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Abstract

Background: To determine the relationship between iron exposure and the development of
bronchopulmonary dysplasia (BPD).

Methods: A secondary analysis of the PENUT Trial dataset. The primary outcome was BPD
at 36 weeks gestational age and primary exposures of interest were cumulative iron exposures in
the first 28-days and through 36 weeks gestation. Descriptive statistics were calculated for study
cohort characteristics with analysis adjusted for the factors used to stratify randomization.

Results: Of 941 patients, 821 (87.2%) survived to BPD evaluation at 36 weeks, with 332
(40.4%) diagnosed with BPD. The median cohort gestational age was 26 weeks and birth weight
810g. In the first 28-days, 76% of infants received enteral iron and 55% parenteral iron. The
median supplemental cumulative enteral and parenteral iron intakes at 28-days were 58.5 mg/kg
and 3.1 mg/kg respectively and through 36 weeks’ 235.8 mg/kg and 3.56 mg/kg respectively. We
found lower volume of red blood cell transfusions in the first 28 days after birth and higher enteral
iron exposure in the first 28 days after birth to be associated with lower rates of BPD.

Conclusion: We find no support for an increased risk of BPD with iron supplementation.

Introduction:

Bronchopulmonary dysplasia (BPD) affects as many as 68% of infants born at extremely
low gestational ages (22-28 weeks) and very low birth weight (< 1500g).1 BPD is the most
common chronic lung disease of childhood and its incidence has slowly been increasing over
the past 20 years, despite advances in maternal and neonatal care.2=3 The etiology of BPD is
multifactorial and includes developmental changes in the lung that start before birth as well
as lung injury and repair mechanisms after birth.# These include well described hypotheses
about mechanisms of oxidative stress contributing to the development of lung injury and
BPD.>~" Preterm infants may be especially sensitive to diseases exacerbated by oxidative
stress given their immature antioxidant defenses.

Iron is essential for the metabolism of all living cells and is critically important for normal
brain development.8-9 Eighty percent of fetal iron accretion occurs in the third trimester and
for extremely low gestational age newborns (ELGAN) delivered between 24-27 weeks’
gestation much of this important time has been missed.1? As a result, postnatal iron
supplementation is essential and current recommendations are to supplement preterm infants
2-3 mg/kg/day starting between 2 weeks and 2 months of age.11-12 Prior randomized

trials found early (beginning at 2 weeks of age) iron supplementation compared with

late (beginning at 2 months) supplementation was beneficial in improving serum ferritin

and hemoglobin levels, as well as reducing iron deficiency,13-14 though a subsequent meta-
analysis suggested uncertainty regarding long-term neurodevelopmental benefits.1> Despite

Pediatr Res. Author manuscript; available in PMC 2023 March 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garcia et al.

Methods:

Page 4

this, given the prioritization of iron for erythropoiesis, added supplementation in the setting
of erythropoiesis-stimulating agents is clearly of importance.16

Preterm infants are frequently treated with blood transfusions and iron supplementation,
and both are potential sources of non-transferrin bound iron (NTBI). NTBI represents the
free iron present in plasma that is not bound to transferrin, heme, or other iron binding
proteins. This NTBI is a potentially significant source of free radicals and tissue oxidative
stress.1” One form of NTBI, known as labile plasma iron, has the ability to engage

in reduction-oxidation reactions (Brissot, Biochemica et Biophysica Acta, 2012).18 Prior
retrospective studies have found a relationship between red blood cell transfusions and risk
of development of BPD, however clear mechanistic links have not been discerned.19-23

It has previously been demonstrated that enteral iron supplementation for one week in
healthy very low birthweight (VLBW) infants does not increase certain markers of oxidative
stress,24 and that iron supplementation up to 12mg/kg/day is also not associated with
increased markers of oxidative stress.2> However, an increased risk of BPD has also been
described with higher cumulative dose of supplemental enteral iron in VLBW infants.28
Ultimately, due to the multifactorial etiology of BPD and the difficulty in dissecting out
related clinical risk factors in critically ill neonates, limitations may exist in providing
attribution to individual clinical conditions or exposures towards development of BPD.

The Preterm Erythropoietin Neuroprotection (PENUT) Trial randomized ELGANS to
high dose erythropoietin or placebo in the setting of recommended iron supplementation
guidelines for all sites.2” We sought to utilize the PENUT Trial cohort to further study

the relationship between iron supplementation and development of BPD. We hypothesized
that infants with greater administration of supplemental iron would have a greater risk of
developing BPD.

We conducted a secondary analysis using prospectively collected data from a multicenter,
randomized placebo-controlled, double masked trial investigating the neuroprotective effect
of high-dose erythropoietin in extremely preterm infants.2’ The PENUT Trial randomized
infants 24 to 27 weeks’ gestation to receive erythropoietin or placebo and enrolled 941
infants from 19 sites throughout the United States. Exclusion criteria were known major
life-threatening anomalies, known or suspected chromosomal anomalies, disseminated
intravascular coagulopathy, twin-to-twin transfusion, a hematocrit level above 65%, hydrops
fetalis, or known congenital infection. Our study cohort included all participants in the
PENUT Trial surviving through 36 weeks’ 6 days gestation who had respiratory assessments
at 28 days and at 36 weeks’.

Standard PENUT Trial iron therapy guidelines included supplementation at 3 mg/kg/day
when subjects reached enteral intake of 60 mL/kg/day with escalation to 6 mg/kg/day when
enteral intake reached 100 mL/kg/day. Dose titration was based on serum ferritin or zinc
protoporphyrin-to-heme ratio (ZPP/H) at 14 and 42 days of age with maximal enteral iron
dose of 12 mg/kg/day. If subjects were not receiving 60 mL/kg/d of enteral feeds by study
day 8, parenteral iron (iron sucrose or dextran) was initiated at a dose of 1.5 mg/kg/dose
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twice a week until goal feedings were achieved. Similarly, if infants had feedings held at a
later time, parenteral iron was administered if no feedings were given for a period of 7 days
or greater. While following iron therapy guidelines was recommended, it was not mandated
as part of the PENUT Trial protocol. No transfusion guidelines were in place for the PENUT
Trial.

We defined the primary outcome of BPD as the use of any supplemental oxygen at 36
weeks of postmenstrual age, consistent with the PENUT Trial definition and did not stratify
by BPD severity. We defined the primary exposures of iron supplementation for two time
periods — the first 28 days after birth and from birth through 36 weeks’ gestational age. Iron
supplementation was calculated in three ways: total cumulative, total cumulative with weight
adjustment, and total cumulative with weight and time adjustment. For total cumulative
supplementation, all doses were summed. For total cumulative with weight adjustment, each
supplementation was divided by the weight of the baby at the time of supplementation and
then summed. If weight was not measured on any given day, the previously recorded weight
was utilized. For total cumulative with weight and time adjustment, the weight adjusted
measure was further standardized by dividing by the time from birth to BPD assessment. All
three measurements are described below for both time periods.

Descriptive statistics (medians, inter-quartile range (IQR), mean, standard deviation

(SD), frequency, and percentage) are shown for characteristics of the study cohort.

Clinical and demographic characteristics were compared by BPD status using generalized
estimating equation (GEE) models with robust standard errors to account for within
sibship correlation.28 Each analysis adjusted for the factors used to stratify randomization
(gestational age at birth, recruitment site, and treatment assignment). We then used GEE
models to evaluate the relationship between enteral and parenteral iron, and BPD diagnosis
at 36 weeks. Adjusted odds ratios (OR) and corresponding confidence intervals (Cls) were
calculated from the models. A case complete analysis was performed as missingness was
3% or less for exposures of interest. All statistical analyses were conducted using R version
4.0.2.

All PENUT Trial patients had informed consent obtained and the PENUT Trial approved
by their local institutional review boards?’. This study was determined to be exempt by the
Methodist Healthcare IRB, San Antonio, TX.

Of 941 patients enrolled in the PENUT Trial, 832 (88.4%) survived through 36 weeks with
821 (87.2%) having a documented BPD evaluation (Supplemental Figure S1). Patient cohort
characteristics are shown in Table 1. The median birth weight was 810 grams (IQR 670,

950 grams) and median gestational age was 26 weeks (IQR 25, 27 weeks). Antenatal steroid
exposure was documented in 745 (91%) with 653 (80%) receiving intubation in the delivery
room and 577 (70%) receiving surfactant administration on the day of birth. In the first
28-days after birth 94% of infants received iron, with 76% of infants receiving enteral iron
and 55% receiving parenteral iron (Table 2). Overall, 341 (42%) of infants received only
enteral iron during their hospital stay. The median enteral and parenteral iron intakes at

Pediatr Res. Author manuscript; available in PMC 2023 March 10.
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28 days were 58.5 mg/kg (IQR 27.7, 94.6 mg/kg) and 3.1 mg/kg (IQR 1.8, 5.8 mg/kg)
respectively and through 36 weeks’ 235.8 mg/kg (IQR 151.9, 329.7 mg/kg) and 3.6 mg/kg
(IQR 2.6, 7.0 mg/kg) respectively. Evaluating serum ferritin status when measured at 14 +
3 days and 42 + 3 days found no significant differences between patients with and without
BPD at 36 weeks (Table 3). The median transfusion volumes were 29 mL (IQR 12, 55 mL)
for 37 mL/kg (IQR 15, 72 mL/kg) at 28 days and 45 mL (IQR 15, 85 mL) for 47 mL/kg
(IQR 16, 95 mL/kg) at 36 weeks (Table 2).

At 36 weeks’ gestation, 332 infants (40.4%) of the PENUT Trial cohort had a diagnosis
BPD. The incidence of BPD is shown by quartiles of supplemental enteral and parenteral
iron exposure in Figure 1. Analysis of the relationship between individual risk factors and
BPD were adjusted for gestational age at birth, recruitment site, and PENUT Trial treatment
arm (erythropoietin or placebo). Increasing enteral iron supplementation through 28 days
was associated with a lower risk of BPD (OR for BPD per 1 mg/kg/day increase in enteral
iron of 0.89; CI 0.80-0.99) but at 36 weeks was no longer statistically significant (OR 1.02,
Cl1 0.93-1.12) (Table 4). There was no association between parenteral iron supplementation
and increased risk of BPD. Greater mean volume of red blood cell (RBC) transfusion was
associated with an increased risk of BPD (OR for BPD per 1 ml/day increase in RBC
transfusion of 1.20, CI 1.02-1.41 at 28 days but not at 36 weeks (OR 1.04, CI 0.86-1.26).
Receipt of erythropoietin was not associated with any increased risk in BPD.

Differences in enteral and parenteral iron supplementation by participating site is shown in
Figure 2.

Discussion:

In this secondary analysis of the PENUT Trial, we find an inverse relationship among
ELGANSs between enteral iron intake in the first 28-days after birth and diagnosis of

BPD at 36 weeks’ gestation. While these results are in contrast to the conclusion from

an earlier observational cohort study,2® they align with findings from two prior studies that
did not report an increase in biomarkers of oxidative stress in preterm infants after treatment
with short-term high-dose enteral iron supplementation.24-25 We further did not find a
relationship intravenous iron exposure and the development of BPD. These data indicate that
enteral and intravenous iron supplementation are unlikely to significantly contribute to the
pathogenesis of BPD.

The primary route of iron exposure in our cohort was enteral, with measured enteral iron
substantially exceeding parenteral iron through the first 28 days after birth and from birth
through 36 weeks gestational age. The most preterm infants in the PENUT Trial cohort
experienced both the longest hospital course and the greatest inherent risk for developing
BPD but also had the highest overall enteral iron dose exposure, similar to any prescribed
nutrient. Despite this, we note a trend towards an inverse relationship between early enteral
iron exposure and rate of BPD. This may be related to otherwise well preterm infants
initiating enteral iron supplementation sooner and therefore receiving higher cumulative
enteral iron exposure compared to those who have delayed initiation of iron. Earlier or more
rapid enteral iron supplementation advancement may be a surrogate for other reduced BPD
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risk factors. The PENUT Trial’s dataset does not contain information regarding timing of
enteral feed initiation, time to full enteral feeds, or intake of other micronutrients, so we are
unable to directly answer this question.

In the context of the PENUT Trial’s protocolized iron supplementation guidelines, it is
possible that in many cases the observed lower supplemental enteral iron delivered to infants
with BPD is reflective of a more complicated clinical course with delayed or interruption of
established enteral feeds. The finding of infants with BPD receiving more blood transfusion
volume in the first 28 days is also likely an additional surrogate marker of severity of illness.
This finding is consistent with prior observational studies?2: 26: 29 put different from previous
randomized control trials evaluating liberal versus restrictive red blood cell transfusion
guidelines that did not find an increased risk of BPD with higher transfusion volumes,30-33
suggesting that the observational studies might be biased by residual confounding.

Given that the pathophysiology of BPD is a complex interaction of antenatal and postnatal
exposures coupled with injury and repair mechanisms, it is likely that individual patients
have different exposure risks that contribute to their development of BPD.# Many of the
biologic and environmental influences that contribute to the development of BPD have
occurred in the neonate well before the typical timing for initiation of enteral nutritional
supplements.34 Even with the protocolized iron regimen in the PENUT Trial, routine enteral
iron supplementation was typically not started until infants reached 60 mL/kg/day of feeds,
during which time many pathologic changes may have already occurred in the lung of the
preterm infant. Iron supplementation is essential for normal brain development and preterm
infants are both at risk for iron deficiency and iron overload.8: 35 Therefore it is important
that decisions regarding timing of initiation and optimal dose of iron supplementation should
be directed by close monitoring of biomarkers of iron sufficiency. Of note, prior work
linking enteral iron supplementation to the development of BPD did not involve the routine
monitoring of iron parameters.28 Our routine monitoring of serum ferritin or ZnPP/H levels
may have prevented the development of iron excess.

Strengths of this study include the large patient cohort of ELGAN from multiple centers
across the United States. Additionally, these infants were supplemented with iron based on
guidelines with dose titration based on biomarkers of iron status. The early initiation and
relatively high maximum enteral iron dose of 12 mg/kg/day allowed us to investigate of

a greater range of total iron exposures. Limitations to this study include the heterogeneity
of dosing across sites which may reflect differences in fidelity to iron supplementation
guidelines, a reflection of differences in severity of illness between sites, or both. PENUT
Trial sites did not have a standard transfusion protocol, which led to significant variability
to transfusion exposures, another potential source of inconsistency across sites. Further, as a
secondary analysis of the original data, the PENUT trial was not designed to detect factors
causative for BPD. Lastly, this study did not assess any biomarkers of oxidative stress.

In conclusion, we do not find evidence that iron administration has an association with
the subsequent development of BPD. Given the continued rise in incidence and long-term
complications of this disease, there is a continued need to further evaluate medical,
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environmental, and nutritional factors that may impact BPD risk and be targets for future
interventional studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Impact:

Prior studies and biologic plausibility raise the possibility that iron
administration could contribute to the pathophysiology of oxidant-induced
lung injury and thus bronchopulmonary dysplasia in preterm infants.

For 24 to 27 week premature infants, this study finds no association between
total cumulative enteral iron supplementation at either 28-days or 36-weeks
postmenstrual age and the risk for developing bronchopulmonary dysplasia.
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Figure 1. The relationship between iron exposure in the first 28-days and diagnosis of
bronchopulmonary dysplasia (BPD) at 36 weeks’.

In both Figure 1A (enteral iron exposure) and 1B (parenteral iron exposure), the analyzed
cohort was separated into those patients who had no iron exposure with the remainder

divided into quartiles based on total iron exposure. Groups are ordered from lowest exposure
(far left, no iron) to greatest exposure (far right, greatest quartile of exposure). An inverse
relationship exists between enteral iron exposure and diagnosis of BPD at 36 weeks’ (1A)
whereas a weak direct relationship exists between escalating parenteral iron exposure and
diagnosis of BPD at 36 weeks’ (1B).
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Figure 2: Variation in enteral iron exposure in the first 28-days by recruitment site
The study cohort was separated into those patients who had no enteral iron exposure in the

first 28-days with the remaining patients divided into quartiles by total exposure in mg per
kg. Deidentified PENUT Trial sites (1 through 19) are noted on the far left and number of
patients recruited at each site at the far right.

Significant site to site variation in exposure to enteral iron is seen in the first 28-days, with
some sites (#3, #7, #11, 17) having a majority of recruited patients not receiving any enteral
iron in the first 28-days after birth.
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Table 1:

Characteristics of the patient cohort

Patient characteristics

n (%)

n=821

Birth weight, median g (IQR)

810 (670, 950)

Small for gestational age

118 (14%)

Gestational age, median (IQR) 26 (25, 27)

24 weeks 189 (23%)
25 weeks 210 (26%)
26 weeks 200 (24%)
27 weeks 222 (27%)
Female sex 396 (48%)
Race
Black 219 (26%)
White 546 (67%)
Other 52 (7%)
Antenatal steroids given 745 (91%)
Delivery room intubation 653 (80%)
Chorioamnionitis 102 (12%)
Surfactant on day of birth 577 (70%)
Caffeine on day of birth 561 (68%)
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Table 3:

Serum iron markers of iron status among PENUT Trial patients with and without BPD at 36 weeks PMA.

BPD (n=332) No BPD (n=489) | p-value

14-day ferritin (median, IQR) 227 (105 382)a 191 (91 348)b 011

42-day ferritin (median, IQR) 154 (61 341)0 129 (56 265)[/ 0.23

dh=054;

bn=392;

cn=87;

dn:l44

Measurements recorded if taken at 14 + 3 days and 42 + 3 days. For infants with multiple measurements within a given window, the mean was
utilized.

The measurements were log transformed, using a generalized estimating equations model adjusting for site, gestational age, and erythropoietin
exposure to provide a p-value.
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Table 4:

Multivariable analysis of risk factors for bronchopulmonary dysplasia

Factor BPD (n=332) | No BPD (n=489) | aOR (95%) CI Change in odds per
Clinical Characteristics

Received = 1 dose of antenatal steroids, n (%) 292 (88%) 453 (93%) 0.67 (0.38, 1.16) Yes vs. no

Female sex, n (%) 159 (48%) 237 (48%) 1.02 (0.75, 1.38) yes vs no

Black race ™ n (%) 80 (25%) 130 (27%) 0.85 (0.58, 1.22) YEs Vs No

Birth weight, mean g (sd) 794 (189) 823 (185) 0.95 (0.86, 1.05) 100 g increase

Small for gestational age, n (%) 49 (15%) 69 (14%) 1.06 (0.70, 1.61) yes vs no

Delivery Room Intubation, n (%) 265 (80%) 388 (79%) 0.79 (0.59, 1.07) Yes vs. no

Chorioamnionitis, n (%) 31 (11%) 71 (15%) 0.80 (0.51, 1.25) yes vs. no

Surfactant on DOB, n (%) 237 (71%) 340 (70%) 1.01(0.71, 1.42) Yes vs. no

Caffeine on DOB, n (%) 235 (71%) 326 (67%) 1.16 (0.82, 1.64) yes vs. no
Enteral Iron Exposure

Mean mg/kg/day (sd) through 28 days 1.49 (1.50) 1.83 (1.62) 0.89 (0.80, 0.99) 1 mg/kg/day increase

Mean mg/kg/day (sd) through 36 weeks 3.09 (1.85) 3.25(1.87) 1.02 (0.93, 1.12) 1 mg/kg/day increase
1V Iron Exposure

Mean mg/kg/day (sd) through 28 days 0.10(0.13) 0.08 (0.12) 1.05(0.92, 1.20) | 0.1 mg/kg/day increase

Mean mg/kg/day (sd) through 36 weeks 0.05 (0.07) 0.04 (0.06) 1.07 (0.84, 1.38) | 0.1 mg/kg/day increase
Packed Red Blood Cell Transfusions

Mean ml/day (sd) at 28 days 1.52 (1.24) 0.91 (1.23) 1.20 (1.02, 1.41) 1 ml/day increase

Mean ml/day (sd) at 36 weeks 0.81(0.72) 0.53 (0.86) 1.04 (0.86, 1.26) 1 ml increase
PENUT Trial Treatment Arm

Received erythropoietin 172 (52%) 243 (50%) 1.14 (0.85, 1.54) Yes vs. no

The multivariable regression model was adjusted for recruitment site, gestational age at birth, and randomization assignment.

*
Black race compared to white or other race.
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