitary-
adrenal (HPA) response, mainly by stimulating corticotropin releasing hormone (CRH)
secretion, while glucocorticoid hormones modulate tissue inflammatory responses.(8)
Accordingly, elevated amniotic fluid cortisol levels(9) and increased cord blood cortisol
levels(10) are found in fetuses and preterm newborns exposed to intrauterine infection
compared to those non-exposed.

Increased basal and stimulated cortisol levels after exposure to chorioamnionitis were shown
to persist at least throughout the first 3 weeks of life.(11,12) Similarly, neonates with sepsis
typically display higher cortisol levels than healthy controls.(13) Early exposure to
inflammatory signals leading to activation of the HPA axis may result in reprogramming of
this stress axis, causing long-term functional changes. Possible mechanisms for altered
programming in these circumstances include exposure to excess endogenous
glucocorticoids(14) or direct action of cytokines on the brain during critical windows of
brain development; however, higher cortisol levels were not driven by either antenatal(15)
or postnatal(7) glucocorticoid exposure in our previous cohort . Several animal studies have
shown a long term effect of early infection on the HPA axis. For example, maternal
endotoxemia (with the bacterial endotoxin lipopolysaccharide (LPS) that mimics Gram
negative infection) during gestation altered offspring cortisol responses to stress and/or to
immune challenge up to adulthood in sheep.(16) Neonatal exposure to LPS altered adult
HPA basal function and response to various forms of stress, for example in rats.(17,18)
There are no studies to our knowledge that have examined long term effects of infections on
resting or stress cortisol responses in preterm infants. The aim of the present study was to
examine whether early inflammation contributes to altered cortisol levels at 18 months CA
in children born very preterm.
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Materials and Methods

Design

Secondary analysis from a longitudinal cohort recruited for a study of neonatal pain-related
stress, brain development and neurodevelopment in infants born very preterm. (19)

Participants

Preterm infants born <32 weeks gestational age (GA) were recruited from April 2006 to
November 2010 from the NICU at Children's & Women's Health Centre of British
Columbia. Infants with major congenital anomalies or evidence of congenital TORCH
infection were not eligible; infants known to be exposed to maternal illicit drug use during
pregnancy were excluded. A flow chart of participants is shown in Figure 1.

Procedures

Written informed consent was obtained in the NICU, following approval by the Clinical
Research Ethics Board of the University of British Columbia and the Research Review
Committee of the Children's and Women's Health Centre of British Columbia. During the
NICU stay, placental pathology was obtained, MRI performed, and chart review conducted
on all enrolled newborns. The infants were seen at 18 months CA in the Neonatal Follow up
Clinic, and underwent developmental testing and collection of three saliva samples for
cortisol assay. All infants were healthy on the test day by parent report.

Measures

Placental Histopathology—Macroscopic and microscopic analysis of the placenta was
performed on a minimum of 4 sections for histopathological examination (reflected
membranes, distal and proximal umbilical cord, fetal and maternal surfaces), as well as a full
thickness section. Tissue sections were fixed in formalin, cut to 3-5pm thickness and stained
with hematoxylin and eosin. An experienced placental pathologist (D.E.M.) assessed for
placental inflammation and noted the presence of chorioamnionitis alone, chorioamnionitis
with funisitis or neither.

Magnetic Resonance Imaging—All newborns were scanned using an MR-compatible
isolette (Lammers Medical Technology, Luebeck, Germany) and specialized neonatal head
coil (Advanced Imaging Research, Cleveland, OH), in a Siemens (Berlin, Germany) 1.5T
Avanto using VB 13A software. An experienced neuroradiologist (K.J.P.) reviewed the
images blinded to medical history and placental pathology. As described previously, white
matter injury (WMI) was defined as foci of abnormal white matter T1 hyperintensity in the
absence of marked T2 hypointensity, or by low-intensity T1 foci (cysts). The severity of
WMI was scored as minimal, moderate, or severe, using a system with high reliability that is
predictive of adverse neurodevelopmental outcome.(20) The presence of intraventricular
hemorrhage, ventriculomegaly, and cerebellar hemorrhage was also noted.

Cortisol—At 18 months CA, 3 saliva samples were collected using our established
procedures (7): pretest, when the child was awake and settled following arrival at the center,
post-1 after developmental assessment (approximately one hour after the pretest sample,
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mean 70 £ 42 minutes), and post-2 at the end of the session (approximately 30 minutes after
the post-1 sample, mean 27 £7 minutes). Testing was done in the morning (first saliva
sample mean time 10:00 am £ 1 hour). A salivette was placed in the mouth for about 1
minute, without prior stimulants. Saliva was extracted and stored frozen at -20°C until
assayed, using the Salimetrics High Sensitivity Salivary Cortisol Enzyme Immunoassay Kit
(Salimetrics LLC, Philadelphia, PA). Intra-assay and inter-assay coefficients of variation
were 2.92% and 3.41%, respectively.

Medical Chart Review—Medical and nursing chart review was carried out from birth to
term-equivalent or discharge home, whichever came first, by a research nurse, and included:
gestational age, birth weight, sex, antenatal and postnatal steroid exposure, SNAP 1l score
on day 1, number of days of mechanical ventilation (conventional and oscillation) and other
respiratory support, surgeries, number of skin-breaking procedures, morphine, midazolam
and fentanyl exposure, postnatal steroid exposure (dexamethasone and hydrocortisone),
postnatal infections, grade of intraventricular hemorrhage (IVH), Bell's stage of NEC, and
presence of chronic lung disease (CLD), defined as receiving supplemental O2 at 36 weeks
corrected age. Postnatal infections were defined by the following criteria(21): a clinical
infection as the presence of clinical suspicion, a negative blood culture and antibiotic
therapy for = 5 days, sepsis was defined as a culture positive infection and antibiotic therapy
for = 5 days, and meningitis was defined as a positive cerebrospinal fluid (CSF) culture. In
cases with more than one infection, the most severe was used for analysis. Exposure to
morphine, midazolam, fentanyl, dexamethasone and hydrocortisone was calculated as the
average dose (mg/kg) per day adjusted for daily weight multiplied by the number of days on
the drug, combining 1.V. and P.O. administration after appropriate conversion.

Statistical Analysis

Results

Generalized least squares analysis was performed to allow for correlation over time while
accommodating cases with incomplete cortisol samples, using the nlme package of the R
environment for statistical computing. Cortisol values were log-transformed. We examined
whether the cortisol pattern across phases was associated with early infection by testing the
interaction of pre- and post-natal infection and phase on log cortisol levels, adjusting for
clinical confounders. This analysis was also conducted for necrotizing enterocolitis (NEC)
and CLD.

Of 98 preterm infants followed up at 18 months, three were excluded due to prenatal
exposure to maternal illicit drugs (cocaine), three due to excessive crying during the follow-
up visit, and seven due to insufficient saliva for all 3 samples. The final study sample
comprised 85 infants providing 222 valid cortisol samples with no feeding within 20
minutes of sample collection: 65 infants had the complete set of 3 saliva samples, 7 had 2
samples, and 13 had 1 sample. Infant characteristics are presented in Table 1. Of the 85
infants, placental histopathology was available for 78 infants: 24 had chorioamnionitis and
11 had chorioamnionitis with funisitis. Further, among the 85 infants: 37 infants had a
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postnatal infection (11 clinical infection, 17 sepsis, 8 concurrent sepsis and NEC stage I-111,
1 meningitis).

Multiple infections were found in 18 infants. NEC was suspected in 8 (Bell's stage 1) and
definite in 5 infants (1 with Bell's stage 11, 4 with Bell's stage 111 requiring surgical
intervention). CLD was found in 24 infants. MRI was performed in 80 infants: 32 infants
had IVH (9 grade I, 19 grade 11, 4 grade 1V), and 22 had white matter injury (WMI; 9
minimal, 10 moderate, and 3 severe). Postnatal steroids were given to 22 infants: 5 received
dexamethasone, 11 received hydrocortisone, and 6 received both.

Preliminary Analyses

There were no significant associations between WMI severity or IVH grades and cortisol
values, and no interaction with the pattern of cortisol over phases (pretest, post-1, post-2).

Prenatal Infections in Relation to Cortisol

We compared infants with no prenatal infection (n=54), chorioamnionitis alone (n=13), and
chorioamnionitis with funisitis (n=11). Infant characteristics by prenatal infection group are
presented in Table 2. There was a significant interaction between prenatal infection status
and cortisol pattern over assessment phases (pretest, post-1, post-2). This reflected the fact
that the chorioamnionitis with funisitis group showed a cortisol increase from post-1 to
post-2 whereas there was no change in cortisol levels from post-1 to post-2 in the other two
groups (after adjustment: F[4,139] = 7.3996, P <.0001). The cortisol pattern is shown in
Figure 2. The estimated difference (unadjusted) between the increase from post-1 to post-2
in log cortisol in the chorioamnionitis with funisitis group and the average change (in log
cortisol) from post-1 to post-2 in the other two groups (combined) was 0.569 (95% C.I .278
- 0.859 P =.0001). Back-transforming from the log scale yielded an estimate of 1.77 (95%
Cl: 1.32 to 2.36) which corresponds to the ratio of the proportional increases for
chorioamnionitis with funisitis compared to the other two groups. We adjusted for the
following clinical confounders as covariates: gestational age at birth, antenatal and postnatal
steroid exposure, WMI and IVH, cumulative number of skin-breaking procedures,
morphine, midazolam and fentanyl exposure, days of mechanical ventilation and of any
respiratory support, and time of day at cortisol sampling. After adjusting for these
covariates, the log scale estimate was 0.810 (95% CI:0.506 to 1.114. P<.0001), which back-
transforms to 2.25 (95% CI:.1.658 to 3.047).

Postnatal Infections in Relation to Cortisol

Due to the small number of patients with meningitis (1 infant) and concurrent sepsis and
NEC (8 infants), they were combined with the 17 infants with sepsis forming a group of 26
infants with culture positive infections. This group did not differ significantly before or after
adjusting for covariates.

NEC and CLD in Relation to Cortisol

Cortisol values and patterns were comparable between infants with and without the presence
of NEC at any stage, and with and without CLD. There was no statistically significant
difference before or after adjusting for multiple covariates.
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Discussion

To our knowledge, this is the first study to examine whether early infection is associated
with long-term alterations to HPA axis function in preterm infants born < 32 weeks
gestation, after hospital discharge. We found that funisitis, a severe form of chorioamnionitis
with fetal inflammatory response in the blood vessels of the umbilical cord, was associated
with an altered pattern of salivary cortisol levels at 18 months CA. This finding persisted
after adjusting for multiple potential clinical confounders, and may indicate altered
programming of the HPA axis by exposure to inflammatory stress and likely, associated
cytokines and HPA hormones.

Early life plasticity of physiological systems is well established, with the HPA axis being
one of the most sensitive and well studied systems. Several prenatal and postnatal
environmental factors have been shown in animal models to program the HPA axis and
affect function into adulthood, including, for example, prenatal (22) and postnatal stress
(23). In humans, prenatal maternal stress (24), low birth weight (25), and postnatal
procedural pain-related stress in preterm infants (6,7), have been associated with altered
HPA function later. Given the close inter-relationship between the endocrine and immune
systems, and the bidirectional signaling between the two systems from fetal life onward
(26), there is growing interest in the long term effects of early inflammation on the HPA
axis. Indeed, early inflammatory stress has recently been examined in experimental animal
studies and found to influence programming of HPA function.(8). Ours is the first study to
address the possible role of prenatal or postnatal infections in programming HPA function in
humans, focusing on a population of patients especially prone to infections — very low
gestational age preterm infants.

Importantly, in our study, only the infants with funisitis and not those with chorioamnionitis
without funisitis showed a significantly altered cortisol pattern at 18 months CA. Unlike the
broad definition of chorioamnionitis typically used to describe the presence of intrauterine
infection and inflammation, which includes cases of maternal placental membrane
involvement alone, funisitis specifically indicates a fetal inflammatory response. Other
studies have shown poorer neurological outcome following funisitis compared to
inflammation limited to maternal membranes. For example, funisitis was found to be more
predictive of periventricular leucomalacia(27) and neurologic impairment(28) compared to
chorioamnionitis without funisitis. Furthermore, funisitis was found to elicit a stronger
cytokine response than chorioamnionitis alone(29). Therefore our present finding of altered
HPA responses at 18 months only in infants with funisitis, likely reflects the spectrum of
severity of the intrauterine infection, with funisitis being the severe end of the spectrum.
Surprisingly, postnatal infection was not related to cortisol levels in our study, which is not
consistent with the animal data reporting a programming effect of neonatal LPS exposure on
HPA axis function. However, we did not examine other components of endocrine-immune
balance such as the HPA response to illness, which have been demonstrated to be altered
with neonatal inflammatory stress.(16). CLD and NEC are common diseases of prematurity
in which an inflammatory cascade is central to the disease process. Due to the highly
inflammatory nature of these conditions, we explored their relationship with HPA function.
However, in our study CLD and NEC did not affect cortisol values at 18 months CA.
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Interpretation of these observations should be cautious. Although the incidence of NEC in
our sample was comparable to previous reports, our study may be underpowered to detect a
difference. CLD was more prevalent in this cohort, however we used the classic definition
of CLD that does not differentiate severity. Potential differences may therefore be masked.

Strengths of this study were the careful consideration of multiple potential confounders,
such as gestational age at birth, respiratory support, and prenatal and postnatal synthetic
corticosteroid exposure. Several recent studies have suggested an association between
elevated inflammatory markers(30) as well as positive culture sepsis(31) with white matter
injury. Given this, and despite the lack of association of charioamnionitis with WMI in this
cohort, we nonetheless examined the relationship between WMI or 1\VH and cortisol but
found none. This makes them unlikely to be confounders, although we still adjusted for
these factors in statistical analyses. This also implies that chorioamnionitis may be
associated with adverse outcomes through mechanisms other than WMI. In addition, we
used strict criteria for the definitions of infections, including histological criteria for
chorioamnionitis rather than clinical suspicion, and standardized categorization for postnatal
infections.

One limitation to our study is that we could not evaluate all aspects of HPA axis function.
This was due to the fact that there are ethical constraints that limit the extent to which the
HPA axis can be assessed for research purposes in young children. Subjecting infants to a
physical stressor or performing a pharmacological challenge is not possible when there is no
medical indication or benefit. Moreover, it is more difficult to elicit a cortisol response after
the first few months of age, even using routine immunization injections.(32,33) In light of
this, the observation of an altered cortisol pattern following cognitive assessment in the
present study may suggest a programming effect of exposure to funisitis on HPA function.
Another important limitation is the low sample size. This was a secondary analysis from an
existing database of a longitudinal cohort that was not powered for the current question. Our
results therefore should be interpreted with caution. Larger studies are needed to confirm the
role of early infection on HPA axis programming.

In summary, we found that fetal inflammatory response to prenatal infection may be
associated with an altered cortisol pattern following behavioral testing at 18 months CA,
long after NICU discharge. This may indicate reprogramming of the HPA axis due to early
inflammatory stress. Why we did not find associations with other inflammatory conditions
of prematurity including postnatal infections, NEC and CLD remains to be determined. It is
possible that the timing of inflammation is a critical factor in HPA programming. Our study
adds to the growing body of literature on the importance of prenatal infection, a potentially
preventable and treatable condition, for later morbidity. Future human research examining
the effect of early inflammation on later immune response may contribute to a fuller
understanding of long term morbidities following prenatal infection.
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Eligible : 137

Refused : 18

Consented : 119

Withdrew: 6
Died: 5
*| Lost to follow-up: 10

v

Follow-up at
18 months: 98

Exposed to prenatal
illicit drugs: 3

»| Excessive crying: 3
Insufficient saliva: 7

v

Cortisol data
acquired at 18
months: 85

Figure 1. Study Participants Flow Chart
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Figure 2. Cortisol Pattern by Prenatal Infection Group

Cortisol across assessment phase (pretest, post-1 and post-2) by prenatal infection group: no
infection (n=54), chorioamnionitis alone (n=13) and chorioamnionitis with funisitis (n=11).
The lower and upper quartiles are represented by the top and bottom limits of each box, and
the minimum and maximum data values by the “whiskers”. The median is represented by
the bold line. Outliers (represented as points outside “whiskers™) were identified if they
surpassed the upper or lower quartile by more than 1.5 times the inter-quartile range (IQR).
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Infant characteristics N=85

Table 1

Characteristic

Mean * SD or n (%)

Gestational age (wks) 28.1+22
Birth weight (gr) 1079 £ 343
Apgar 1 min 52+25
Apgar 5 min 732
SNAP Il score day 1 16.8+15.1
Chorioamnionitis 1 24178 (31%)
Funisitis 1 11/78 (14%)

Postnatal infections

37/85 (44%)

Chronic lung disease (CLD) 24/85 (28%)
NEC (stage I1/111) 5/85 (6%)
White matter injury 2 22/80 (28%)
IVH grade 11/1V 2 4/80 (5%)
Pre-test Cortisol at 18 months CA (ug/dl) | .242 + .478
Post-1 Cortisol at 18 months CA (ug/dl) 162 +.296
Post-2 Cortisol at 18 months CA (ug/dl) .188 +.373

1n=78 placental histopathology available

2n=80 with MRI
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Table 2

Infant characteristics by prenatal infection group (n=78)

Page 13

Characteristic

No infection (n=54)

Chorioamnionitis alone (n=13)

Chorioamnionitis with Funisitis (n=11)

Gestational age1 (wks)

Birth weight® (g)

Prenatal Steroids

SNAP Il score day

Postnatal infections
Mechanical ventilation® (days)
Postnatal steroids

NEC (stage I1/111)

White matter injury 2

IVH grade 111/1V 2

Skin breaking procedures1

Small-for-gestational-age (SGA)

28.6£2.3
1123345
47/54 (87%)
1715
22/54 (41%)
16.3+21.4
12/54 (22%)
4/54 (7%)
16/54 (30%)
3/54 (6%)
119481
10 (19%)

27.4+2.0
1047+388
13/13 (100%)
1515
6/13 (46%)
26.8+35.3
4/13 (31%)
0/13 (0%)
1/13 (8%)
1/13 (8%)
12573
1 (8%)

27.6£2.1
1084320
10/11 (91%)
1817
7/11 (64%)
15420.2
3/11 (27%)
1/11 (9%)
5/11 (45%)
0/11 (0%)
131475
0 (0%)

lMeaniSD

2n=80 with MRI
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