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Abstract

Background: An improved understanding of the clinico-epidemiology of bronchiolitis
hospitalizations, a clinical surrogate of respiratory syncytial virus (RSV) disease, is critical to
inform public health strategies for mitigating the in-patient burden of bronchiolitis in early life.
Methods: A retrospective chart review was conducted of all bronchiolitis first admissions

(N = 295) to the Children’s Hospital at Dartmouth-Hitchcock, CHaD, between 1 November
2010 and 31 October 2017 using the relevant International Classification of Diseases (ICD)-9
and ICD-10 codes for this illness. Abstracted data included laboratory confirmation of RSV
infection, severity of illness, duration of hospitalization, age at admission in days, weight at
admission, prematurity, siblings, and relevant medical pre-existing conditions.

Results: Admissions for bronchiolitis were strongly associated with age of the child,

the calendar month of an infant’s birth, and the presence of older children in the family.
Medical risk factors associated with admission included premature birth and underlying

cardiopulmonary disease.

Conclusion: The very early age of hospitalization emphasizes the high penetration of RSV in
the community, by implication the limited protection afforded by maternal antibody, and the
complexity of protecting infants from this infection.

Plain Language Summary

approaches to prevention.

Although risks for respiratory syncytial virus (RSV]/bronchiolitis hospitalization are well
described, few studies have examined, with precision, the age-related frequency and
severity of RSV/bronchiolitis. We also explore the implications of RSV clinico-epidemiology
for our understanding of the pathogenesis of the disease and development of optimal
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Introduction

Bronchiolitis is a clinical syndrome character-
ized by rhinorrhea, cough, wheeze, and hypoxia!
and is a major contributor to the burden of hos-
pitalization among young children in the United
States.??> The pathology is marked by acute
inflammation and exfoliation of mucosal epithe-
lial tissues of the lower respiratory tract.
Although infections with a range of bacterial
and viral agents can trigger bronchiolitis,

respiratory syncytial virus (RSV) is by far the
most common cause in children less than 2
years of age.> Globally, it is estimated that RSV-
associated acute lower respiratory infections
claim the lives of 118,200 children under-5 each
year.® The financial costs of the more than 3
million annual cases of RSV requiring routine
in-patient and intensive care place significant
burdens on affected families and health care
infrastructures.”
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Ultimately, developing a comprehensive approach
to bronchiolitis prevention requires a detailed
understanding of the epidemiology of RSV as it
relates to the duration of protection afforded by
maternal antibody and the ages at which young
children can be effectively immunized. Toward
this end, this study reviewed the records of all
infants and children hospitalized with bronchioli-
tis at the Children’s Hospital at Dartmouth-
Hitchcock (CHaD), between November 2010
and October 2017, encompassing seven succes-
sive RSV seasons.

Methods

Study setting

This study reviewed the medical records of infants
and children less than 3 years of age hospitalized
at CHaD between 1 November 2010 and 31
October 2017. Records were abstracted for
admissions with the following International
Classification of Diseases (ICD) primary diag-
nostic codes corresponding to bronchiolitis —
ICD-9 466.11 or 518.81 or ICD-10 J21.0, J21.9,
J96.00, J96.01, and R06.00. CHaD, based in
rural Grafton County, New Hampshire, is the
only comprehensive children’s hospital serving
the state of New Hampshire and eastern Vermont.
Ninety-three percent of individuals residing in the
hospital catchment area identify as white, and
27% of children belong to families with incomes
less than 200% of the federal poverty level.?

Definitions

To avoid confounding statistics for the number of
cases with the number of children, only the first
admission for each child was considered. One
hundred and ninety-three were referred from
regional hospital emergency rooms. Thirty of
these had already been hospitalized at their local
hospital before transfer. All patients were rigor-
ously screened at the DHMC Emergency
Department before admission. A secondary clini-
cal endpoint for this investigation was admission
to the CHaD pediatric intensive care unit (PICU).
Admission to the PICU was predicated on chil-
dren meeting strict and objective criteria of (1) a
fraction of inspired oxygen (FiO,) greater than
0.50 to maintain oxygen saturations above 0.90
or (2) a high flow of oxygen (i.e. >8 liters/min) to
achieve a WARM respiratory score of at least 5.10
Those classified as having cardiopulmonary

disease had hemodynamically significant defects
requiring ongoing cardiology care.

American Academy of Pediatrics 2014 Clinical
Practice Guidelines state that ‘when clinicians
diagnose bronchiolitis on the basis of history and
physical examination, radiographic or laboratory
studies should not be obtained routinely’.!! Thus,
microbiologic confirmation was not routinely
available after 2014.

Data abstraction

Data were abstracted from charts by an experi-
enced research nurse, and de-identified data were
coded wusing a standardized electronic form.
Collected variables included confirmation of RSV
infection when available, severity of illness (i.e. gen-
eral in-patient versus PICU stay), duration of hospi-
talization, age at admission, weight at admission,
prematurity (defined as birth at less than 37 weeks
gestational age),!2 twin births, day care attendance,
presence of other children (<18 years of age) in
family, relevant pre-existing conditions, and history
of palivizumab receipt. The Committee for the
Protection of Human Subjects (CPHS) Dartmouth
College approved the study (STUDY00029638)
and granted a waiver of informed consent for this
retrospective review. The data were carefully de-
identified for final analysis.

Statistical analysis

Infants admitted to the general ward versus the
PICU were compared using a chi-square test for
categorical variables (annual season, prematurity,
plurality of birth, cardiopulmonary disease status,
and palivizumab receipt). Nonparametric
Wilcoxon rank sum tests were used for continu-
ous variables (age and weight on admission). The
predicted presence of an older child in the family
was estimated from 2000 US census data. The
average number of children per family in the
United States was 1.86 children and for New
Hampshire and Vermont was 1.83 and 1.81,
respectively.!® In the 2020 US Census, families
with children were categorized as 38% single-
child families, 40% two-child families, 15% three-
child families, and 6% four or more—child families
suggesting that an estimated 69% of children are
the oldest child in their first year of life, while
31% will have an older sibling.!* Data were
extracted from the New Hampshire Birth Cohort
as representative of a population based within the
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Figure 1. The distribution of initial bronchiolitis hospitalizations at CHaD during seven successive RSV
seasons. Shown are total admissions (solid line, N = 295) and those that involved admissions to the PICU

(dashed line, N = 121).

CHaD service area. Among the 2103 children in
the New Hampshire Birth Cohort who were
matched by sex and birthdate (i.e. within 1
month) to children hospitalized with RSV in this
study, an estimated 56% were categorized as sin-
gle-child families, 29% as two-child families, 10%
as three-child families, and 5% as four or more—
child families (Supplementary Table 1), suggest-
ing that an estimated 75% of children are an
oldest child in their first year of life, while 25%
will have an older sibling.

Duration of hospitalization was compared by inten-
sity of care (PICU wversus general ward), prematu-
rity, plurality of birth, cardiopulmonary disease
status, and palivizumab receipt using Wilcoxon
rank sum tests and by annual season, tertiles of age
at admission, and tertiles of weight at admission by
Kruskal-Wallis tests. All statistical analyses were
performed in R version 3.6.3 (R Project for
Statistical Computing; http://www.r-project.org).

Results

Two hundred and ninety-five children less than 3
years of age were admitted to CHaD with an ini-
tial episode of bronchiolitis over a full 7-year
period from 1 November 2010 to 31 October
2017. Of the admitted children, 56% were male,
and 96% were white. Only five (1.6%) of the pri-
mary hospitalizations occurred in children
between the ages of 2 and 3 years at the time of
admission. There were 12 occurrences when

children were readmitted more than 2 weeks after
their primary infection for a second episode or
late complication of their initial bronchiolitis, 6 of
these were in the same season and 6 in the ensu-
ing season. There were five re-hospitalizations
within 2 weeks of their initial illness suggesting
unresolved primary illnesses. From 2010 to 2014
when testing for RSV was routine practice, 177
out of 181 bronchiolitis hospitalizations (98%)
were microbiologically confirmed as being due to
RSV. Twelve (4.5%) of the children hospitalized
had previously received at least one dose of palivi-
zumab. No deaths were recorded in this
population.

Seasonal patterns of bronchiolitis

hospitalizations

Peaks of bronchiolitis admissions occurred annu-
ally in the late winter (Figure 1). The composite
epidemic curve of the seven successive seasons
showed the peak months for admissions were
January, February, and March, with 71% of
admissions occurring in those 3 months alone.
The intensity of the annual epidemics showed
only minor year-to-year variation in total num-
bers of admissions (range: N = 26 in 2013-2014
to N = 60 in 2016-2017) and severity, as judged
by percent of cases admitted to the PICU (range:
30% in 2010-2011 and 2012-2013 to 58% in
2014-2015) (Table 1). In total, bronchiolitis
accounted for 1411 days of hospitalization, of
which 935 (66%) were in the PICU. Duration of
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Table 1. Rates of hospitalization and intensity of care for bronchiolitis.

General pediatric ward Pediatric intensive care unit p value

Total Median (interquartile range) or N, %
RSV Season 0.017
2010-2011 43 30, 70% 13, 30%
2011-2012 51 33, 65% 18, 35%
2012-2013 58 37, 70% 16, 30%
2013-2014 26 18, 69% 8, 31%
2014-2015 31 13, 42% 18, 58%
2015-2016 31 14, 45% 17, 55%
2016-2017 60 29, 48% 31, 52%
TOTAL 295 174,59% 121, 41%
Age at admission (months) 295 4(1,8) 5(1,13) 0.603
Weight on admission (kg) 295 6.6 (4.7, 8.4) 6.4 (4.3,9.9) 0.887
Prematurity 0.156
Term birth 236 144, 61% 92, 39%
Premature birth 59 30, 51% 29, 49%
Plurality of birth 0.273
Singleton 274 164, 60% 110, 40%
Twin 21 10, 48% 11, 52%
Cardiopulmonary disease 0.015
Yes 31 12, 39% 19, 61%
No 264 162, 61% 102, 39%
Palivizumab receipt 0.519
At least one dose 12 6, 50% 6, 50%
None 283 168, 59% 115, 41%

RSV, respiratory syncytial virus.

hospitalization did not vary significantly between

the sequential seasons (Table 2).

Age and weight at time of hospitalization

Examining the frequency of admissions by age
revealed that beginning at 2 weeks following birth,
admissions were most frequent within the first
months of life with 111/295 (37%) of cases

occurring by 3 months and 182/295 (61%) by 6
months of age. For premature infants, this trend
was even more pronounced with 28/59 (47%) cases
occurring by 3 months and 41/59 (69%) occurring
by 6 months after birth (Figure 2). Hospitalization
frequency as a function of weight on admission
exhibited a linear increase up to approximately 10
kg, the median weight at 1 year of age, for both
term and premature infants (Figure 3).
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Table 2. Potential correlates of duration of hospitalization for bronchiolitis.

Duration of hospitalization, days p value

Total Median (interquartile range)

Admission to PICU
Yes 121 5(3, 8 0.0001
No 174 2(1,3)

Annual season 0.076
2010-2011 43 2(1,4)
2011-2012 51 301,5)
2012-2013 53 2(1,5)
2013-2014 26 2(1,3)
2014-2015 31 3(2,7)
2015-2016 31 4(2,6)
2016-2017 60 3(2,6)

Age at admission (months) 0.208
<2.5 99 31(2,6)
2.5-7 98 301, 6)
7-32 98 3(1,4)

Weight at admission (kg) 0.048
2.1-5.04 99 3(2,7)
5.06-7.8 98 3(1,6)
7.9-22.3 98 2(1,4)

Prematurity 0.200
Term birth 236 301, 6)
Premature birth 59 3(2,8)

Plurality of birth 0.732
Singleton 274 3(1, 6)
Twin 21 3(1,5)

Cardiopulmonary disease 0.0001
Yes 31 6(2,12)
No 264 3(1,5)

Palivizumab receipt 0.607
At least one dose 12 2(2,8)
No 283 3(1,6)

PICU, pediatric intensive care unit.
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Figure 2. Accrual of bronchiolitis hospitalizations at CHaD by age at admission during seven successive RSV
seasons (N = 295) in term and premature infants; the line indicates the cumulative percentage of cases.
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Figure 3. Accrual of initial bronchiolitis hospitalizations at CHaD by weight at admission during seven
successive RSV seasons (N = 295) in term and premature infants; the line indicates the cumulative

percentage of cases.

Risk factors for hospitalization

Of the 295 children admitted with bronchiolitis,
214 (72.5%) had an older sibling. This figure is
very different from the 31% of children who had
an older sibling estimated from the US census
data and translates to a 2.4 times higher risk of
bronchiolitis hospitalization if there are siblings in

the family. Approached in another way we inter-
rogated the New Hampshire Birth Cohort — a
pregnancy cohort of maternal-infant dyads of
New Hampshire children that are followed longi-
tudinally. In this study even fewer children had an
older sibling (25%) which translates to a 2.9-
times higher risk of bronchiolitis hospitalization if
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there are older children in the family. The pres-
ence of an older sibling in the family also leads to
hospitalization at an earlier age (Figure 4).

Functionally significant cardiopulmonary disease
was present in 31/295 (10.5%) of children. Using
less than 37 weeks of gestation as a definition of
prematurity,'? 59/295 (20%) of the hospitalized
children were born prematurely; 21/295 (7%)
children had a twin sibling. On five occasions,
both twins were hospitalized simultaneously.

The risk of being hospitalized with bronchiolitis
was strongly influenced by the calendar month of
birth.!> Forty-seven percent of children hospital-
ized were born in the 4 months of October,
November, December, and January. In contrast,
only 22% of children hospitalized were born in
April through July, despite them being predicted
to have the lowest average level of persistent pas-
sively acquired maternal antibody on exposure
and being alive for an entire RSV winter epidemic
season during their first year of life (Supplemental
Figure 1).

Severity of illness

Requiring admission to the PICU during hospitali-
zation reflects severity of illness in a physiologically
defined way. Of the hospital admissions for bron-
chiolitis, 121/295 (41%) required a PICU admis-
sion during their hospitalization. Neither weight,
age, nor prematurity influenced the risk of admis-
sion to the PICU (Table 1). Admission to the
PICU during hospitalization predicted a signifi-
cantly longer hospitalization; overall, the median
length of stay in ward wversus PICU setting was 2
versus 5 days (Table 1). Duration of hospitalization
also varied by weight on admission (p = 0.048),
with the children in the highest tertile for weight on
admission experiencing a shorter length of stay.
However, duration of hospitalization did not vary
by age or history of prematurity (Table 2). The
children with pre-existing cardiopulmonary dis-
ease experienced more severe illness as reflected by
higher rates of admission to PICU (Table 1) and
longer duration of hospitalization (Table 2).

Discussion

A retrospective chart review was undertaken to
define the age, risk factors, and duration of admis-
sion for bronchiolitis at CHaD, a smaller chil-
dren’s hospital, located in a predominantly rural

Siblings

Age at Admission {(months)

RSV
None
Any
0 3 6 9 12

% Gases in cohort

2 15
I M
s

Figure 4. A heat-map of age at hospitalization in the first year of life for
our cohort based on the presence or absence of an older sibling in the
family. The yellow color in the 2 months of life highlights the younger age of

hospitalization with siblings in the family.

area in northern New England, with rigorous cri-
teria for hospital admission and precisely speci-
fied markers of diminishing pulmonary reserve
for receiving care in the PICU. Bronchiolitis is an
illness presenting early in life that is strongly asso-
ciated with RSV infection. In the early years of
this study when testing was routine — up to 2014
— 98% of the cases were confirmed as being due
to RSV. Subsequently, per guidelines of the
American Academy of Pediatrics, virologic test-
ing was not routinely performed.!!

Young children have very high risks of exposure
to RSV during annual winter epidemics.!®
Estimates of the infection rate range from 40 to
70% during their first seasonal exposure.!%17 The
role of birth order in determining risk of infection
is explored in this article. By two different
approaches the risk of bronchiolitis hospitaliza-
tion has been estimated to be between 2.4 and 2.9
times higher for children who are not the first
born. There are important selection biases in each
of these calculations: for example, the census data
are based on the national data of ‘own’ children,
whereas the Birth Cohort is based on the willing-
ness of the family to enroll. Nevertheless, the rela-
tive risks are very high, are supported by the
finding of an earlier age of hospitalization, and are
consistent with data from other surveys.!® The
earlier age of hospitalization in those with older
siblings also speaks to the force of infection within
the family setting (Figure 4).

Although we had data on day care exposure in the
hospitalized group, it proved to be impossible to
get accurate estimates of number of control chil-
dren in the first year of life who were in day care
or had an older sibling in day care or preschool in
the CHaD catchment area. Definitions and sizes
of these types of facilities vary widely but day care
exposure is logically an additional risk factor.
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As we have previously noted, a corollary of the
seasonality of RSV and age at admission for bron-
chiolitis is that risk of hospitalization is dependent
on month of birth. Our prior research indicates
the risk of hospitalization is twofold higher if a
child is born during the late fall-early winter
months than at other times of year.!® The striking
seasonality of bronchiolitis (Supplemental Figure
1) and the subsequent relative risk of hospitaliza-
tion by month of birth (Supplemental Figure 2)
were replicated in this study.

The distribution of age at hospitalization by sever-
ity of illness is critical in defining preventive strat-
egies and may give clues to the pathogenesis of
bronchiolitis. By defining age at admission by
number of days since birth, we refine the state-
ment that RSV is a disease of the very young
infant and contribute to the dialogue about the
role of maternally transferred antibody in provid-
ing protection in the first months of life. After
sparing in the first 2 weeks of life (potentially
attributable to the 5- to 7-day incubation period
of the disease and cocooning of the youngest
infant from the general environment), the rate of
hospitalization rose sharply with 37% of cases
occurring in the first 3 months of life. Among pre-
maturely born children, the rate of presentation
with disease was even earlier in life, with 47% of
admissions occurring by 3 months of age (Figure
3). These findings suggest a vaccine intervention
targeted to be effective by 3 months of age might
only prevent two-thirds of hospitalizations in
infants born at term and one-half in premature
infants.

Establishing causation for the early hospitaliza-
tion in bronchiolitis is complex. It may be related
to immunologic maturation and physiologic limi-
tations in the size and function of the airway in
the setting of a highly transmissible disease. The
effect of weight on rates of admission for bron-
chiolitis had greater linearity than the effect of
age suggesting that physical size was not the
major determinant of admission. We speculate
that immunologic immaturity plays more of a
role in disease severity in young infants than
weight — a surrogate for the diameter of the air-
ways. The high frequency of hospitalizations in
very young infants is perhaps evidence against
the importance of protection from maternal anti-
bodies as levels will be highest in aggregate in the
newborn period with a steady decline with a half-
life estimated at 28 days.

A further observation from Figures 2 and 3 is that
at about 9 to 12 months of age and 10 kg of
weight, the rate of admission shows a distinct flat-
tening. A possible interpretation would be that at
this age children have already lived through all or
part of the previous year’s epidemic and that pre-
viously acquired immunity is decreasing the rates
of severe disease.

Risk of hospitalization in premature infants (20%
of children hospitalized) and in those with cardio-
pulmonary disease (10% of children hospitalized)
was higher than would be expected based on
regional rates of 8% of births being premature!9-20
and 1% have wunderlying heart disease.?!
Consistent with published literature,?? being a
twin increased the risk of hospitalization with 7%
of children admitted being twins — somewhat
higher than the national percentage of twin births
which is 3.4%.23

Research has focused on the reduction of bron-
chiolitis-associated hospitalization through the
amelioration of RSV-induced disease. A dogma
in the RSV literature is that maternally derived or
passively administered serum antibody lowers the
risk of hospitalization in a dose-dependent fash-
ion.?* However, this conclusion is not uniformly
supported in the published literature.25:26

Many of the current global approaches to pre-
venting RSV hospitalization are predicated on
protection being afforded by enhanced levels of
maternal antibodies over the first months of life.

Several RSV vaccines targeting pregnant women
are in development.?’” The argument has been
made that maternal antibodies resulting from
prior natural infection may not be reflective of
highly neutralizing epitopes formed on recogni-
tion of uncleaved F protein.2® The potential to
design immunogens that express these epitopes
may be a promising direction for maternal
immunization.

The partial protection against hospitalization
afforded by administration of palivizumab, a mon-
oclonal antibody to the RSV F protein, and the
encouraging preliminary results with nirsevimab
are strong indications that serum antibody can
have a protective role.2%3° No approaches to treat-
ment of disease after onset of symptoms have
altered the severity of illness.! Current preventive
strategies focus on minimizing exposure and
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boosting infants’ humoral immunity to RSV to
limit the progression of disease following expo-
sure. Six infants in our review qualified for the pal-
ivizumab intervention on the basis of prematurity,
while an additional six received the drug prophy-
lactically based on cardiopulmonary disease for
which they were on cardiac medication.

There also are ongoing efforts to immunize young
children with live-attenuated RSV or vectors
expressing RSV proteins.3! An inactivated RSV vac-
cine caused enhanced illness on natural re-exposure
eliminating killed vaccines from exploration.32
Although many live vaccines are given in infancy,
this also presents challenges of safety and the capac-
ity of the young infant to mount a protective sys-
temic and mucosal immune response. Nevertheless,
these challenges are being taken up by the pharma-
ceutical and academic communities.?”

A limitation to our analysis is the lack of laboratory
confirmation for RSV infection in the later years of
the study. The high concordance of RSV with
bronchiolitis in the first years studied (2010-2014,
98%) and the relative constancy of the epidemic
curves throughout the 7 years are consistent with
RSV being the dominant cause of the bronchiolitis
hospitalizations. We recognize that other viruses
cause bronchiolitis and RSV illness may be a pneu-
monia, which would not have been selected for in
our chart review. The seasonal incidence of the
bronchiolitis admissions (Figure 1) matches the
described seasonality of RSV infection* and reas-
sures us that attribution of bronchiolitis to RSV is
a reasonable approximation. Another limitation of
this review is the generalizability of the results. As
the population was drawn from a predominately
white rural population, the findings from this chart
review may not be representative of the United
States as a whole. However, our data mirror that
from the Medicaid database in Tennessee, col-
lected three decades before from a largely urban,
non-white Medicaid population.!8:28

In our study, young age was the primary driver of
the risk of hospitalization. Thus, we could find no
supportive evidence that the anticipated higher
level of maternal antibody in the youngest chil-
dren limited hospitalization. That statement must
be tempered by the facts that this study did not
incorporate a measure of individual immunity
and young age may contribute increased risk of
serious illness due either to impaired immune

control of infection or mechanical blockage of the
airways due to their small size in the very young.

Conclusion

The distribution of bronchiolitis cases demon-
strates the very strong influence of age on risk of
hospitalization and strongly suggests that levels of
maternally derived serum antibody are not a
major determinant of protection against severe
RSV. Older children in the family play an impor-
tant role in transmission of RSV to the index
infant. Thus, the answer to prevention of bron-
chiolitis may lie in infant vaccination at as early an
age as possible with the addition of vaccine-
induced protection of the older pediatric popula-
tion responsible for spreading infections to
infants. Maternal vaccination for transplacental
transfer of highly potent antibodies or infant
prophylaxis with long-acting monoclonal anti-
bodies may also play a role in disease prevention
but is unlikely to substantively alter transmission
or the frequency of infection.
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