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Abstract

Objective

Respiratory syncytial virus (RSV) is a common pathogen during infancy, with the potential to
cause serious disease and mortality in high-risk groups. The objective of this study was to
characterize trends of RSV and bronchiolitis hospitalizations in the first year in a population-
based cohort and assess differences in trends according to risk status.

Methods

Using an observational retrospective cohort design, we examined a California population-
based dataset of vital statistics linked to hospital discharge data for up to 1 year after birth
from 1997-2011. Infants were categorized by medical condition and then by gestational
age. Medical conditions of interest included chronic lung disease, certain congenital heart
diseases, or others known to affect risk for developing severe bronchiolitis. The primary out-
come was hospitalization due to RSV; secondary outcome was hospitalization for unspeci-
fied bronchiolitis (UB) not coded as RSV. Annual person-year rates were calculated for
infants <12 months of age during January to December of each year.

Results

Of 7,298,401 infants born during the study period, 121,230 (1.7%) had a medical condition
associated with risk; these infants experienced 6853 RSV and 6568 UB hospitalizations in
the first year. In infants without medical conditions, 96,694 RSV and 69,886 UB hospitaliza-
tions occurred. All-cause infant hospitalizations declined over time from 12.2 10 9.3 per 100
person-years. RSV hospitalization rates for infants with medical conditions decreased from
7.6 to 3.4 per 100 person-years, with the largest relative decline in infants with chronic lung
disease (12.0 to 5.0 per 100 person-years). For infants without medical conditions, RSV
hospitalizations declined from 1.4 to 0.8 per 100 person-years, with greater decreases
among preterm infants with earlier gestational age. UB hospitalization rates remained rela-
tively stable across the study years, from 6.2 to 5.4 and 1.0 to 0.8 per 100 person-years for
infants with and without medical conditions.
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Conclusions

Various interventions may have contributed to observed decreases in RSV hospitalizations
from 1998-2011, which were greater in high-risk populations recommended for RSV immu-
noprophylaxis and not observed with UB. Further efforts to promote evidence-based prac-
tice and optimal targeting of appropriate interventions will ensure continued improvement in
care for vulnerable infants.

Introduction

Respiratory syncytial virus (RSV) is a leading cause of hospitalization and can result in serious
morbidity and mortality in infants, particularly infants born preterm or with a high-risk medi-
cal condition such as chronic lung disease (CLD) or congenital heart disease (CHD) [1-4].
Because of the high burden of disease, interventions to prevent serious RSV disease have been
implemented in the past 2 decades for these high-risk infants [5-7]. There have been reports of
reduced incidence of RSV and/or bronchiolitis hospitalization in recent years for infants over-
all and specifically for infants with CLD and CHD [1, 8, 9]. However, none of these studies
have employed a cohort design in which the population is prospectively followed forward in
time; instead, they have used estimated denominator populations based on national birth sta-
tistics. Furthermore, due to this design limitation, no study has examined hospitalization rates
among preterm infants because gestational age (GA) at birth was not available for hospitalized
infants. It is not clear whether observations of reduced hospitalizations for RSV and bronchiol-
itis may be due to improvements and changes in the care of neonatal and infant respiratory
disease in general, or whether prevention and intervention measures targeted directly at RSV
have been particularly effective. Specifically, RSV immunoprophylaxis of high-risk infants
with palivizumab was increasingly utilized in the United States during the study period follow-
ing its licensure in 1998.

In this study, we assessed infant hospitalization trends for RSV and unspecified bronchioli-
tis (UB) by presence of higher-risk medical conditions and GA during the first year of life in a
population-based cohort. We compared trends for those infants to those without higher-risk
medical conditions. By using statewide California databases linked with patient identifiers, we
tracked infants from birth through the first year of life and accounted for admissions to any
hospital in the state.

Methods

California hospital discharge data from the Office of Statewide Hospital Planning & Develop-
ment (OSHPD) linked to vital statistics for 1997-2011 were used to create a longitudinal, pop-
ulation-based cohort of newborns followed to 1 year of age. These years were those for which
complete data were available. The OSHPD database of hospital discharges captures almost all
hospital births and subsequent hospital admissions in California, with the exception of military
hospitals or birthing centers not reporting to OSHPD (<3% of all deliveries). Although there
is a separate record for each hospitalization, a unique identifier for each individual allows
matching of patients across their first year after delivery. The probabilistic linkage algorithm
used to perform the patient match by OSHPD is robust and described in detail previously [10].

PLOS ONE | https://doi.org/10.1371/journal.pone.0205399 October 31, 2018 2/11


https://doi.org/10.1371/journal.pone.0205399

@° PLOS | ONE

Population trends and risk factors for infant RSV and bronchiolitis hospitalizations

In addition to various sociodemographic characteristics, each record contains a list of Interna-
tional Classification of Diseases-9 (ICD-9) codes to characterize the admission.

Birth hospitalizations were identified using ICD-9 codes V30.XX-V39.XX as in previous
work and included delivery hospitalizations as well as subsequent transferred admissions [1].
California birth hospitalizations regardless of state of residence were included; the large major-
ity (>98%) were California residents. We included infants who had GA of 22-44 weeks
recorded on their birth certificates. Individuals with potential errors in coding GA, death dur-
ing delivery or during the birth hospitalization, or inconsistent data, such as admission occur-
ring after the date of death, were excluded.

Infants were categorized according to medical condition as noted in S1 Table. Any diagno-
sis occurring at any time point during the first year of life was assigned as a characteristic of
that infant. CHD diagnoses were characterized into high-risk or low-risk strata consistent with
previous research [1], with high-risk superseding low-risk status. As a category for analysis,
Down syndrome without CHD was considered separately and was mutually exclusive of
higher-risk or lower-risk CHD. A category of “other high-risk” was created, encompassing cys-
tic fibrosis with pulmonary manifestations, neuromuscular disease, human immunodeficiency
virus, immunodeficiency, and congenital and metabolic disease. The other high-risk group
excluded infants with CLD, high-risk or low-risk CHD, Down syndrome, and congenital
anomalies of the respiratory system.

For the analyses of risk among infants by GA without other serious medical conditions,
infants with CLD, congenital anomalies of the respiratory system, higher-risk CHD, or the
other high-risk conditions were excluded. Down syndrome and lower-risk CHD were not
excluded for this analysis, as these conditions have not traditionally been targeted for RSV-spe-
cific prevention efforts. A sensitivity analysis excluding lower-risk CHD and Down syndrome
was performed to compare the results in infants without any comorbid conditions.

The outcomes of interest were hospital admission related to either RSV or UB occurring
prior to 12 months of age. We identified transfers based on discharge from one hospital and
admission to another hospital on the same date; transfers were classified as a single hospital
admission. Patients with any relevant ICD-9 codes during the hospitalization for RSV (480.1,
466.11, 079.6) or UB (466.19, 466.1) listed as a diagnostic code were identified, with those hav-
ing both considered as having RSV.

Annual trends of RSV- and UB-coded nonbirth hospital admissions during the first year
after birth were compared by medical condition and then for those without medical conditions
by GA category (22-28, 29-31, 32-34, 35-37, and 38-44 completed weeks GA). When pre-
senting results for trends over time with years as the unit, the birth year of the patient was the
basis for categorization. For example, if a nonbirth hospitalization for an infant born in
November 2011 occurred in January 2012, this would be categorized as a 2011 patient and hos-
pitalization. Infants were followed for 12 months or until death if this occurred within the first
year of life. During follow-up, all hospitalizations, including repeat hospitalizations, were con-
sidered to be the event. Hospitalization rates were estimated per 100 person-years and were
assessed for trends over time using unadjusted Poisson regression. By evaluating person-time
incidence, we were able to adjust the exposure denominator for infants who died and were no
longer eligible to be hospitalized, as well as adjust the numerator for infants who may have
been hospitalized more than once for RSV or UB.

Analyses were conducted using SAS 9.4 software (SAS Institute, Cary, NC). This study was
approved by the Stanford University Institutional Review Board. The patient data used in this
study were fully anonymized prior to our access, and the Institutional Review Board waived
the requirement for informed consent.
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Results

After exclusions, 7,298,401 infants were born and discharged to their homes after the birth
hospitalization during the study period (Fig 1). In this cohort, 121,230 infants (1.7%) had an
identified medical condition (Table 1). In this cohort of infants with medical conditions,
95,785 nonbirth hospitalizations occurred during the first year of life; there were 6853 (7.2%)
hospitalizations for RSV and 6568 (6.9%) for UB. The proportion of infants hospitalized for
RSV and UB were 5.4% (6580 infants) and 4.9% (5915 infants), respectively in this cohort.
Among infants without identified medical conditions, 712,135 nonbirth hospitalizations
occurred: 96,694 (13.6%) for RSV and 69,886 (9.8%) for UB. The proportion of infants hospi-
talized was 1.3% (95,270 infants) for RSV and 0.9% (66,891 infants) for UB. Although RSV and
UB were more common reasons for hospitalization in the cohort without medical conditions,
hospitalization rates were higher for infants with medical conditions (5.9 per 100 person-years
for both RSV and UB) compared with those without (1.3 and 1.0 per 100 person-years for RSV
and UB, respectively). All-cause infant hospitalization declined by 24%, from 12.2 per 100 per-
son-years in 1998 to 9.3 per 100 person-years in 2011 (ptrend <0.001).

For infants without identified medical conditions, the rate of RSV hospitalization ranged
from 0.8 to 1.8 hospitalizations per 100 person-years across birth year cohorts (Fig 2A). The
rate was 1.4 hospitalizations per 100 person-years in 1998, 1.6 per 100 person-years in 2010,
and 0.8 hospitalizations per 100 person-years in 2011 (ptrend <0.001). The rate of UB hospi-
talization was less variable, with annual rates ranging from 0.8 to 1.1 hospitalizations per 100
person-years across the study period (ptrend <0.001). For infants with identified medical con-
ditions, RSV hospitalizations decreased across the study period, from 7.6 per 100 person-years
in 1998 to 3.4 per 100 person-years in 2011 (Fig 2A) (ptrend <0.001).

California Vital Statistics
2007-2011
N =8,077,686
i Not linkable N = 263,423

Linkage available to
California hospital discharge data

2007-2011

N = 7,814,263
| Gestational age outside 22-44 weeks N = 487,172 |
| Deaths during birth hospitalization N = 27,761 |
| Not birth hospitalization record N = 402 |
| Plausible data error N = 527 |

Y
Analytic cohort
N = 7,298,401

Fig 1. Patient cohort.

https://doi.org/10.1371/journal.pone.0205399.9001
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Table 1. Nonbirth hospitalizations by medical condition.

Medical Condition

Infants with identified medical conditions

Chronic respiratory disease arising in the
perinatal period (ie, chronic lung disease)

Congenital anomalies of the respiratory system
Higher-risk congenital heart disease

Lower-risk congenital heart disease

Down syndrome without congenital heart disease
Cystic fibrosis with pulmonary manifestations
Neuromuscular disease

Human immunodeficiency virus
Immunodeficiency

Congenital and metabolic

Infants without serious medical conditions by GA
22-28 weeks

29-31 weeks

32-34 weeks

35-37 weeks

>38 weeks

Number of Number of Hospitalizations Number of RSV Hospitalizations | Number of UB
Infants During the First Year During the First Year Hospitalizations
19,347 13,905 1316 1651
18,900 20,076 1207 1646
63,893 49,775 3760 3134
91,944 30,547 3324 2987
4463 2220 293 276
845 1142 73 71
2553 4568 261 269
3 3 0 0
1923 3372 204 208
32,325 29,862 1519 1500
24,963 3607 546 478
52,690 6637 1076 920
194,821 21,829 3733 2558
1,062,530 112,944 16,787 11,693
5,842,167 487,074 73,128 51,242

GA, gestational age; RSV, respiratory syncytial virus; UB, unspecified bronchiolitis.

https://doi.org/10.1371/journal.pone.0205399.t001

RSV hospitalizations decreased significantly for all high-risk conditions (Fig 2B). The larg-
est relative drop occurred in infants with CLD (from 12.0 to 5.0 per 100 person-years; ptrend
<0.001) and high-risk CHD (7.6 to 3.2 per 100 person-years; ptrend <0.001). Decreased rates
were also seen for infants with congenital airway anomalies (9.1 to 4.3 per 100 person-years;
ptrend <0.001), low-risk CHD (4.9 to 2.2 per 100 person-years; ptrend = 0.001), Down syn-
drome without CHD (6.2 to 3.2 per 100 person-years; ptrend = 0.026), and other high-risk
conditions (5.3 to 3.0 per 100 person-years; ptrend <0.001).

To assess changes associated with years in which RSV immunoprophylaxis was increasingly
used among high-risk populations [11, 12], trend tests were performed separately for 1998-
2004 and 2005-2011. RSV hospitalization rates for infants with CLD decreased during 1998-
2004 (ptrend <0.001); however, the hospitalization rate did not decrease significantly after
2005. The RSV hospitalization rate for congenital airway anomalies declined over time (ptrend
<0.001), although the decreasing trends during 1998-2004 and 2005-2011 were not statisti-
cally significant during each time period. The trend of RSV hospitalization rates for high-risk
CHD was examined from 1998-2002 and 2003-2011, as RSV immunoprophylaxis was first
approved for this population in 2003. Although the rates of high-risk CHD were not signifi-
cantly different between 1998 and 2002 (ptrend = 0.6347), rates did decrease significantly after
2003 (ptrend <0.001). The rates of UB hospitalizations among infants with identified medical
conditions showed less change (Fig 2C).

For infants without medical conditions, rates of RSV hospitalizations were highest for the
most preterm infants and decreased with increasing GA (Fig 3A). RSV hospitalization rates
decreased for all preterm GA categories, with greater decreases in those with earlier GA: 22-28
weeks (from 2.9 to 1.3 per 100 person-years), 29-31 weeks (from 3.0 to 1.4 per 100 person-
years), 32-34 weeks (from 2.2 to 1.2 per 100 person-years), 35-37 weeks (from 1.6 to 1.0 per
100 person-years), and 38-44 weeks (from 1.3 to 0.8 per 100 person-years). Given the relative
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population sizes, the largest number of hospitalizations occurred in the 38-44 weeks GA
group (n = 74,176) compared with all other GA groups combined (n = 22,518). The sensitivity
analysis excluding all comorbid conditions showed similar results.

Rates of UB remained more stable across GA groups (Fig 3B). A similar pattern of
decreased risk by older GA was seen for UB hospitalizations. The total number of UB hospital-
izations was 53,475 for infants 38-44 weeks GA and 16,411 for infants 22-37 weeks GA. RSV
represented a lower proportion of all bronchiolitis (RSV or UB) hospitalizations among more
preterm infants.

RSV and UB hospitalizations by sociodemographic and clinical characteristics are shown in
Table 2. Privately insured patients were less likely to be hospitalized in general, but particularly
so for RSV and UB. This was true for infants with and without identified medical conditions.

Discussion

We evaluated trends in admissions for RSV and other bronchiolitis for neonates born in Cali-
fornia, stratified by risk status. RSV and UB hospitalizations are common in the first year of
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Fig 2. Rates by identified medical condition. (A) Rates of RSV and UB by identified medical condition status. (B)
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https://doi.org/10.1371/journal.pone.0205399.g002
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life. Consistent with previous reports, RSV-coded hospitalizations have declined over the past
decade. This was true for the general population of infants, and the greatest declines were
observed for infants with CLD, high-risk CHD, and early preterm birth. On the other hand,
admissions for RSV in term infants without medical conditions and for UB across all infant
groups remained relatively stable from 1998 to 2011.

Various interventions, including RSV immunoprophylaxis, may have contributed to the
observed declines in RSV hospitalizations. In a study of patients with significant heart disease
using a US national sample of pediatric hospital admissions, a 36% decrease in RSV hospitali-
zations was seen when comparing pre- and post-palivizumab guidelines for that population
[9]. A similar finding was observed for high-risk CHD and CLD in a second study [1].
Although we did not have patient-level data on RSV immunoprophylaxis, other studies have
demonstrated trends of increasing palivizumab use between 1998 and the 2004-2006 time-
frame [11, 12]. These trends correspond to the temporal trend of declining RSV admissions
from 1998 to 2006 seen in our results for infants with medical conditions and early gestational
age. We speculate that infants with other high-risk conditions that have not been explicitly tar-
geted for immunoprophylaxis may also have had increased usage of palivizumab due to recog-
nition of their high-risk medical status for respiratory illness. Continuing to target high-risk
groups with optimal treatment strategies and implementation of quality improvement should
lead to sustained public health benefit.

Breastfeeding is considered a public health benefit in part due to its potential for decreasing
infections in infancy [13]. National trends in breastfeeding increased after 1999 and extend
beyond the end of our study period [14, 15]. Increases in breastfeeding may have contributed
to declines in RSV hospitalizations during the study period. Presumably the increase in breast-
feeding and the protection against infection that it confers would have been reflected in the
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number of UB hospitalizations; however, the decline was not as pronounced during the study
period. Furthermore, one study indicated a significantly lower rate of exclusive breastfeeding
in preterm infants (8% vs 19%) [16], and high-risk infants may be less likely to sustain breast-
feeding due to their medical complexity.

We found that infants who were covered by Medicaid had higher rates of RSV and UB hos-
pitalization (Table 2), a finding consistent with other studies [3]. These findings help validate
this study’s analytic approach of using linked California datasets to evaluate infant hospitaliza-
tion rates.

Although this and previous studies have shown declines in all infant RSV and UB hospitali-
zations between 1998 and 2012, the magnitude of the declines have differed across studies [1,
8]. In the current study, RSV and UB hospitalizations declined by approximately 38% and
25%, respectively, among infants without medical conditions, in the context of a 25% decline
in infant hospitalizations due to any cause. Doucette et al found that RSV and UB hospitaliza-
tions decreased by 10% and 34%, respectively, among infants without medical conditions
between 1997 and 2012, in the context of a 25% decline in all-cause infant hospitalizations [1].
Hasegawa et al demonstrated a 21% reduction in infant bronchiolitis hospitalizations due to
RSV and other causes between 2000 and 2009 [8]. The larger decline in RSV hospitalizations
in the current study may be due to decreased testing for RSV during the study interval in Cali-
fornia relative to other parts of the country, perhaps due to an increased prevalence of man-
aged care and adoption of recommendations against routine testing for RSV, which would in
turn lead to a decrease in RSV-coded respiratory illnesses [17].

Although there was a general decline in RSV hospitalizations during the study period, there
was a sudden spike in RSV hospitalization rates in 2010 for most groups (Figs 2C and 3A),
with a spike also seen among infants born in 2009 at <28 weeks GA. However, by 2011, hospi-
talization rates were again consistent with the general trajectory observed in previous years. It
is unclear why this spike in 2010 occurred. One speculation is that this was due to the timing
of the 2009-2010 influenza pandemic, which likely inhibited RSV circulation and increased
concern and confirmatory testing for viral respiratory disease, leading to increased incidence
and diagnosis of RSV hospitalizations among at-risk groups the following RSV season. Addi-
tional factors such as seasonal differences in RSV strain pathogenicity could have also played a
role. As additional years’ data become available, it will be important to evaluate if 2010 is an
anomaly or part of a trend of increasing annual variability. If the spike was due to increased
testing during the 2009-2010 pandemic, the disease rates in 2010 can provide some insight
into what RSV and UB hospitalization rates might be if there was more comprehensive labora-
tory testing for RSV.

A limitation of this study that should be considered is that this was an analysis of California
hospitalizations of infants born in the state, and admissions could not be captured when
infants moved out of state or had hospitalizations outside of California. It should also be noted
that given the sample size, even small differences were expected to be statistically significant; as
a result, the primary presentation of the results focuses on clinically meaningful differences
rather than on statistical significance.

In summary, we found a general decline in RSV hospitalizations across a large population-
based cohort. This was particularly true for high-risk conditions that are recommended for
RSV immunoprophylaxis, such as CLD, high-risk CHD, and preterm birth at early GA. Dur-
ing this study period, the level of hospitalizations for UB remained relatively stable. As there
appear to be interventions and preventive efforts that may alter outcomes, it will be important
to continue research into which populations will benefit from targeted interventions and
implement appropriate measures to provide maximal public health benefit.
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