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Abstract

Objective—Aggressive phototherapy (AgPT) is widely used and assumed to be safe and
effective for even the most immature infants. We assessed whether the benefits and hazards for the
smallest and sickest infants differed from those for other extremely low birth weight (EL BW;
(<1000 g) infants in our Neonatal Research Network trial, the only large trial of AgPT.
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Study Design—ELBW infants (n=1974) were randomized to AgPT or conservative
phototherapy at age 12—-36 hours. The effect of AgPT on outcomes (death; impairment; profound
impairment; death or impairment [primary outcome], and death or profound impairment) at 18-22
months corrected age was related to BW stratum (501-750 g; 751-1000 g) and baseline severity
of illness using multilevel regression equations. The probability of benefit and of harm was
directly assessed with Bayesian analyses.

Results—Baseline illness severity was well characterized using mechanical ventilation and FiO,
at 24 hours age. Among mechanically ventilated infants <750 g BW (n =684), a reduction in
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impairment and in profound impairment was offset by higher mortality (p for interaction <0.05)
with no significant effect on composite outcomes. Conservative Bayesian analyses of this
subgroup identified a 99% (posterior) probability that AgPT increased mortality, a 97%
probability that AgPT reduced impairment, and a 99% probability that AgPT reduced profound
impairment.

Conclusions—Findings from the only large trial of AgPT suggest that AgPT may increase
mortality while reducing impairment and profound impairment among the smallest and sickest
infants. New approaches to reduce their serum bilirubin need development and rigorous testing.

Keywords

Phototherapy; bilirubin; severity of illness; ELBW infant; impairment; randomized clinical trial;
statistical interaction; Bayesian analysis

With the increasingly aggressive care of the most immature newborns, it is important to
ensure that the therapies that they receive are both safe and effective. Yet, as Lucy has
emphasized, 1 “these fetal infants are receiving many therapies... that have never been
tested on this unique population.”

In this manuscript we address whether aggressive phototherapy (AgPT), a therapy that is
widely used in treating extremely low birth weight (ELBW; <1000 g), may increase the
mortality of the smallest and sickest infants while reducing their serum bilirubin and risk of
bilirubin neurotoxicity and neurodevelopmental impairment. Aggressive use of phototherapy
has been encouraged by the neurodevelopmental delay associated with even low serum
bilirubin levels among small premature infants in multiple large cohort studies.2 However,
phototherapy has been assessed in only two large randomized trials, the most recent by the
16-center Eunice Kennedy Shriver National Institute of Child Health and Human
Development Neonatal Research Network.2 In this trial we randomized ELBW infants at
12-36 hours of age to AgPT (provided at a total serum bilirubin value of 5 mg/dL or higher
in the first week and 7 mg/dL or higher in the second week) or to conservative phototherapy
(ConPT) (provided at a bilirubin value of 8mg/dL or higher for 501-750g infants and
10mg/dL or higher for 751-1000g infants). We failed to demonstrate that AgPT reduced the
primary outcome (death or impairment) (adjusted relative risk [RR] = 0.94 [95% confidence
interval = 0.87-1.02]). However, AgPT did reduce neurodevelopmental impairment at 18—
22 months corrected age (after term) (RR = 0.86; [0.74-0.99]), a reduction due almost
entirely to a reduction in profound impairment (RR = 0.68; [0.52—0.89]).
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Of concern, mortality with aggressive phototherapy was increased, albeit not significantly,
in the smaller birth weight stratum (501-750 g) (RR =1.13 [0.96 to 1.34]). A potentially
important though nonsignificant increase in mortality also occurred in the only other major
phototherapy trial (the Collaborative Phototherapy trial conducted in the 1970s).4° In this
trial the RR was 1.49 (0.93 to 2.40) among ELBW infants randomized to phototherapy or no
phototherapy.®

Although considered quite safe,” phototherapy may reduce the antioxidant benefits
associated with moderate bilirubin levels8? or cause oxidative injury or other adverse
effects.10.11.12 Sych problems might increase mortality among the smallest and sickest
infants with the thinnest, most translucent skin and greatest vulnerability to phototoxicity.
Conversely, the benefits of phototherapy may be greatest in these infants by preventing
bilirubin neurotoxicity associated with hypoalbuminemia, hemolysis, infection, hypoxia,
hypercapnia, or other problems that increase bilirubin production, reduce albumin binding,
or compromise the blood-brain barrier.13.14.15

The protocol for our Network trial included plans to relate the risks and benefits of
aggressive phototherapy to baseline risk factors including measures of severity of illness.
This manuscript reports our analyses assessing whether the benefits and hazards of AgPT for
the smallest and sickest infants differed from those for other ELBW infants. Partly because
conventional frequentist analyses do not allow the probability of benefit or harm from
treatment to be calculated,16:17 we performed Bayesian as well as frequentist analyses, as
recently recommended for all clinical trials.1®

METHODS

Population

Treatment

The trial is described in detail elsewhere3 and summarized below.

Infants with a BW of 501 to 1000 g were enrolled 12 to 36 hours after birth. Exclusion
criteria included terminal illness (pH <6.8 or persistent bradycardia and hypoxemia for >2
hours), major congenital anomaly, severe hemolytic disease, and congenital nonbacterial
infection. After parental informed consent was obtained, infants were stratified by center
and BW (501-750g; 751-1,000g) and randomized using a centralized computer system.

The protocol stipulated phototherapy administration during the first 14 postnatal days. Total
serum bilirubin was measured in the first week at least once daily and in the second week
when phototherapy had been given in the previous 24 hours or the last bilirubin exceeded
7mg/dL. Phototherapy was provided at the bilirubin values noted above and administered for
at least 24 hours whenever started or restarted. The target irradiance level was 15—
40puW/cm?Z/nm. Irradiance was increased within this range at bilirubin thresholds of 13
mg/dL for infants 501-750g and 15 mg/dL for infants 751-1,000g. An exchange transfusion
was indicated whenever the bilirubin exceeded the threshold after 8 hours of intensified
phototherapy. As appropriate for an effectiveness trial, the caregivers selected the fluid

J Perinatol. Author manuscript; available in PMC 2013 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tyson et al.

Page 4

regimens, feedings, brand of phototherapy lamps, indications for mechanical ventilation and
other interventions.

Outcome assessments

The outcomes included death, impairment, profound impairment, death or impairment
(primary trial outcome), and death or profound impairment at 18—-22 months corrected age.
Outcomes at 18 to 22 months of corrected age were assessed by blinded neurological
examiners and neurodevelopmental assessors trained to reliability during a 2-day
workshop.1? Impairment was defined as blindness (no functional vision in either eye),
severe hearing loss (hearing loss for which bilateral hearing aids were prescribed), moderate
or severe cerebral palsy, or a score below 70 on the Mental or Psychomotor Development
Index of the Bayley Scales of Infant Developmentll.2% Profound impairment was defined as
a score of <50 for either index or a level of 5 for gross motor function by the modified
Palisano criteria.?! (Profound impairment was not initially defined as an outcome for the
trial but was added partly because profound impairment is less likely than less severe
impairment to improve with age.22 This definition was based on prior Network studies23 and
selected before any comparison of the outcomes of treatment groups. Infants were classified
as having moderate or severe cerebral palsy if they were unable to walk or required assistive
devices. Hearing outcomes were determined by the neurologic examiner and from parental
report.

Statistical Analyses

Baseline severity of lliness—Multiple variables that may influence risk of bilirubin
neurotoxicity or need for phototherapy (resuscitation drugs, chest compressions, early-onset
sepsis, administration of pressors, acidosis (pH <7.10), hemolytic disease) were assessed
singly and in combination. They added little beyond mechanical ventilation and FiO, at 24
hours in predicting outcomes at 18-22 months. Accordingly, the latter two variables were
used as our illness severity measures.

Relation of treatment, BW, and iliness severity to outcome—Intention-to-treat
analyses were performed; the denominator for each outcome was the number of infants
randomized whose outcome was known (three infants had a missing value for mechanical
ventilation.) There was no adjustment for multiple comparisons.24 In the frequentist
analyses, the adjusted RR for each outcome was estimated using robust multilevel Poisson
regression analyses (with center as a random effect to account for center variability).
Predictor variables included treatment (AgPT or ConPT), BW, stratum (501-750 g; 751—
1000 g), mechanical ventilation, FiO, at 24 hours age, and interaction terms. In assessing the
effects of AgPT on the smallest and sickest infants, three-way interactions and constituent
terms were assessed with backward elimination of terms with a p > 0.10. (Because of limited
power to identify interactions, a p>0.10 was used to reduce the risk of false negative
findings.) Each final model included all main effects. The same approach was used in
conducting secondary analyses for each outcome that included additional predictor variables
(gestational age, sex, ethnicity, and inborn/outborn status). Bayesian statistics were used to
estimate the probability of a RR <1.0 and of a RR < 0.9 with AgPT. Hierarchical analyses
were performed using an extended approach of Dixon and Simon.25 Hierarchical models
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have the statistical advantage of pooling specific subgroup estimates rather than estimating
an effect for each subgroup.

Bayesian models included the same predictors as in the final frequentist, multilevel Poisson
regression models. For all main effects in the models, we used a neutral prior distribution
centered at a RR = 1.0 with 95% credible intervals of 0.5 to 2.0 (a range that includes the
values observed in the great majority of large neonatal trials2® (~N[log RR =0, 0.125]). Al
interaction terms assumed independent informative Normal prior distributions centered at
log RR of zero and separate variance components for the two-way and three-way interaction
terms (a prior that is skeptical, a priori, about interaction terms but which allows treatment
estimates to vary across subgroups). For subgroups with a small sample size or number of
adverse outcomes, Bayesian models shrink the subgroup-specific estimate toward the overall
estimate of treatment effect thereby reducing the likelihood of overestimating subgroup
differences.2’ To perform a sensitivity analysis and assess the robustness of the disturbing
results for death, we repeated the analysis assuming an optimistic prior probability with the
RR centered at 0.90 (i.e., a 10% reduction in death with AgPT) and the probability of a
RR>1.1 at 2%. In reporting the Bayesian analyses, we follow the guidelines developed by
Sung et al.28

In all analyses, the Bayesian and frequentist models produced similar values for the RR. The
tables include these values and to provide information not obtainable from frequentist
statistics the (posterior) probability of a RR <1.0 and <0.9.

Death (Table 1)

Overall and for all subgroups except one, the analyses provided minimal or no evidence that
AgPT increased mortality (RR<1.01). However, 501-750 g ventilated infants (n = 696) had
an increased RR (1.19; 95% confidence interval: 1.01-1.39) with only a 1% estimated
probability of decreased mortality and thus, a 99% estimated probability of increased
mortality with AgPT. These findings were associated with a p<0.05 for an interaction of
treatment with birth weight and mechanical ventilation. The sensitivity analysis gave similar
results (96% probability of increased mortality with AgPT for the 501-750 g ventilated
infants) despite using an optimistic prior (0.90 relative risk for death).

Impairment or profound impairment (Table 2)

Because there was no evidence that treatment effects for these outcomes differed among the
patient subgroups (no interaction terms that were significant; p values > 0.31), all subgroups
were combined in the analyses. The results consistently favored AgPT (RR = 0.69-0.89)
among all infants enrolled and among all survivors assessed with 96% to >99% estimated
probability of a reduction in impairment or profound impairment and a 95%-97%
probability of a RR <0.90 in profound impairment.
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Death or impairment (Table 3)

Overall AgPT was associated with a marginally significant and potentially important overall
reduction in death or impairment (RR = 0.91-0.93; upper 95% confidence or credible limits
for both of 1.01) and a 95% estimated probability that the composite outcome of death or
impairment was reduced (a RR <1.0). However, the findings differed by subgroup (an
interaction of treatment with BW and mechanical ventilation; p<0.05) with less than a 50%
estimated probability of a reduction in this composite outcome among ventilator treated
infants <750 g and among nonventilated 751-1000 g infants.

Death or profound impairment (Table 4)

Overall, there was a significant reduction in death or profound impairment (RR = 0.88-0.89)
with a 99% estimated probability that AgPT reduced this composite outcome. The effect of
treatment differed by BW stratum irrespective of mechanical ventilation (p=0.06). Infants
greater than 750 g BW had a RR of 0.81 with a 99% estimated probability of a reduction in
death or profound impairment. AgPT did not reduce this outcome among infants in the
smaller BW stratum (RR= 0.98). Results similar to those above were found using secondary
models that also included gestational age, sex, ethnicity, and whether the infants were born
within or outside their Network center.

Discussion

Despite concerns about extrapolating treatment effects from larger and healthier infants to
the most immature infants,! phototherapy has been considered both effective and safe in all
newborns.’ Yet, preterm infants have been randomly assigned to treatment with
phototherapy or no phototherapy in only one large trial, and it was performed decades
ago.1112 The findings were compatible with a substantial increase in mortality with
phototherapy among not only ELBW infants as noted above but also among all low BW
(<2500 g) infants (n=1,063; RR =1.32 [0.96-1.82]).13 These findings have been largely
ignored because they were not significant at a p<0.05, an error often made in failing to
recognize and seriously consider important potential treatment hazards when statistical
power is limited.29

In our Network trial, 80% of the ConPT group received phototherapy, a factor likely to
make it difficult to identify phototherapy hazards except perhaps in the most vulnerable
infants. We previously reported that the absolute number of deaths among 501-750 g infants
was 5% greater with aggressive than ConPT, a difference equal to the 5% absolute reduction
in the number of infants with impairment and only slightly more than the 4% reduction in
infants with profound impairment in this BW group.® Although the P value for a two-way
interaction between treatment group and BW was not significant (P=0.15), power was
limited, and this finding, like those in the Collaborative Phototherapy Trial, suggests the
possibility of an increased mortality in the smallest infants in the trial.

This Network trial is the only large trial to date of AgPT. The preselected primary outcome
was the composite outcome of death or impairment. Composite outcomes have the
disadvantage that treatment may have opposite effects for the outcome components.
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However, the use of composite outcomes may be unavoidable for such questions as the
effect of AgPT on survival without impairment when the components (death or impairment)
are competing outcomes. When, as in our analysis of ventilated 501-750 g infants, the effect
of treatment appears to differ for the different components of outcome, the results for each
component should be separately analyzed.

The analyses reported herein were conducted to provide the best assessment possible with
the available data to evaluate whether the benefits and hazards of AgPT among the smallest
and sickest infants differ from those in other ELBW infants. Because the effects of any
therapy may differ considerably in different subgroups, subgroup differences should be
considered in any trial.30 Such differences are particularly important in identifying treatment
hazards to which the highest risk patients may be especially vulnerable. Our trial, like
almost all clinical trials, had high power only to identify overall treatment effects using
conventional frequentist statistics. Even so, we identified a significant three-way interaction
suggesting that AgPT increased mortality among ventilated infants <750 g BW. This finding
was supported by the sensitivity analysis using an optimistic prior probability.

Subgroup analyses must be viewed with skepticism. However, subgroup analyses are most
likely to be valid when, as in our study, they are supported by preexisting evidence, their
assessment was preplanned, and they are biologically plausible.3! Bilirubin is reported to be
a powerful antioxidant. The reduction in bilirubin with phototherapy might increase the
susceptibility of ELBW infants to oxidative injury.8:? Moreover, phototoxicity might
directly result in oxidative injury to cell membranes or other adverse effects.1011.12 While
larger and healthier infants might escape injury discernible in our trial, phototoxicity would
be most likely to be identifiable in the most immature infants whose skin readily transmits
light and who would be most vulnerable to oxidative injury The use of AgPT for the
smallest and sickest newborns might be analogous to use of surgery (rather than radiation or
chemotherapy alone) for some cancer patients to improve their long term outcome despite a
greater initial risk of death.

The possibility that AgPT increases mortality of ventilated infants <750 g BW treated is
supported by our Bayesian analyses performed to complement the frequentist analyses.
Frequentist analyses assess the probability that the observed or a larger difference between
groups would occur assuming the null hypothesisis correct. Such analyses do not assess the
likelihood that the alternative hypothesis is correct. In contrast, Bayesian analyses directly
assess the question: how likely is the treatment to have benefit/harm?16.17.18, 32,33 These
analyses may be most helpful in estimating treatment benefits and hazards when power is
limited as subgroup analyses.1” Bayesian analyses allow prior estimates of treatment effect
to be updated using new data in estimating the (posterior) probability of benefit. Concerns
about Bayesian analyses have largely been concerns that the prior probability would be
derived from methodologically weak studies and be overly optimistic. These concerns do
not apply to our analyses. The posterior probability that AgPT increased mortality was
estimated using a neutral prior probability despite the evidence of an increased mortality in
the one large prior trial of phototherapy,*2:6 and the values for RR were similar in the
Bayesian and frequentist analyses and identified a high probability that AgPT increases
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mortality while reducing profound impairment, an outcome that some people consider worse
than death.34:35

In recent observational analyses of the Network trial,38 higher plasma bilirubin levels on day
5 were associated with a higher risk of death or impairment among unstable infants (infants
who at five days had any of various risk factors [primarily mechanical ventilation but also
blood pH < 7.1, pressor therapy, a positive blood culture, or apnea and bradycardia requiring
bag and mask ventilation or intubation during the prior 24 hours]). This relationship was not
observed among stable infants. These analyses did not involve any assessment of the effect
of AgPT, have the limitations inherent in observational analyses for making treatment
inferences, and thus do not contradict our analyses. Clinical instability at age 5 days may be
the result--not the cause---of bilirubin toxicity that resulted in hypoventilation, recurrent
apnea, or clinical instability prompting the use of respiratory or pressor support. The
presence or absence of these problems may simply be a marker for infants who experienced
bilirubin toxicity or phototoxicity.

Ordinarily, evidence of treatment heterogeneity like we identified in our analyses would
generate a hypothesis to be tested in future trials.2® In this instance, there may never be
another large trial comparing phototherapy to no phototherapy or AgPT to ConPT in ELBW
infants. We considered whether to extend the Network trial to randomize additional infants
less than 750 g BW to more precisely assess the risks and benefits of AgPT and ConPT in
this subgroup. We decided against doing this partly because the findings with 684 such
infants randomized suggested that any increase in survival with ConPT would be almost
entirely offset by an increase in survivors with profound impairment.

The mortality findings in the Network trial prompted Watchko and Maisels to conclude that
“In infants <750 g, it seems prudent to initiate phototherapy at lower irradiance levels.
Irradiance levels can be increased, if necessary, or more surface ...exposed to phototherapy
if the bilirubin rises.”37 It remains to be determined whether the approach would avoid an
increase in mortality while maintain the reduction in profound impairment with AgPT in the
Network trial. The appropriate irradiance levels and how they would be best achieved is
unclear, partly because the manufacturing changes in phototherapy lamps since the prior
Collaborative Phototherapy have substantially increased the irradiance levels that they
deliver (mean of 22—-23 UW per square centimeter per nanometer each day as measured at
the infant’s skin during the Network trial3).

In summary, the findings from the Network trial--the only large trial of AgPT yet
performed--suggest that AgPT may increase mortality while reducing impairment and
profound impairment among the smallest and sickest infants. As for other neonatal
therapies, phototherapy should not be assumed to have the same risks and benefits in the
smallest and sickest infants as in more mature infants. Our results indicate an urgent need to
develop other treatment approaches using lower irradiance levels or other treatment
methods38 that may reduce severe bilirubin neurotoxicity without risking an increase in the
mortality of these infants. These treatment approaches could then be rigorously tested by
comparing them to AgPT in a large randomized trial.
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