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Objectives To identify predictors of home oxygen use in preterm infants with bronchopulmonary dysplasia (BPD)
in a statewide cohort, identify hospital variation in home oxygen use, and determine the relationship between home
oxygen use and neonatal intensive care unit discharge timing.

Study design This was a secondary analysis of California Perinatal Quality Care Collaborative data. Infants were
born <32 weeks of gestation, diagnosed with BPD based on respiratory support at 36 weeks postmenstrual age
(PMA), and discharged home. Risk factors for home oxygen use were identified using a logistic mixed model
with center as random effect. Estimates were used to calculate each center’s observed to expected ratio of
home oxygen use, and a Spearman coefficient between center median PMA at discharge and observed and ex-
pected proportions of home oxygen use.

Results Of 7846, 3672 infants (47 %) with BPD were discharged with home oxygen. Higher odds of home oxygen
use were seen with antenatal steroids, maternal hypertension, earlier gestational age, male sex, ductus arteriosus
ligation, more ventilator days, nitric oxide, discharge from regional hospitals, and PMA at discharge (receiver oper-
ating characteristic area under the curve 0.85). Of 92 hospitals, home oxygen use ranged from 7% to 95%; 42% of
observed home oxygen use was significantly higher or lower than expected given patient characteristics. The 67
community hospitals with higher observed rates of home oxygen had earlier median PMA at discharge (correlation
—0.27, P = .024).

Conclusions Clinical and hospital factors predict home oxygen use. Home oxygen use varies across California,
with community centers using more home oxygen having a shorter length of stay. (J Pediatr 2019;210:55-62).

ronchopulmonary dysplasia (BPD) is a common complication of prematurity, occurring in up to 50% of very-low-
birth-weight infants.' ” Infants with more severe lung disease are at higher risk of adverse outcomes.” For this reason,
BPD is the major cause of prolonged length of stay for premature infants in the neonatal intensive care unit (NICU).?
Because the prevalence of BPD is known to vary widely across institutions, it is likely that the care of infants with BPD varies
widely as well.”™
Home oxygen is common therapy for infants with BPD, used in 1%-37% of infants in the National Institute of Child Health
and Human Development Neonatal Research Network.”'” A study from the Pediatrix Medical Group reported wide variation
in use of home oxygen therapy at NICU discharge, ranging from 7% to 95% of infants with an oxygen requirement at 36 weeks
postmenstrual age (PMA), which was significantly more variation than had been reported previously.'' Since that analysis, the
2010 publication of the Surfactant, Positive Pressure, and Oxygenation Randomized Trial (SUPPORT) suggested lower mor-
tality at higher oxygen saturation targets, and home oxygen use may have become more common and less variable after that
point.'” A population-based cohort encompassing both regional referral hospitals and community NICUs of all levels would
offer more generalizable insights into how home oxygen therapy is used nationally. Home oxygen is a major component of
post-NICU respiratory morbidity; understanding variation in its use will be important for patient counseling, identifying bio-
markers predicting disease, and designing interventions.'” Specifically, the contribution of home oxygen use to NICU length of
stay in a population-based cohort of preterm infants with BPD has not been assessed.
The objectives of this study were to use a population-based cohort to identify
significant predictors of home oxygen use in preterm infants with BPD; deter-

mine the extent of hospital variation in home oxygen use in a statewide cohort;
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Figure 1. Study cohort flow diagram.

and determine the relationship between hospital home oxy-
gen use and timing of NICU discharge.

This was a secondary analysis using the California Perinatal
Quality Care Collaborative (CPQCC) database, which in-
cludes NICUs of all types in California. The CPQCC collects
clinical data on infants <1500 g at birth or <32 weeks of gesta-
tional age in member hospitals with definitions aligned to
those of the Vermont Oxford Network."* We included in-
fants in the database between January 2008 and December
2016 who were born between 22 and 31 weeks completed
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gestational age, diagnosed with BPD based on any respiratory
support requirement at 36 weeks PMA, and discharged home
alive from a CPQCC hospital. Infants with major congenital
anomalies and those who were discharged from a non-
CPQCC, currently closed, or unknown hospital were
excluded.

The primary outcome was home oxygen at NICU
discharge, which was a binary variable. Maternal characteris-
tics included age, race/ethnicity, prenatal care, receipt of
antenatal steroids, cesarean delivery, spontaneous labor,
multiple births, diabetes mellitus, and hypertension. These
variables are obtained from the medical record of the neonate
by trained data abstractors. Neonatal characteristics included
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Table I. Maternal, infant, and hospital factors associated with home oxygen use in California 2008-2016*

Factors Level n Oxygen at discharge (%) P value

Maternal factors

Maternal race and ethnicity Black 996 51% .0273
Hispanic 3707 47%
White 2000 44%
Asian, Native Hawaiian, Pacific Islander 910 47%
Native American or other 200 46%

Cesarean delivery Yes 5829 46% .0259
No 2017 49%

Spontaneous labor Yes 5359 48% .0001
No 2471 44%

Bleeding/abruption/previa Yes 1808 51% <.0001
No 6031 46%

Infant factors

Birth weight 500 g or less 207 63% <.0001
501-750 g 2521 57%
751-1000 g 2688 44%
1001-1250 g 1415 37%
1251-1500 g 682 35%
1501 g+ 333 38%

Gestational age, wk 24 or less 1640 61% <.0001
25 1319 53%
26 1312 48%
27 1117 40%
28 949 39%
29 667 36%
30 513 35%
31 329 30%

Number of transfers before discharging to home 0 5270 36% <.0001
1 1589 65%
2 847 2%
3+ 140 84%

Transfer happened within 7 d of birth Yes 1327 63% <.0001
No 6459 43%

Nosocomial infection Yes 1675 56% <.0001
No 6166 44%

NICU length of stay 79d or less 2005 38% <.0001
80-98 2003 40%
99-119 1877 49%
120+ 1961 61%

Days on ventilator 4 or less 2752 33% <.0001
5-16 1696 45%
17-35 1703 50%
36 + 1695 67%

Breast milk provided at discharge Yes 4458 45% .0029
No 3387 49%

Surfactant use Yes 6819 49% <.0001
No 1022 34%

PDA ligation Yes 1853 62% <.0001
No 5986 42%

NEC Yes 549 58% <.0001
No 7296 46%

Nitric oxide use Yes 550 59% <.0001
No 7295 46%

Delivery room oxygen support None 134 33% <.0001
0Oxygen/CPAP 1033 35%
Bag/mask/NIPPV 1386 42%
Endotracheal intubation 4541 50%
Epinephrine or cardiac medications 752 56%

Post delivery room respiratory support 0Oxygen/high flow nasal cannula 108 23% <.0001
CPAP 374 31%
NIPPV 235 26%
Intubated mechanical ventilation 3179 39%
Oscillator 3950 56%

PMA in wk at discharge 38 or less 1939 45% <.0001
39-40 2176 38%
41-42 1497 42%
43+ 1766 56%

Hospital factors

Birth NICU CCS level Non-CCS or intermediate 1214 55% <.0001
Community 4664 46%
Regional 1968 44%

(continued)
\ S
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Table I. Continued
Factors Level n Oxygen at discharge (%) P value
Discharging NICU CCS level Non-CCS or intermediate 243 49% <.0001
Community 4464 42%
Regional 3139 54%
Discharging NICU average volume (hospital quintiles) 47 or less 240 55% <.0001
48-75 536 34%
76-107 1042 41%
108-189 2040 48%
190+ 3988 49%
% BPD patients discharged across y (hospital quartiles) 11.9% or less 2127 48% <.0001
11.9%-14.5% 1849 36%
14.5%-16.8% 1962 50%
16.8% + 1908 53%
Birth year 2008 455 50% <.0001
2009 426 48%
2010 444 47%
2011 339 42%
2012 362 42%
2013 380 44%
2014 438 47%
2015 422 53%
2016 406 49%
\ v

CPAP, continuous positive airway pressure; NEC, necrotizing enterocolitis; MIPPV, nasal intermittent positive pressure ventilation.
*Table | presents factors that were significantly associated with home oxygen use in bivariate analysis. Other factors considered that were not significant at P < .05 level included prenatal care,
antenatal steroids, gestational diabetes, maternal hypertension, multiple pregnancy, maternal age, small for gestational age, and sex.

birth weight, gestational age by best obstetric estimate, small
for gestational age, growth curves, number of transfers be-
tween hospitals, whether a hospital transfer happened within
7 days of birth, sex, Apgar score, surfactant use, postdelivery
room respiratory support, days on mechanical ventilator,
patent ductus arteriosus ligation, nitric oxide use, nosoco-
mial infection, human milk for enteral feeding at discharge
to home, and birth year. Hospital characteristics included
the birth and discharge hospital NICU level of care as deter-
mined by California Children’s Services (CCS), average
NICU volume, and proportion of infants in discharging hos-
pital with BPD.

Statistical Analyses

First, we performed bivariate analyses to determine how
home oxygen use varied with maternal, neonatal, and hospital
characteristics. Next, given the hierarchical data structure
with infants nested within hospitals, we assessed which risk
factors were associated with home oxygen use by using a
logistic mixed model with discharging center as a random
intercept. Risk factors with bivariate significance of P < .1
were entered in groups: first maternal risk factors, then infant
illness, then hospital factors. Because of the common outcome
of home oxygen use, other modeling strategies were consid-
ered including log binomial and Poisson mixed models.
However, the Poisson model resulted in underdispersion
and the log binomial did not converge. Instead, ORs from
the logistic mixed model were converted to relative risk using
the method described by Zhang and Yu."” A P value of < .05
was considered statistically significant. A C statistic was used
to check the fit of the fixed effects portion of the model, and a
receiver operating characteristic area under the curve was
used to evaluate the fit of the overall model.
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From the regression model, we calculated each hospital’s
expected proportion of home oxygen use based on the fixed
effects portion of the regression model, and compared it with
that hospital’s observed proportion of home oxygen use in
the raw data (observed/expected ratio). This was done for
hospitals with at least 15 infants with BPD discharged during
the study period, to ensure that comparisons were based on
stable estimates. We then divided hospitals into community
and regional NICUs because of anticipated differences in un-
measured patient characteristics that may not have been
captured in the regression model. For each hospital type we
calculated a Spearman rank correlation between each center’s
median PMA at discharge and their observed and expected
proportion of home oxygen use. We also divided centers in
thirds into low, medium, and high home oxygen use groups,
and calculated the median discharge PMA in each group us-
ing a Kruskal-Wallis test for significance.

SAS v 9.4 (SAS Institute, Cary, North Carolina) was used
for all analyses. This study was approved by the Stanford Uni-
versity Institutional Review Board.

Out of 135138 infants assessed for eligibility from the
CPQCC data from 2008 to 2016, 9600 infants met inclusion
criteria of gestational age, diagnosis of BPD, and discharge
home. After exclusions, the final study cohort included
7846 infants with BPD, of which 3672 (47%) were discharged
with home oxygen and 4174 (53%) were discharged home in
room air (Figure 1).

Table I shows a bivariate analysis of characteristics of
infants with BPD discharged with vs without home oxygen.
For maternal characteristics, home oxygen use was more
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Table II. Multivariate analysis of characteristics associated with home oxygen use
Factors Level Adjusted relative risk (95% Cl) P value
Antenatal steroids No Reference .0294
Yes 1.11 (1.01,1.21)
Maternal hypertension No Reference .0007
Yes 1.13(1.05, 1.2)
Gestational age, wk 31 Reference <.0001
30 1.13(1.09, 1.21)
29 1.07 (1.02,1.17)
28 1.18 (1.10, 1.32)
27 1.15 (1.06, 1.28)
26 1.39 (1.25, 1.60)
25 1.43 (1.27, 1.66)
24 or less 1.49 (1.23, 1.89)
Sex Female Reference .004
Male 1.09 (1.03, 1.16)
PDA ligation No Reference <.0001
Yes 1.23(1.14,1.32)
Total d on ventilator (quartiles) 4 or less Reference <.0001
5-16 1.38 (1.26, 1.5)
17- 35 1.48 (1.35, 1.62)
36+ 2.02 (1.87, 2.15)
Nitric oxide use No Reference <.0001
Yes 1.3(1.17,1.42)
PMA at discharge, wk 38 or less Reference <.0001
39-40 0.88 (0.88, 0.89)
41-42 0.88 (0.88, 0.89)
43+ 1.05(0.97, 1.15)
Discharging NICU CCS level Community Reference <.0001
Non CCS or Intermediate 1.46 (1.17, 1.65)
Regional 1.92 (2.44,1.52)
Birth year 2008 Reference .0072
2009 0.95 (0.83, 1.08)
2010 1(0.87,1.12)
2011 0.86 (0.73, 0.99)
2012 0.88 (0.75, 1.01)
2013 0.9 (0.76, 1.03)
2014 1.05(0.91, 1.18)
2015 1.11 (0.97, 1.25)
2016 0.97 (0.82, 1.12)
Transfer happened within 7 d of birth No Reference <.0001
Yes 1.42 (1.3, 1.53) )
.

Adjusted relative risk was calculated from ORs from mixed logistic regression based on proportion, using the method of Zhang and Yu."®

common in infants born to black mothers and those born
vaginally, following spontaneous labor or maternal
bleeding, placental abruption, or placenta previa. For
neonatal characteristics, a higher proportion of home
oxygen use was associated with lower birth weight, earlier
gestational age, more transfers prior to discharge, transfer
within 7 days of birth, nosocomial infection, more days
requiring mechanical ventilation, surfactant use, patent
ductus arteriosus (PDA) ligation, nitric oxide use, and no
breast milk at discharge. For hospital characteristics, higher
proportions of home oxygen use were seen for infants born
in non-CCS or regional hospitals. Home oxygen use varied
by discharging center volume and proportion of infants
with BPD in a nonlinear fashion, with the lowest and
highest percentiles having the highest proportion of home
oxygen use. Home oxygen use for infants with BPD
decreased over time from 2008 to 2011, and then increased
from 2011 to 2016.

Table II shows results from multivariable analyses.
Statistically significant higher likelihood of home oxygen use
was seen with antenatal steroids, maternal hypertension,

earlier gestational age, male sex, PDA ligation, nitric oxide
use, and more ventilator days. Infants transferred from their
birth hospital to another facility within 7 days of birth, or
discharged from a regional hospital were more likely to be
discharged with home oxygen, adjusted for both clinical
characteristics and center. Infants with the earliest and latest
PMA at discharge were more likely to be discharged with
home oxygen, adjusted for other characteristics. Birth year
was a significant contributor to the overall model, although
most individual year estimates did not significantly differ
from reference. The fixed effects version of the final model
had a Hosmer-Lemeshow goodness of fit test P value of .5,
the C statistic for the was >0.70, and the multilevel model
had a receiver operating characteristic area under the curve
of 0.85, indicating good model fit.

Figure 2 depicts variation in the observed and expected use
of home oxygen among the 92 CPQCC centers discharging at
least 15 patients with BPD over the study period. Observed
home oxygen use ranged from 9% to 95%, with expected
rates from the fixed effects portion of the model falling
largely between 40% and 70% (Figure 2, A). Forty-two
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Figure 2. Observed and expected home oxygen use for NICUs discharging 215 infants with BPD. A, The x ax

is represents

individual deidentified NICUs, arranged in order from lowest to highest observed home oxygen use. The y axis represents the
proportion of discharge with home oxygen, either observed (black circles) or expected based on model estimates (white circles).
The line represents a best fit through the observed rates of home oxygen use. B, Depicts the observed/expected (O/E) ratio for
home oxygen use for 92 NICUs discharging >15 infants with BPD. The x axis depicts individual deidentified NICUs, arranged from
lowest to highest O/E ratio. The y axis represents the O/E ratio. Squares are point estimates, with vertical bars representing 95%
Cls. Black squares are NICUs whose observed home oxygen use was not significantly different from expected based on the

model, defined as an O/E ratio Cl that crosses 1. White squares are NICUs whose observed home oxygen use was significantly

different than expected based on the model, defined as an O/E ratio Cl that does not cross 1.
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percent of hospitals’ observed proportions of home oxygen
use fell significantly outside of the expected range based on
the 95% ClIs around the observed to expected ratio of
home oxygen use (Figure 2, B). Six of 92 hospitals had
observed proportions of home oxygen use that were
significantly more than expected; 33 hospitals had observed
proportions of home oxygen use that were significantly less
than expected. Our model resulted in an intraclass
coefficient of 20%, meaning that 20% of the variation in
probability of home oxygen use at discharge was accounted
for at the hospital level. For the 23 regional hospitals,
neither observed nor expected rates of home oxygen use
were correlated with median PMA at NICU discharge. For
the 67 community CCS hospitals with at least 15
discharged patients, centers using more home oxygen had
an earlier median PMA at NICU discharge (Spearman
correlation coefficient -0.27, P = .024) (Table III; available
at www.jpeds.com). Community hospitals using the highest
proportion of home oxygen use had a median discharge
PMA of 39 weeks (IQR 37-41), 2 weeks shorter than
hospitals using medium (41 weeks, IQR 39-43) or low
(41 weeks, IQR 39-44) proportions of home oxygen use
(Kruskal-Wallis test P < .001)

The purpose of this study was to identify predictors of home
oxygen use, determine the extent of institutional variation in
a statewide cohort, and identify potential relationships be-
tween home oxygen use and discharge timing for infants
with BPD. We identified several clinical and hospital-level
risk factors associated with higher use of home oxygen for
infants with BPD. We found that hospital variation accounted
for 20% of all variation in home oxygen use, which was not ex-
plained by clinical factors or measured center characteristics.
We also found that in community NICUs, centers with higher
rates of home oxygen use had an earlier PMA at discharge.
Home oxygen use is a relatively common therapy for pre-
term infants in California, used in 47% of preterm infants
with BPD in the state. This is similar to proportions of
home oxygen use for infants with BPD in other reports.'">'*'
Previous studies from the Pediatrix Clinical Data Warehouse
identified similar major risk factors including gestational age
and days of mechanical ventilation.'"”'” One difference be-
tween this and prior studies is the greater number of clinical
predictors associated with home oxygen use among infants
with BPD. Laughon et al have previously shown the ability
to predict BPD over time in the NICU.'® For infants with
BPD, the ability to identify clinical risk factors associated
with home oxygen use enables us to offer earlier anticipatory
teaching and coordinated care services to parents likely to
need to become familiar with this therapy. Events such as
PDA ligation might serve as an anticipatory moment for
clinicians to consider discussing the possibility of home
oxygen with families. We also found that infants with the
earliest and latest PMA at discharge had the highest odds of
home oxygen use, adjusted for center. In addition to discus-
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sing complex discharge needs for infants with more severe
lung disease, a relatively healthy infant with persistent oxygen
needs who is acquiring early oral feeding skills may also
prompt consideration of discharge with home oxygen.

In this population-based cohort, we found that hospital
variation accounted for 20% of total variation in home oxy-
gen use after adjusting for clinical characteristics, and nearly
one-half of all centers had significantly different use of home
oxygen than expected given their case mix. We observed an
increase in home oxygen use from 2011 to 2016, which might
correspond to the publication timing of the oxygen satura-
tion targeting trials. We did not notice a large effect of birth
year in multivariable modeling, although any effect of birth
year was likely mediated by center-specific practice changes
and we adjusted for center. Regardless, the variation in
home oxygen use across NICUs even after adjusting for birth
year and illness measures suggests that oxygen targets may
not be standard across NICUs, home oxygen decision-
making is based on more than oxygen saturation targets, or
likely both. Lapcharoensap et al have previously shown that
level of NICU care was associated with differences in an
outcome of BPD.” This study extends those findings by indi-
cating that NICU characteristics are associated with differ-
ences in discharge planning as well.

We confirmed a previous finding that community hospitals
with higher proportions of home oxygen use had an earlier
median PMA at NICU discharge for infants with BPD. The
Neonatal Research Network recently conducted an analysis
of a propensity-matched cohort of infants under 27 weeks of
gestation discharged with and without home oxygen, in which
infants discharged with home oxygen had the same neurode-
velopmental outcomes, slightly better growth and slightly
more readmissions.’” This provides important information
on expected outcomes for infants where there is a clinical
question of treatment with or without home oxygen. To
extend these findings on a population level, we also need to
consider the implications for infants outside of a matched
cohort. For infants with more severe lung disease, we would
expect a longer length of stay and more likely home oxygen
use. What about infants with less severe lung disease? A previ-
ous study of infants of all gestational ages showed many infants
>27 weeks discharged with home oxygen.'” In our model, in-
fants with both the earliest and latest PMA at NICU discharge
had highest rates of home oxygen use. The association between
home oxygen use and earlier PMA at discharge in community
NICUs suggests that for many infants, home oxygen is not just
a marker of illness, but a discharge tool. Given the high cost of
NICU care and potential for reimbursement changes, the asso-
ciation between home oxygen use and discharge timing has
important implications. Lorch et al have shown that outpa-
tient medical facilities are associated with differences in hospi-
tal readmission for preterm infants; centers with more
associated comprehensive outpatient care and community
health supports may be more likely to use therapies such as
home oxygen to facilitate NICU discharge.”’

There are several strengths to this study. First, the
large sample size of this study allowed for evaluation of
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associations between multiple covariates and the outcome of
home oxygen use. The CPQCC prospectively captures clin-
ical data on at least 90% of very-low-birth-weight infants
receiving all levels of neonatal intensive care in California,
increasing external validity of the study. Similar rates of
BPD and other common preterm morbidities between the
CPQCC and other literature have been reported previously.

A number of limitations deserve comment. The CPQCC does
not require the physiologic definition of BPD, which has been
shown to decrease variation in diagnosis of BPD between prac-
tices.”" Similarly, the recently proposed revised definition of
BPD was unavailable due to lack of data on fraction of inhaled
oxygen and liter flow or noninvasive ventilation.”” We attemp-
ted to capture other predictors of BPD severity including
gestational age, ventilator days, maximum postdelivery room
respiratory support, male sex, and PDA ligation, but a clearer
definition of lung disease severity was not available in the
data. Another limitation is the lack of information on institu-
tional criteria for discharge, specific nonrespiratory conditions
such as poor oral feeding or apnea of prematurity prolonging
discharge, or other reasons for variation in discharge practices
which might influence comparisons between community and
regional centers. We adjusted for birth year but were unable to
account for possible changes in treatment patterns over time.
Similarly, although we attempted to capture maternal character-
istics associated with home oxygen use, we were limited by
specific maternal health conditions available in the data.
Unmeasured socioeconomic factors such as education, income,
smoking, and access to transportation could be very important
in understanding physician and family preferences for home
oxygen use. Altitude was unavailable in these data. Although
we had less than 2% missing data across all study covariates,
missing data has the potential to introduce selection bias.

In conclusion, in a contemporary population-based cohort
of preterm infants with BPD, several clinical factors were
found to predict home oxygen use. Hospital practices vary
widely across California, with community centers using
more home oxygen having a shorter length of stay. Future
research will be important to understand child health impli-
cations for home oxygen use in multiple types of patient pop-
ulations, and factors affecting family preferences, in
designing evidence-based strategies around the time of
NICU discharge.
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[ Table III. Correlation between observed and expected home oxygen use and median PMA at discharge ]
Community NICUs (n = 67) Regional NICUs (n = 23)
Factors Correlation coefficient P Correlation coefficient P
Observed home oxygen use -0.27 .024 0.16 471
Expected home oxygen use 0.38 .002 0.36 .093

Table IIl shows the Spearman rank correlation coefficients for the relationship between median PMA at discharge and observed or expected proportion of home oxygen use for infants with BPD, for
the 67 community CCS and 23 regional NICUs in the CPQCC with at least 15 discharged infants with BPD during the study period. The 2 non-CCS or intermediate level centers are not represented here
because of small n.
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