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Background: We examined recent trends and interhos-
pital variation in use of indomethacin, ibuprofen, and surgical 
ligation for patent ductus arteriosus (PDA) in very-low-birth-
weight (VLBW) infants.
Methods: Included in this retrospective study of the 
Pediatric Hospital Information System database were 13,853 
VLBW infants from 19 US children’s hospitals, admitted at age 
< 3 d between 1 January 2005 and 31 December 2014. PDA 
management and in-hospital outcomes were examined for 
trends and variation.
results: PDA was diagnosed in 5,719 (42%) VLBW infants. 
Cyclooxygenase inhibitors and/or ligation were used in 74% 
of infants with PDA overall, however studied hospitals varied 
greatly in PDA management. Odds of any cyclooxygenase 
inhibitor or surgical treatment for PDA decreased 11% per year 
during the study period. This was temporally associated with 
improved survival but also with increasing bronchopulmonary 
dysplasia, periventricular leukomalacia, retinopathy of prema-
turity, and acute renal failure in unadjusted analyses. There was 
no detectable correlation between hospital-specific changes 
in PDA management and hospital-specific changes in out-
comes of preterm birth during the study period.
conclusion: Use of cyclooxygenase inhibitors and ligation 
for PDA in VLBW infants decreased over a 10-y period at the 
studied hospitals. Further evidence is needed to assess the 
impact of this change in PDA management.

Patent ductus arteriosus (PDA) is diagnosed in 39% of very-
low-birth-weight infants (VLBW, <1,500 g birth weight), 

and up to 70% of infants born before 28 wk gestation (1,2). 
Preterm infants with PDA are at increased risk for a number 
of complications, including death, bronchopulmonary dyspla-
sia (BPD), pulmonary hemorrhage, necrotizing enterocolitis 
(NEC), and periventricular leukomalacia (PVL) (3,4), how-
ever it is unclear whether these associations represent a causal 
relationship (5). While pharmacological therapy with cyclo-
oxygenase inhibitors (COXI) and surgical ductus ligation have 

been common in the care of premature infants for decades  
(6–8), these treatments carry risks of short- and long-term 
complications (4,9,10), and may not reduce the risk of impor-
tant morbidities such as BPD or NEC (11–14).

Recent years have seen growing calls for either more 
selective attempts at PDA closure (2,15–18), or abandoning 
routine attempts at closure altogether (4,19). Satisfactory 
outcomes using less aggressive management of PDA have 
been presented as alternatives to usual care (18,20). It is 
unclear whether clinical practices have changed in response 
to these published reassessments of the literature and, if so, 
whether clinical outcomes have changed as well. Accordingly, 
the objectives of this study were to examine trends and inter-
hospital variability in pharmacological and surgical manage-
ment of PDA, and to describe contemporaneous trends in 
outcomes for infants with PDA. We hypothesized that use 
of indomethacin, ibuprofen, and surgical ligation for PDA 
in VLBW infants changed significantly during the period 
studied.

RESULTS
Inclusion criteria were met by 13,853 VLBW infants from 
19 US referral children’s hospitals (Figure 1). PDA was diag-
nosed in 42.3% (n = 5,719) of VLBW infants overall, 49.9% in 
Group 1 (3,539/7,096), and 32.3% (2,180/6,757) in Group 2. 
No significant secular trend was detected in the VLBW cohort 
during the study period with respect to proportion diagnosed 
with PDA. No significant secular trends were found regarding 
proportion of Group 1 vs. Group 2 infants in either the VLBW 
cohort overall or in VLBW infants diagnosed with PDA.

Among VLBW infants with PDA, 5,068 were admitted on 
the day of birth, 544 at 1 d of age, and 107 at 2 d of age. In 
all, 4,209 (73.6%) infants diagnosed with PDA were treated 
with COXI or ligation (Supplementary Figure S1 online). 
Infants with PDA treated with COXI included 3,138 (54.9%) 
with indomethacin, 601 (10.5%) with ibuprofen, and 150 
(2.6%) with both. PDA ligation was performed for 1,580 
(27.6%) infants, including 1,260 (22.0%) who received COXI 
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therapy followed by ligation. For those treated, COXI therapy 
was started at median (25th, 75th percentile) (range) age of 2 
(1, 4) (0–51) days with 3 (2, 4) (1–14) days of therapy in total. 
Ductus ligations were performed at 18 (10, 28) (0–219) days 
of age.

Secular Trends in PDA Treatment
Trends in PDA treatment for VLBW infants with PDA are 
shown in Table 1 and Figure 2. A general trend of decreas-
ing frequency of treatment for PDA was evident in a variety 
of measures during the study period. Among VLBW infants 
with PDA, COXI therapy decreased significantly overall and 
individually for indomethacin, however odds of receiving ibu-
profen increased during the study period. Odds of PDA liga-
tion also decreased overall and as rescue therapy following 
COXI therapy. Also significantly decreasing with time were 
odds of COXI without ligation; indomethacin therapy on day 
0 or day 1, and the combined outcome of any COXI or surgical 
ligation. Most of these trends occurred in both Group 1 and 
Group 2. Overall, there was a 11% decrease per year in odds of 
treatment with either COXI or PDA ligation during the study 
period, including a 11% decrease per year in Group 1 and 14% 
decrease per year in Group 2. An exception to this general 
trend was ligation as sole therapy for PDA, which showed an 
overall 4% increase in odds per year during the study period.

VLBW infants with PDA treated with COXI were started 
on therapy significantly later each year, while for those ligated 
chronological age at the time of the procedure increased signif-
icantly with time (Table 2). These statistical trends represented 
increases of less than 1 d over the 10-y study period.

Variation in PDA-Related Treatment Among Hospitals
Trends and variation in hospital-specific rates of PDA treatment 
in 2005–2009 vs. 2010–2014 are provided in Table 3. For VLBW 
infants with PDA born 2010–2014, the more recent half of the 
study, hospital-specific median rates of COXI treatment ranged 
from 20 to 79%, while median rates of ligation ranged from 0 to 
54%. Between the first and second halves of the study period, 
18 of 19 studied hospitals decreased the proportion of VLBW 
infants with PDA who were treated with either COXI or ligation.

Figure 1. Derivation of study cohort.

PHIS database

n = 179,110
Admitted 2005–2014

Admitted day of life 0, 1, or 2
Submitted billing data

VLBW Ifants

Excluded

400-1,499 grams birth weight
≤32 completed weeks GA

Unique identification number
Disposition known,

not an acute care facility
Hospital contributed data throughout

study period
No ductus-dependent structural

heart anomaly

400 – 999 g (group 1): n = 3,539
1,000 – 1,499 g (group 2): n = 2,180

n = 5,719

1,431 duplicate identification numbers

2,161 birth weight unknown

139,464 ≥1500 g birth weight

14,634 ≥33 week GA

1,007 GA unknown

201 disposition unknown

4,264 transferred to an acute care
facility; ultimate LOS and disposition

unknown

1,395 hospital did not contribute data
throughout study period

700 possible ductus-dependent
structural heart anomaly

VLBW infants diagnosed with PDA

n = 13,853

table 1. Change per year among 5,719 VLBW infants with PDA in 
treatment for PDA, hierarchical logistic regression, 19 US referral 
children’s hospitals, 2005–2014

Categorical outcomes
N (% VLBW 
with PDA) OR (95% CI)a P*

PDA, no COX inhibitor, no 
ligation

1,510 (26.4) 1.13 (1.11, 1.15) <0.001

400–999 g 616 1.12 (1.09, 1.15) <0.001

1,000–1,499 g 894 1.17 (1.13, 1.20) <0.001

COX inhibitor 3,889 (68.0) 0.89 (0.87, 0.91) <0.001

400–999 g 2,686 0.91 (0.80, 0.93) <0.001

1,000–1,499 g 1,203 0.86 (0.83, 0.88) <0.001

Any indomethacin 3,288 (57.5) 0.87 (0.86,0.89) <0.001

400–999 g 2,292 0.89 (0.87, 0.92) <0.001

1,000–1,499 g 996 0.83 (0.81, 0.86) <0.001

Any ibuprofen 751 (13.1) 1.05 (1.01,1.08) 0.006

400–999 g 519 1.05 (1.01, 1.09) 0.022

1,000–1,499 g 232 1.05 (0.99, 1.11) 0.104

COX inhibitor, no ligation 2,629 (46.0) 0.96 (0.94, 0.98) <0.001

400–999 g 1,612 1.01 (0.99, 1.04) 0.385

1,000–1,499 g 1,017 0.89 (0.86, 0.92) <0.001

Indomethacin therapy, 
day 0 or day 1

1,450 (25.4) 0.94 (0.92, 0.96) <0.001

400–999 g 1,227 0.96 (0.94, 0.99) 0.006

1,000–1,499 g 223 0.86 (0.81, 0.91) <0.001

Ligation 1,580 (27.6) 0.93 (0.91, 0.95) <0.001

400–999 g 1,311 0.92 (0.90, 0.94) <0.001

1,000–1,499 g 269 0.92 (0.88, 0.97) <0.001

Ligation without COX 
inhibitor

320 (5.6) 1.04 (1.01, 1.08) 0.018

400–999 g 237 1.03 (0.99, 1.07) 0.129

1,000–1,499 g 83 1.04 (0.97, 1.10) 0.287

COX inhibitor or ligation 4,209 (73.6) 0.89 (0.87, 0.90) <0.001

400–999 g 2,923 0.89 (0.87, 0.92) <0.001

1,000–1,499 g 1,286 0.86 (0.83, 0.89) <0.001

COX inhibitor and ligation 1,260 (22.0) 0.91 (0.88, 0.93) <0.001

400–999 g 1,074 0.90 (0.88, 0.93) <0.001

1,000–1,499 g 186 0.88 (0.82, 0.93) <0.001
aAll trends adjusted for clustering of infants within hospitals. *Multivariate hierarchical 
logistic regression.
PDA, patent ductus arteriosus; VLBW, very low birth weight.
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Secular Trends in Clinical Outcomes
Trends in clinical outcomes for VLBW infants with PDA are 
shown in Table 4. Mortality decreased in this cohort over-
all, driven by an 8% decrease per year in odds of mortality in 
Group 1 without significant change in Group 2. Also observed 
in Group l were increasing odds of BPD, PVL, and any stage 
retinopathy of prematurity (ROP), but decreasing odds of 
NEC stage 3 or SIP. Observed in both groups were decreasing 
odds per year of any diuretic therapy but increasing odds of 
acute renal failure (ARF) and any systemic steroid therapy.

Vocal cord paralysis occurred in about 11% of infants in the 
study cohort (Table 4). Among Group 1 infants this included 
14.7% of infants undergoing PDA ligation vs. 11.5% not under-
going ligation, and 10.8% for those ligated vs. 8.4% not ligated 
in Group 2. These differences were not statistically significant. 
Similarly, there was no detectable trend in incidence of grade 3 
or grade 4 intraventricular hemorrhage (IVH), any stage NEC, 
pulmonary hemorrhage, or ROP treatment with laser photo-
coagulation or bevacizumab in either birth weight group or 
the cohort overall. Duration of positive pressure respiratory 
support, duration of systemic steroid therapy, and length of 
stay among infants with PDA surviving to hospital discharge 
increased significantly by less than one day over the 10-y study 
period (Table 2).

Correlation of Hospital-Specific Rates of Treatment and 
Outcomes
Sixteen hospitals had at least 10 infants in Group 1 and Group 
2 in each half of the study. No significant correlation was evi-
dent between hospital-specific changes in rates of COXI use 
and hospital-specific changes in ligation. No significant cor-
relations were evident between hospital-specific changes in 
rates of PDA management and hospital-specific changes in 
outcomes of preterm birth in either birth weight group after 
controlling false discovery rate.

DISCUSSION
This study of VLBW infants from 19 US referral children’s hos-
pitals documents significant secular trends in pharmacological 
and surgical treatment for PDA over the past decade. Use of 
COX inhibitors decreased significantly during the 2005–2014 
study period, and when used the likelihood of choosing ibu-
profen over indomethacin increased. PDA ligation decreased 
with time, and became more likely to occur without preceding 
COXI as the study period progressed. These changes were not 
associated with detectable adverse trends in survival, severe 
IVH, pulmonary hemorrhage, NEC or severe NEC/SIP, or fre-
quency of diuretic use at the studied hospitals.

A number of authors have highlighted the lack of evidence 
of long-term benefit accompanying the evident risks associ-
ated with PDA treatment. It has been suggested that routine 
attempts to close the ductus in preterm infants be replaced by 
more selective treatment (2,4,15–20). Our results indicate that, 
reflecting this literature, PDA management at the studied hos-
pitals has become less aggressive in the past decade.

Significant secular trends were identified as well in outcomes 
of preterm birth among VLBW infants with PDA during the 
study period. Apparent increases in BPD, PVL, ROP, and 
ARF raise concerns regarding the safety of a less aggressive 
approach to PDA closure. However, this retrospective study 
cannot establish causal relationships, and the unadjusted con-
temporaneous trends identified here must be interpreted with 
caution (21). For example, decreasing use of COXI and PDA 
ligation during the study period was temporally associated in 
Group 1 with significant increases in BPD, any ROP, and PVL. 
However, mortality decreased in Group 1 as well. It is possible 
that improved survival among Group 1 infants increased the 
number of infants at high risk for BPD, any ROP, and PVL, 
thus confounding the temporal association between changes 
in these diagnoses and changes in PDA treatment and com-
plicating interpretation. The temporal associations we report 

Figure 2. Trends in treatment and outcomes among 5,719 very-low-birth-weight infants with patent ductus arteriosus at 19 US referral children’s  
hospitals, 2005–2014. *P < 0.01; †P < 0.001.
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may be due partly or entirely to such confounding by known 
or unknown factors. Nonetheless, this study reports a trend 
of decreasing COXI and surgical PDA closure at 19 tertiary 
referral NICUs without evidence of increased mortality, severe 
IVH, NEC or severe NEC/SIP, pulmonary hemorrhage, or 
diuretic use.

Congestive heart failure appeared to increase among VLBW 
infants with PDA in our cohort during the study period, with  
P = 0.04. However, this finding was not significant after con-
trolling false discovery rate, indicating that there is a >5% like-
lihood that this finding is a false positive.

This study also documents substantial variability among 
hospitals in use of COXI and PDA ligation. However, we found 
no significant correlation between hospital-specific changes in 
PDA management and corresponding changes in outcomes of 
preterm birth during the 10-y study period. This result pro-
vides some support for recommendations that routine efforts 
at PDA closure be moderated. Further research is needed to 
establish the safety of more selective PDA closure and to deter-
mine whether specific subgroups of VLBW infants are appro-
priate for conservative management vs. more aggressive PDA 
closure.

Using the Kids’ Inpatient Database, Weinberg et al. docu-
mented wide interhospital variation in PDA ligation for infants 
born ≤32 wk in 2003, 2006, and 2009, with an overall ligation 
rate of 14% (22). They identified an increase in PDA ligation 
among infants born ≤28 wk of gestation from 14% in 2003 to 
21% in 2009. From 2005 to 2014, we documented persistent 
variation in PDA management, and similarly found that the 
rate of ligation peaked in 2007 at studied hospitals (Figure 2). 
However, thereafter rates of ligation decreased for both birth 
weight subgroups. Overall, this study documented a PDA liga-
tion rate of 28% for VLBW infants with PDA, higher than that 
reported by Weinberg and colleagues. This is not surprising, 
since children’s hospitals were more likely than other centers to 
perform PDA ligations in their study. PDA was also diagnosed 
more frequently among VLBW infants in this study (42%) 
compared to the prior study (17%). These differences may 
in part reflect differences between the two studies regarding 
selection criteria (infants < 1,500 g at birth vs. ≤ 32 wk EGA) 
or age at evaluation. Further, it is possible that the tertiary 
referral children’s hospitals we studied were more aggressive 
with diagnostic or screening echocardiograms than the more 
diverse group of hospitals contributing to the Kids’ Inpatient 

table 2. Change per year among 5,719 VLBW infants with PDA in 
characteristics of treatment for PDA, diuretic therapy, steroid therapy, 
positive pressure respiratory support, and length of stay, hierarchical 
linear regression, 19 US referral children’s hospitals, 2005–2014

Continuous outcomes N β (95% CI)b P*

Age at ligation, days, ligated 
infantsa

1,580 0.04 (0.03, 0.06) <0.001

400–999 g 1,311 0.04 (0.03, 0.06) <0.001

1,000–1,499 g 269 0.05 (0.02, 0.09) 0.003

Age at first treatment with COX 
inhibitor, days, treated infantsa

3,889 0.026 (0.017, 0.035) <0.001

400–999 g 2,686 0.02 (0.01, 0.03) <0.001

1,000–1,499 g 1,203 0.04 (0.02, 0.05) <0.001

Days of COX inhibitor therapy, 
treated infantsa

3,889 0.015 (0.011, 0.02) <0.001

400–999 g 2,686 0.014 (0.008, 0.019) <0.001

1,000–1,499 g 1,203 0.016 (0.008, 0.024) <0.001

Days of diuretic therapy, treated 
infantsa

4,501 0 (−0.01, 0.02) 0.644

400–999 g 3,102 −0.01 (−0.03, 0) 0.101

1,000–1,499 g 1,399 0.04 (0.01, 0.06) 0.005

Days of systemic steroid therapy, 
treated infants a

2,767 0.03 (0.02, 0.05) <0.001

400–999 g 2,209 0.03 (0.02, 0.05) <0.001

1,000–1,499 g 558 0.04 (0.01, 0.07) 0.009

Days of positive pressure 
respiratory support, treated 
infantsa

4,908 0.06 (0.05, 0.07) <0.001

400–999 g 3,159 0.08 (0.06, 0.09) <0.001

1,000–1,499 g 1,749 0.05 (0.03, 0.07) <0.001

Length of stay, days, survivorsa, c 3,527 0.022 (0.017, 0.027) <0.001

400–999 g 1,991 0.012 (0.006, 0.017) <0.001

1,000–1,499 g 1,536 0.024 (0.017, 0.031) <0.001

Length of stay, days, 
nonsurvivorsa

901 0.02 (−0.01, 0.05) 0.233

400–999 g 738 0.03 (0, 0.06) 0.056

1,000–1,499 g 163 −0.01 (−0.07, 0.06) 0.858
aNatural log-transformed for hierarchical linear regression analysis, reverse transformed 
for presentation as β (95% CI). bAll trends adjusted for clustering of infants within 
hospitals. cLimited to infants discharged to home rather than transferred. *Hierarchical 
linear regression.
PDA, patent ductus arteriosus; VLBW, very low birth weight.

table 3. Hospital-specific rates of treatment in VLBW infants with PDA, 2005–2009 vs. 2010–2014, 19 US referral children’s hospitals

2005–2009 2010–2014 P*

PDA, no COX inhibitor, no ligation 0.23 (0.16, 0.35) (0.09–0.61) 0.40 (0.27, 0.52) (0.14–0.80) 0.001

COX inhibitor or PDA ligation 0.77 (0.65, 0.84) (0.39–0.91) 0.60 (0.48, 0.73) (0.20–0.86) 0.001

COX inhibitor 0.70 (0.46, 0.80) (0.29–0.90) 0.44 (0.34, 0.64) (0.20–0.79) 0.001

Ligation 0.30 (0.22, 0.39) (0.14–0.52) 0.21 (0.17, 0.26) (0–0.54) 0.002

Hospital-specific proportion or median values summarized as median (25th, 75th percentile) (range).
*Related-samples Wilcoxon Signed Ranks test.
PDA, patent ductus arteriosus; VLBW, very low birth weight.
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table 4. Change per year among 5,719 VLBW infants with PDA in rates of outcomes of prematurity, diuretic use and systemic steroid use, 19 US 
referral children’s hospitals, 2005–2014

Categorical outcomes N (% VLBW with PDA) OR (95% CI)a P*

Mortality 901 (15.8) 0.94 (0.91, 0.96) <0.001

400–999 g 738 0.92 (0.89, 0.94) <0.001

1,000–1,499 g 163 0.98 (0.94, 1.03) 0.516

Bronchopulmonary dysplasia 2,934 (51.3) 1.03 (1.01, 1.05) 0.002

400–999 g 2,196 1.03 (1.01, 1.06) 0.009

1,000–1,499 g 738 1.03 (1.00,1.06) 0.068

Intraventricular hemorrhage grade 3 or 4 898 (15.7) 1.0 (0.97,1.02) 0.790

400–999 g 699 0.98 (0.95,1.01) 0.272

1,000–1,499 g 199 1.02 (0.97,1.07) 0.445

Congestive heart failure 111 (1.9) 1.06 (1.003, 1.13) 0.04c

400–999 g 75 1.06 (0.99, 1.13) 0.121

1,000–1,499 g 36 1.09 (0.97, 1.22) 0.153

Pulmonary hemorrhage 274 (4.8) 1.02 (0.97, 1.06) 0.414

400–999 g 216 1.0 (0.95, 1.05) 0.99

1,000–1,499 g 58 1.07 (0.98, 1.17) 0.148

NEC, any stage 823 (14.4) 1.0 (0.97, 1.02) 0.718

400–999 g 598 1.0 (0.97, 1.03) 0.934

1,000–1,499 g 225 0.98 (0.94, 1.03) 0.472

NEC stage 3 or Spontaneous Intestinal Perforationb 151 (2.6) 0.88 (0.80, 0.97) 0.011

400–999 g 133 0.89 (0.80, 0.98) 0.023

1,000–1,499 g 18 0.87 (0.68, 1.12) 0.274

Periventricular leukomalacia 290 (5.1) 1.09 (1.04, 1.13) <0.001

400–999 g 208 1.13 (1.08, 1.19) <0.001

1,000–1,499 g 82 0.98 (0.91, 1.06) 0.629

Acute renal failure 350 (6.1) 1.08 (1.039,1.12) <0.001

400–999 g 286 1.05 (1.009,1.095) 0.018

1,000–1,499 g 64 1.18 (1.09, 1.28) <0.001

Vocal cord paralysis 639 (11.2) 1.02 (0.99, 1.05) 0.106

400–999 g 449 1.04 (1.00, 1.07) 0.051

1,000–1,499 g 190 1.01 (0.96, 1.06) 0.770

ROP, any 2,236 (39.1) 1.06 (1.04, 1.08) <0.001

400–999 g 1,739 1.10 (1.07, 1.12) <0.001

1,000–1,499 g 497 1.01 (0.97, 1.05) 0.608

ROP treated with laser photocoagulation or bevacizumab 508 (8.9) 0.98 (0.94, 1.01) 0.194

400–999 g 486 0.97 (0.94,1.004) 0.086

1,000–1,499 g 22 1.06 (0.93, 1.20) 0.371

Diuretic therapy, any 4,501 (78.7) 0.93 (0.91, 0.95) <0.001

400–999 g 3,108 0.92 (0.88, 0.95) <0.001

1,000–1,499 g 1,393 0.93 (0.90, 0.96) <0.001

Systemic steroid therapy, any 2,767 (48.4) 1.03 (1.01, 1.05) 0.001

400–999 g 2,209 1.03 (1.005, 1.06) 0.017

1,000–1,499 g 558 1.04 (1.005, 1.08) 0.026
aAll trends adjusted for clustering of infants within hospitals. b2009–2014. cNot statistically significant after controlling for false discovery rate. *Multivariate hierarchical logistic 
regression.
NeC, necrotizing enterocolitis; PDA, patent ductus arteriosus; ROP, retinopathy of prematurity;  VLBW, very low birth weight.
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Database, or may have cared for sicker infants. Weinberg and 
colleagues did not examine pharmacological treatment for 
PDA, however a recent survey reported practice variation in 
COXI use among and within NICUs (23). We were unable to 
locate prior multicenter studies examining trends in use of 
COXI for PDA.

The Vermont Oxford Network (VON) reported decreas-
ing mortality in the lower birth weight subgroups of VLBW 
infants between 2000 and 2009, similar to our findings (24). 
Not surprisingly, the mortality rate of 16.5% we observed in 
VLBW infants with PDA is slightly higher than that observed 
in VON NICUs for VLBW infants overall. However, we report 
increasing bronchopulmonary dysplasia in VLBW infants with 
PDA between 2005 and 2014 driven by an increase in BPD in 
Group 1, in contrast to VON findings of decreasing BPD in 
VLBW infants overall between 2000 and 2009.

Indomethacin given on the day of birth or the following 
day may have been intended primarily as prophylaxis against 
severe intraventricular hemorrhage. However, early COXI 
therapy reduces the incidence of hemodynamically significant 
PDA, so that COXI given on the day of birth or the follow-
ing day may be partly or primarily intended as PDA prophy-
laxis (25,26). In our cohort of VLBW infants with PDA 10% 
(61/601) of infants treated exclusively with ibuprofen received 
this intervention on the day of birth or the following day, yet 
ibuprofen has no evidence-based role in IVH prophylaxis. 
Thus, speculation regarding the motivation for indometha-
cin use based on early timing of therapy may be problematic. 
Treatment with indomethacin on the first or second day of life 
was therefore included in our definition of PDA treatment. It is 
noteworthy that, as with other interventions promoting duc-
tal closure, use of indomethacin on the first or second day of 
life decreased over the course of our study period. The present 
focus on the flaws in the literature supporting interventions 
to close the ductus may be prompting a reassessment of the 
benefits and risks of early indomethacin including its role in 
IVH prophylaxis.

The observed increase in PDA ligation without prior COXI 
therapy was an unexpected finding. There was a contempora-
neous increase in the diagnosis of ARF in the cohort of VLBW 
infants with PDA from studied hospitals, and the numbers 
of infants with ARF are approximately comparable to those 
ligated without prior pharmacotherapy. The increase in liga-
tion without prior pharmacotherapy may thus represent an 
increase among infants in the study cohort with contraindica-
tions to COXI therapy. It is possible that, rather than a COXI, 
some of these infants may have received acetaminophen prior 
to ligation, which we did not examine. While evidence from 
randomized trials is emerging examining acetaminophen as 
an intervention for ductal closure, the number of reported 
patients remains small (27).

Statistical analyses in this study adjusted for correlation due 
to clustering of infants within hospitals, reducing risk of type I 
error. Controlling false discovery rate to <5% further strength-
ened the study findings. Robust sample size reduced risk of type 
II error. However, we may have overlooked small but clinically 

important trends in treatment or outcomes. The study’s ret-
rospective design limited the scope of collected data and the 
ability to draw causal inferences. Also, because diagnoses were 
ascertained using ICD-9 codes, it was not feasible to determine 
whether PDA was diagnosed clinically or echocardiographi-
cally, or the criteria used to diagnose NEC or BPD. It is possible 
that some infants may have received indomethacin treatment at 
an outside referring hospital on day 0 or 1. However, only 107 
infants in the study cohort were admitted after 1 d of age, mak-
ing the potential impact of any resulting misclassification small. 
Finally, this study could not examine post-discharge mortality, 
morbidities, or neurodevelopmental outcomes.

Conclusion
In summary, we report significant secular trends in pharma-
cological and surgical PDA management and in contempo-
raneous outcomes of preterm birth at 19 US tertiary referral 
children’s hospitals over the past decade. This study documents 
a general trend of decreasing frequency of COXI and surgical 
therapy for PDA, and provides new data regarding the current 
extent and variation in PDA treatment for VLBW infants in 
US tertiary referral children’s hospitals. These results will be of 
interest to those investigating the epidemiology of PDA man-
agement and sequelae of prematurity, as well as to care pro-
viders concerned that decreasing intervention for infants with 
PDA may be increasing risk for adverse outcomes.

Urgent calls for further randomized trials examining man-
agement alternatives for PDA have become commonplace. 
A small number of such trials are underway, including some 
that will examine long-term neurodevelopmental outcomes 
(28–30). The persistent variation in PDA treatment in the most 
recent 5 y of our study illustrates a continued need for new 
studies to help guide management of this common condition 
in VLBW infants.

METHODS
Data for this study were obtained from the Pediatric Health 
Information System (PHIS), an administrative database containing 
inpatient data from 49 not-for-profit, tertiary care pediatric hospi-
tals in the United States (31). These hospitals are affiliated with the 
Children’s Hospital Association (CHA). Data quality and reliability 
are assured through a joint effort between the CHA and participating 
hospitals, while the data warehouse function for the database is man-
aged by Truven Health Analytics. Data are deidentified but linked at 
the time of data submission and are subjected to reliability and valid-
ity checks before inclusion in the database.

PHIS hospitals reporting both inpatient and billing data were 
included in this analysis. Hospitals were omitted if they did not 
submit billing data for the entire duration of the study period. This 
study was approved by the Institutional Review Board at Connecticut 
Children’s Medical Center.

Subjects
Included were neonates born between 1 January 2005 and 31 
December 2014 with birth weight 400–1,499 g, who had initial PHIS 
hospital admission on day of life 0, 1, or 2. Readmission hospitaliza-
tions were excluded. As presence or absence of specific diagnoses 
and therapies were determined from billing data, patients with miss-
ing billing data including pharmacy or respiratory support billing 
data, or with $0 total billed from all sources during their inpatient 
stay were excluded. Data obtained from the PHIS database included 
demographics, date of birth, medications and dates of therapy, date of 
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PDA ligation if applicable, in-hospital clinical outcomes, and disposi-
tion. Birth weight was subgrouped by International Classification of 
Disease—Ninth Revision (ICD-9) code. Diagnoses and procedures 
were determined by ICD-9 code. Necrotizing enterocolitis (NEC) 
was coded as a general diagnosis throughout the study period but 
was coded by stage starting in 2009, therefore trends in severe NEC 
grouped with spontaneous intestinal perforation (SIP) were exam-
ined starting in that year. Infants were excluded if they had an ICD-9 
code for a congenital heart anomaly that might result in ductal-
dependent systemic or pulmonary blood flow or ductal-dependent 
oxygenation, as such lesions could require that clinicians change their 
usual approach to PDA management. Length of stay (LOS) was cal-
culated. Annual and overall rates of outcomes and use of therapies 
were determined for each hospital and for the cohort as a whole. PDA 
treatment was defined as any COXI therapy with either indomethacin 
or ibuprofen including the day of birth or the following day, or ductus 
ligation.

Statistics
Analyses of independent data were performed using SPSS 18.0 (IBM 
Corporation, Armonk, NY). Paired 5-y hospital-specific rates of use 
of PDA management strategies (any COXI, any ligation, no COXI 
or ligation) were calculated for both Group 1 and Group 2 for the 
first (2005–2009) and second (2010–2014) halves of the study period. 
Correlations between hospital-specific changes in rates of PDA thera-
pies and changes in rates of outcomes of preterm birth (BPD, PVL, 
ARF, stage 3 NEC/SIP) between the first and second halves of the 
study were assessed using partial correlation adjusted for hospital-
specific and birth weight group-specific mortality rate. These analyses 
were limited to hospitals with a minimum of 10 infants in each birth 
weight group in each half of the study.

For some analyses data were not independent due to clustering of 
infants within hospitals; in such cases univariate and multivariate 
analyses were performed with hierarchical linear or logistic regres-
sion using HLM 7.0 (Scientific Software International, Lincolnwood, 
IL) (32). Secular trends were described with odds ratios and 95% 
confidence intervals, with year of birth as independent infant-level 
variable and PDA treatment or outcome of prematurity as dependent 
variable. Trends were examined for the cohort overall, and separately 
for infants with birth weight 400–999 g (Group 1) and those with 
birth weight 1,000–1,499 g (Group 2). Continuous outcomes were 
natural log-transformed where necessary to ensure normal distribu-
tion for analysis, then reverse transformed for clarity when reporting 
results. All statistical tests were two-tailed.

False discovery rate was controlled <5% by adjusting significance 
levels using the Benjamini-Hochberg method (33). False discovery rate 
was controlled separately for analyses performed for the entire cohort of 
VLBW infants, for infants diagnosed with PDA, for Group 1, for Group 
2, and for hospitals to ensure that the distribution of P values was prop-
erly scaled among tests performed with equal sample sizes (33).

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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