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Abstract

Objective: To determine whether infants at higher risk of bronchopulmonary dysplasia (BPD) or
death benefit more from vitamin A therapy than those at lower risk.

Study design: Post-hoc reanalysis of a landmark phase-3 randomized controlled trial conducted
from January 1996-July 1997 at 14 university-affiliated neonatal intensive care units in the United
States. Data analysis performed October 2019-October 2020. Infants born weighing 401-1000 g
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and receiving respiratory support at 24 hours of age were assigned to intramuscular vitamin A
5000 IU or sham procedure 3 times weekly for 4 weeks. The primary outcome was BPD, defined
as use of supplemental oxygen, or death at 36 weeks’ postmenstrual age. An externally validated
model for predicting BPD or death was used to estimate the risk of these outcomes for each infant.

Results: As previously reported, 222/405 (54.8%) infants assigned vitamin A therapy and
248/402 (61.7%) in the control group developed BPD or died (RR=0.89 [95% CI: 0.80-0.99];
RD=-6.9% [-13.0 - —0.7%]). Predicted individual risks of BPD or death ranged from 7.1

to 98.6% (median 61.5%; mean 60.9%). The effect of vitamin A therapy on BPD or death
depended on infants’ risk of the primary outcome (p=0.03 for interaction): for example, RR=0.73
(RD=-14.5%) for infants with 25% predicted risk and RR=0.96 (RD=-1.0%) for infants with 75%
risk. There was no difference in reduction of vitamin A deficiency across risk groups.

Conclusion: Contrary to expectation, the effect of vitamin A therapy on bronchopulmonary
dysplasia or death was greater for lower-risk than higher-risk infants.

Trial Registration ClinicalTrials.gov NCT01203488

Bronchopulmonary dysplasia (BPD) affects more than one-third of very-low-birth-weight
infants1:2 and causes mortality, increased medical resource utilization, and impaired growth
and neurodevelopment, with effects extending into adulthood.3-® Of dozens of therapies
developed to prevent BPD during the past 25 years,5 vitamin A therapy is among few

to demonstrate both safety and effectiveness in several randomized controlled trials.”:8
However, vitamin A therapy has had variable uptake in clinical practice® due to cost,
potential pain from intramuscular injections, and a benefit perceived as modest (number
needed to treat to benefit one patient [NNT] of 14-15) when applied to all trial-eligible
infants.10-12

The NICHD Neonatal Research Network (NRN) trial was the largest and most prominent
trial of vitamin A therapy. With 807 participants, it included more than twice as many
participants as all other studies combined (n=358) and >5 times as many as the second-
largest trial (n=154) in the most recent Cochrane Review.8 Although the trial was performed
in 1996-1997, it provides the primary basis for the use of vitamin A therapy today.

Some researchers and clinicians have suggested that vitamin A therapy should be provided
to only infants at particularly high risk of BPD or death.8:13 However, this approach has
never been evaluated. Therefore, we undertook a reanalysis of the NICHD NRN Vitamin A
Trial to test whether infants at higher risk of BPD or death benefit more than those at lower
risk of these outcomes.

METHODS

We used data from the NICHD NRN Vitamin A Trial, conducted January 1996-July 1997
at 14 university-affiliated U.S. neonatal intensive care units and reported in June 1999.14
The study included 807 infants with birth weights of 401-1000 g receiving mechanical
ventilation or supplemental oxygen 24 hours after birth. Infants with major congenital
anomalies, congenital nonbacterial infections, terminal illness (pH<6.80 or bradycardia and
hypoxia for >2 hours) or receiving vitamin A in parenteral nutrition greater than that

J Pedliatr. Author manuscript; available in PMC 2022 September 01.


http://www.clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT01203488

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rysavy et al.

Page 3

contained in standard multivitamin formulations (>1500 1U/d) were excluded. Infants were
randomized at 24-96 hours after birth to intramuscular vitamin A 5000 IU three times
weekly for 4 weeks or sham procedure.

Randomization was stratified by center and birth weight group (401-750 g and 751-1000
g) and performed using randomization lists and sealed envelopes unblinded to a research
pharmacist. The intervention and sham control were administered by a research nurse to
maintain blinding of the care team. The study was approved by each participating center’s
institutional review board and required parental consent.

To estimate risks of BPD or death for infants in the trial, we used the NICHD NRN risk
prediction model with information available 24 hours after birth, when vitamin A therapy
might be initiated.1®> The polytomous logistic regression model estimates risks of death and
of survival with no BPD, mild BPD, moderate BPD, and severe BPD by the 2001 NIH
Consensus Definition.18 Risks of these outcomes sum to 100% for each infant. We estimated
the risk of BPD or death as the sum of the predicted probabilities of death, moderate

BPD, and severe BPD. Inclusion of death in risk prediction was necessary because death
before 36 weeks’ postmenstrual age (PMA) precluded a diagnosis of BPD.1” The model was
externally validated using data from the Prevention of Ventilator Induced Lung Injury Group
(PreVILIG) study and the NICHD Surfactant Positive Airway Pressure and Pulse Oximetry
Trial (SUPPORT).15:18 |t is publicly available through an online calculator.1®

Variables in the NICHD NRN risk prediction model include gestational age at birth, birth
weight, infant sex and race/ethnicity, and ventilator mode and fraction of inspired oxygen
(FiO,) 24 hours after birth. Gestational age at birth was determined using the best obstetric
estimate, as used in deriving the prediction model.X® (This differs from Table | of the
primary trial report, which reported gestational age estimated using the original Ballard
examination.2%:21) Race and ethnicity were obtained from medical records and defined as
White, Black, or Hispanic (24 infants classified as “other” were included in the reference
group, White, for risk prediction).1 Ventilator mode was defined as high-frequency
ventilation, conventional mechanical ventilation, continuous positive airway pressure, and
nasal cannula or oxygen hood. In the trial, no infants received high-flow nasal cannula or
intermittent positive-pressure mechanical ventilation through a non-invasive interface.

The primary outcome was the composite of BPD or death before 36 weeks’ PMA. BPD
(“chronic lung disease” in the trial report) was defined as requiring oxygen at 36 weeks’
PMA. We evaluated the effect of vitamin A therapy on secondary outcomes including
ventilatory support and respiratory medications at 36 weeks’ PMA and timing and cause of
death. Information was available on duration of systemic corticosteroid exposure before 36
weeks’ PMA but not corticosteroid type or dosage.

Serum retinol concentrations were available for the first 300 infants to reach study day 28.
Measurements were made before the first treatment and on study day 28 (2-3 days after
last treatment). Because medications (e.g., glucocorticoids) influence retinol distribution
between tissue and plasma, serum retinol concentration may not represent actual body
stores.?2 Therefore, relative dose-response to vitamin A injection was calculated on study
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day 28 by measuring change in serum retinol 3 hours after administering vitamin A 2000
IU per kg of body weight. It was calculated as (change in serum retinol pre- to post-
injection) / (pre-injection serum retinol). Relative dose-response >10% indicated vitamin A
deficiency.14

Statistical analyses

We estimated the risk of BPD or death for each infant at 24 postnatal hours using the
NICHD NRN model. To describe the distribution of risk in the trial population, we
calculated the extreme quartile risk ratio (calculated as [mean risk in the highest quartile

of risk] / [mean risk in the lowest quartile of risk]) and median:mean risk ratio (calculated

as [median predicted risk] / [mean predicted risk]).2324 We evaluated model performance

in our trial cohort by estimating the c-statistic (a measure of model discrimination) and
comparing observed versus model-predicted outcomes in aggregate and across risk groups
(to measure model calibration). To determine the relevance of this approach to contemporary
clinical practice, we also tested the model in a cohort of infants born 2016-2018 in centers
participating in the NICHD NRN (detailed in the Appendix; available at www.jpeds.com).

For the primary analysis, to determine whether the relative effect (relative risk) of vitamin A
therapy on the primary outcome of BPD or death varied by predicted risk of BPD or death,
we used a log-binomial model with an interaction term for risk (continuous variable) and
treatment assignment. To estimate how the absolute effect (risk difference) varied for infants
with different risks of the primary outcome, we used the equivalent linear-binomial model.

For analyses of secondary outcomes, the effect of vitamin A therapy on secondary outcomes
and interaction with the predicted risk of BPD or death was assessed on a relative scale. No
corrections were made for multiple comparisons. Additionally, we described the sensitivity
of the original trial findings to the inclusion of infants at high risk of BPD or death.

Our results were reported consistent with the Predictive Approaches to Treatment effect
Heterogeneity (PATH) Statement.25 Data were analyzed using SAS Enterprise Guide
version 7.15. Statistical tests were two-sided. P-values <0.05 were considered statistically
significant. Data analysis was performed October 2019-October 2020.

RESULTS

Of 1250 eligible infants, 807 were randomized (405 to vitamin A therapy, 402 to

sham control) and all of these were included in the analysis (Figure 1; available at
www.jpeds.com). Infant risks of BPD or death ranged from 7.1% to 98.6% with a median
risk of 61.5% (interquartile range: 44.6-79.1%). Infants in the highest risk quartile had

a nearly threefold greater risk of the primary outcome than infants in the lowest quartile
(extreme quartile risk ratio=2.75). Mean risk was 60.9% (median:mean risk ratio=1.01),
indicating that predicted risks of BPD or death were symmetrically distributed among trial
participants (Figure 2; available at www.jpeds.com).

Infant characteristics by model-predicted risk of BPD or death and treatment assignment
are shown in Table I. Compared with infants at lower risk of BPD or death, infants at
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higher risk had smaller birth weights, were born earlier in gestation, and received more
invasive respiratory support and FiO», as expected from the risk-prediction model. Infants at
higher risk also had lower Apgar scores and were more likely to have received surfactant,
intubation, and chest compressions. There were no differences in baseline serum retinol by
risk category.

The externally developed model of BPD or death had a c-statistic of 0.72 (95% confidence
interval [CI]: 0.69-0.76) in the trial cohort. This compares with c-statistics of 0.79 in the
model derivation cohort (for prediction at 24 hours after birth), 0.72 in the SUPPORT
validation cohort (at 24 hours after birth), and 0.74 in the PreVILIG validation cohort

(at 72 hours after birth).1518 The ratio of expected (i.e., predicted) to observed outcomes
was 1.05 (Figure 3; available at www.jpeds.com). In a more recent (2016—2018) cohort

of trial-eligible infants in which 31.2% of eligible infants received vitamin A therapy, the
model had similar performance with a c-statistic of 0.80 (95% CI: 0.78-0.82) and ratio of
expected to observed outcomes of 0.97 (online supplement).

As previously reported, of 807 infants enrolled in the NICHD NRN Vitamin A Trial,
222/405 (54.8%) infants assigned vitamin A therapy and 248/402 (61.7%) infants in the
control group developed BPD or died (RR=0.89 [95% ClI: 0.80-0.99] and RD=-6.9% [95%
Cl: -13.0 - -0.7%]).1

The effect of vitamin A therapy on BPD or death depended on infants’ risk of the primary

outcome (p=0.03 for interaction). The effect of vitamin A was inversely related to baseline
risk of BPD or death: e.g., RR=0.73 (RD=-14.5%) for infants with 25% predicted risk and
RR=0.96 (RD=-1.0%) for infants with 75% risk (Table Il and Figures 4 and 5; available at
www.jpeds.com).

When the components of the primary outcome were considered separately, there was no
effect of vitamin A therapy on the rate of death regardless of predicted risk (RR=1.07 [95%
Cl: 0.77-1.48]). Vitamin A therapy reduced BPD among survivors (RR=0.86 [95% CI:
0.75-0.98]) with a greater effect among infants at low risk than high risk of BPD or death
(p=0.01 for interaction).

For secondary outcomes, there were no differences in post-randomization risk factors for
BPD, including late-onset sepsis, surgical necrotizing enterocolitis, surgical closure of

the ductus arteriosus, and evidence lung injury (e.g., air leak, pulmonary hemorrhage),
between infants randomized to vitamin A versus control. Vitamin A deficiency at 28 days
post-randomization was less frequent among infants randomized to vitamin A regardless of
risk group (Table I11). Risk of BPD or death did not modify the effect of therapy on vitamin
A deficiency.

Among infants surviving to 36 weeks’ PMA, vitamin A therapy was associated with
decreased use of nasal cannula or oxygen hood but not other respiratory modalities; the
difference was greater among infants at lower risk of BPD or death (Table I11). Vitamin

A therapy was associated with decreased flow rates among infants using nasal cannula.
There were no differences in FiO, among infants on respiratory support or in respiratory
medications use at 36 weeks’ PMA among infants who survived. There were no differences
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between the vitamin A and control group in the timing or causes of death among infants who
died (Table 1V; available at www.jpeds.com).

Sensitivity of trial results to inclusion of high-risk infants

Table V shows the effect of vitamin A therapy observed if the trial had enrolled only infants
with predicted risk of BPD or death less than specific thresholds. The observed effect of
vitamin A therapy increased with the exclusion of infants at highest risk of BPD or death.

DISCUSSION

In the NICHD NRN Vitamin A Trial, we found that the effect of vitamin A therapy on BPD
or death was greater in infants at lower risk of BPD or death than in those at higher risk, in
both relative (relative risk) and absolute (risk difference) terms. Our findings do not support
targeting vitamin A therapy to only particularly high-risk infants.

As previously reported, vitamin A therapy affected the rate of BPD, defined as using
supplemental oxygen at 36 weeks’ PMA, but not death.14 Notably, vitamin A therapy was
associated with decreased use of oxygen by nasal cannula or hood at 36 weeks” PMA but not
other respiratory support or medications.

Our findings have important implications for both the clinical use of vitamin A therapy and
the design of studies related to BPD. BPD and death have multiple etiologies.?® A single
intervention may not affect all factors causing either of these outcomes. Because vitamin

A therapy resulted in similar decreases in vitamin A deficiency for all infants regardless

of their risk of BPD or death, we speculate that the proportion of BPD related to vitamin

A deficiency may be greatest in lower-risk infants. That is, higher-risk infants developed
BPD or died due to a preponderance of other risk factors for these outcomes (e.g., late-onset
sepsis, surgical necrotizing enterocolitis, surgical ligation of the ductus arteriosus).2” Similar
observations have been made in other areas of medicine. For example, the contribution of
patent foramen ovale to cryptogenic stroke is greatest among individuals at lowest risk for
stroke (e.g., young people, non-smokers).28 We observed a substantially greater effect of
vitamin A therapy when the highest-risk infants, who developed BPD or died regardless of
therapy, were excluded from the analysis.

Strengths of our study include the use of data from the largest clinical trial of vitamin A
therapy in very-low-birth-weight infants. As a randomized trial, its results are less subject
to confounding than those of observational studies on vitamin A.® Moreover, we used

an externally developed and widely available risk-prediction model validated in multiple
datasets and that continues to perform well in a recent cohort. Additionally, our approach
based on the PATH Statement provides important information about heterogeneity of the
effect of vitamin A therapy while overcoming several limitations of conventional “one-
variable-at-a-time” subgroup analyses.2> Limitations of conventional subgroup analyses
include that patients have multiple attributes and belong to several subgroups or “reference
classes,” a multiplicity of potential statistical comparisons by individual risk factors, and
reduced statistical power to detect meaningful treatment effect heterogeneity where it
exists.29:30 Previous “one-variable-at-a-time” subgroup analyses of vitamin A therapy by
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small-for-gestational-age status and infant birth weight group (401-750 g versus 751-1000
g) had lower power to detect differences in effect if they existed.14:31

Our study has important limitations. First, the NICHD NRN Vitamin A Trial was conducted
in 1996-1997. Although this period followed introduction of routine antenatal corticosteroid
and surfactant therapies, other aspects of clinical practice have since changed. Although
rates of BPD did not decrease during the 2000s or 2010s,12 causes of BPD and death

may differ in more recent populations of preterm infants. Second, we used the primary
outcome of the trial, which included supplemental oxygen use at 36 weeks’ PMA, as our
primary outcome, although alternative definitions of lung disease may better correlate with
later respiratory sequelae of premature birth.32 Third, our study focused on respiratory
outcomes and death and did not assess other potential effects of vitamin A therapy. Vitamin
A may affect other organs such as the eyes and cardiovascular system.22:33 |t is unclear
whether the effects observed from vitamin A supplementation are secondary to correction
or prevention of vitamin A deficiency versus a separate pharmacologic effect of vitamin A
on developing organs. Fourth, this trial was limited to a specific course of intramuscular
injections of vitamin A. Alternative doses or methods of administering vitamin A (e.g.,
enteral supplementation), if proven effective, may modify the balance of burden and benefit
for this therapy.343%

In conclusion, we found that the effect of vitamin A therapy to prevent BPD or death for
extremely-low-birth-weight infants was less in infants with higher risk of these outcomes
than in infants at lower risk of these outcomes. Our results do not support targeted
administration of vitamin A therapy to higher-risk infants. Our findings have important
implications for the study of BPD, for which there are few preventive therapies of proven
efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Predicted risks of bronchopulmonary dysplasia or death by treatment arm

Predicted risks of bronchopulmonary dysplasia (BPD) or death for randomized infants
ranged from 7.1% to 98.6% with a median of 61.5% (interquartile range: 44.6—79.1%) and
mean of 60.9%.
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Risk model calibration plot

Calibration shown for infants by demi-decile of predicted risk of bronchopulmonary
dysplasia or death. The dashed line provides a reference for perfect correspondence

between expected (predicted risk) and observed outcomes. The ratio of expected to observed
outcomes was 1.05 (slope: 0.81, intercept: —0.14).
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Figure 4.
Estimated effect of vitamin A therapy by continuous risk of bronchopulmonary dysplasia or

death

The effect of vitamin A therapy varied by infants’ predicted risk of bronchopulmonary
dysplasia or death. Relative risk reduction was calculated as 1-relative risk. Relative risks
were estimated using a log-binomial model that included an interaction term for predicted
risk (continuous) and treatment assignment (binary). Absolute risks were estimated using a
linear-binomial model in the same form.
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Figure 5.
Observed effect of vitamin A therapy by risk of bronchopulmonary dysplasia or death
subgroup

Circles and bars represent point estimates and 95% confidence intervals, respectively.
Categories shown are defined by 25% increments of risk (rather than quartiles, as shown
elsewhere in the manuscript, including Table 2). The dashed and dotted lines represent the
overall estimates of effect across all risk groups, as reported in the primary report of the trial.
A formal test of interaction, using risk of bronchopulmonary dysplasia (BPD) or death as

a continuous variable (not categorized, as shown here), showed that the effect of vitamin A
therapy depended upon infants’ risk of BPD or death (p=0.03 for interaction on the relative
risk scale; p=0.04 for interaction on the risk difference scale).
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Table Il.

Rates of bronchopulmonary dysplasia or death by quartile of risk

BPD or death

Page 17

Predicted probability of BPD or death

Vitamin A n (%)

Control n (%)

Relative Risk (95% CI)

Risk Difference % (95% CI)

Quartile 1 30/105 (28.5) 39/96 (40.6) 0.69 (0.47 — 1.00) -12.8 (-25.7-0.0)
Quartile 2 39/97 (40.2) 56/105 (53.3) 0.84 (0.64 — 1.10) -8.2(-20.9 - 4.6)
Quartile 3 71/104 (68.3) 70/98 (71.4) 0.96 (0.81-1.15) -2.7(-149-9.4)
Quartile 4 82/99 (82.8) 83/103 (80.6) 1.04 (0.91-1.18) 3.2(-75-13.9)
All 222/405 (54.8) 248/402 (61.7) 0.89 (0.80 —0.99) -6.9 (-13.0 - -0.7)
Death

Predicted probability of BPD or death

Vitamin A n (%)

Control n (%)

Relative Risk (95% CI)

Risk Difference % (95% CI)

Quartile 1
Quartile 2
Quartile 3
Quartile 4
All

3/105 (2.9)
5/97 (5.2)
16/104 (15.4)
35/99 (35.4)
59/405 (14.6)

5/96 (5.2)
6/105 (5.7)
16/98 (16.3)

28/103 (27.2)
55/402 (13.7)

0.56 (0.13 - 2.33)
0.90 (0.26 — 3.20)
0.82 (0.45 - 1.52)
1.26 (0.83 — 1.91)
1.07 (0.77 — 1.48)

-23(-7.8-33)
-0.5(-6.9-5.9)
-33(-14.1-75)
7.6 (-5.9-21.0)
0.9 (-3.8-5.6)

BPD among survivors at 36 weeks’ PMA

Predicted probability of BPD or death

Vitamin A n (%)

Control n (%)

Relative Risk (95% CI)

Risk Difference % (95% Cl)

Quartile 1
Quartile 2
Quartile 3
Quartile 4
All

27/102 (26.5)
34/92 (37.0)
55/88 (62.5)
47164 (73.4)

163/346 (47.1)

34/91 (37.4)
50/99 (50.5)
54/82 (65.8)
55/75 (73.3)
193/347 (55.6)

0.70 (0.46 — 1.05)
0.85 (0.64 — 1.14)
0.94 (0.74 - 1.19)
1.04 (0.84 — 1.29)
0.86 (0.75 — 0.98)

-11.4 (-24.4 - 1.6)
-6.9 (-19.7 - 5.8)
-3.8(-18.3-10.8)
3.2(-12.5-18.8)
-7.9(-14.7--1.1)

The relative risk and risk difference calculations accounted for the variables used for stratified randomization (center and birth weight strata

[401-750 vs 751-1000 g]) with the Mantel-Haenszel procedure consistent with the original trial manuscript.l4 Analyses of the components of the
primary outcome accounting for stratified randomization were not shown in the original trial manuscript but are shown here.

BPD=bronchopulmonary dysplasia; PMA=postmenstrual age; Cl=confidence interval

J Pedliatr. Author manuscript; available in PMC 2022 September 01.
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