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Background. The association between early-life respiratory syncytial virus (RSV) infections and later respiratory morbidity is
well established. However, there is limited evidence on factors that influence this risk. We examined sociodemographic and
perinatal factors associated with later childhood respiratory morbidity requiring secondary care following exposure to a
laboratory-confirmed RSV episode in the first 2 years.

Methods. We used a probabilistically linked whole-of-population-based birth cohort including 252 287 children born in
Western Australia between 2000 and 2009 with follow-up to the end of 2012. Cox proportional hazards models estimated
adjusted hazard ratios (aHRs) of the association of various risk factors with the first respiratory episode for asthma, wheezing,
and unspecified acute lower respiratory infection beyond the age of 2 years.

Results. The analytic cohort included 4151 children with a confirmed RSV test before age 2 years. The incidence of subsequent
respiratory morbidity following early-life RSV infection decreased with child age at outcome (highest incidence in 2-<4-year-olds:
41.8 per 1000 child-years; 95% CI, 37.5-46.6), increased with age at RSV infection (6-<12-month-olds: 23.6/1000 child-years; 95%
CI, 19.9-27.8; 12-<24-month-olds: 22.4/1000 child-years; 95% CI, 18.2-22.7) and decreasing gestational age (50.8/1000 child-years;
95% CI, 33.5-77.2 for children born extremely preterm, <28 weeks gestation). Risk factors included age at first RSV episode (6-<12
months: aHR, 1.42;95% CI, 1.06-1.90), extreme prematurity (<28 weeks: aHR, 2.22; 95% CI, 1.40-3.53), maternal history of asthma

(aHR, 1.33; 95% CI, 1.04-1.70), and low socioeconomic index (aHR, 1.76; 95% CI, 1.03-3.00).

Conclusions.

Our results suggest that in addition to preterm and young infants, children aged 12-<24 months could also be

potential target groups for RSV prevention to reduce the burden of later respiratory morbidities associated with RSV.
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Respiratory syncytial virus (RSV) is one of the major pathogens
associated with acute lower respiratory infections (ALRIs), a ma-
jor contributor of global infectious disease burden in children. In
2019, an estimated 33.0 million episodes of RSV-associated
ALRIs and 3.6 million hospital admissions occurred in children
aged <5 years [1, 2]. In Australia, for every 100 000 hospitalized
children aged <5 years, an estimated 418 have RSV [3]. However,

Received 30 March 2023; editorial decision 16 August 2023; accepted 27 August 2023;
published online 2 October 2023

“Equal contribution.

Correspondence: Mohinder Sarna, M. App. Epid., PhD, Telethon Kids Institute, 15 Hospital
Avenue, Nedlands, Western Australia 6009, Australia (minda.sarna@telethonkids.org.au).

Open Forum Infectious Diseases®

© The Author(s) 2023. Published by Oxford University Press on behalf of Infectious Diseases
Society of America. This is an Open Access article distributed under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of
the work, in any medium, provided the original work is not altered or transformed in any
way, and that the work is properly cited. For commercial re-use, please contact journals.permis-
sions@oup.com

https://doi.org/10.1093/ofid/ofad450

the true disease burden is likely to be much greater and not re-
stricted to hospital admissions for a number of reasons, includ-
ing health care provider discretion and clinical decision-making,
differences in coding and viral testing practices, and patient pre-
sentation. Our group recently reported that current estimates of
RSV hospitalization rates may underestimate the true burden by
32%-57% [4]. Using population-based data in Western Australia
(WA), we have also reported that up to 32% of emergency de-
partment (ED) presentations in children aged <5 years were all-
cause ALRI-related [2].

It has been hypothesized that early-life RSV infection is
associated with impaired lung function and an increased risk
of respiratory morbidity including wheezing, asthma, and un-
specified ALRI in later childhood. Numerous small and larger
studies have been conducted to establish whether this associa-
tion is causal, examined comprehensively in a systematic re-
view by Brunwasser et al. [5]. More recently, 2 studies have
examined this association in RSV-positive and RSV-negative
children, with contrasting results [6, 7].
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Although there is a well-established link between RSV-ALRI
and subsequent respiratory morbidity [5, 8] and data exist on
the high burden of RSV infection in certain subgroups of chil-
dren, limited evidence exists as to how factors such as age at
first RSV exposure and gestational age influence the subsequent
risk of later respiratory morbidity for children who were exposed
to RSV infections during their early life. Understanding the so-
ciodemographic and perinatal factors contributing to later respi-
ratory morbidity following early-life RSV exposure allows the
identification of risk groups that can be targeted for RSV preven-
tion measures. Such measures include maternal vaccines in late
phase 3 trials [9] and a single-dose monoclonal antibody (nirse-
vimab) that has recently shown 62.1% efficacy against RSV-ALRI
hospitalization up to 150 days postinjection in healthy term in-
fants [10].

Using established record linkage infrastructure in WA [11], we
examined sociodemographic and perinatal factors associated with
later respiratory morbidity requiring secondary care following
early-life laboratory-confirmed RSV episodes.

METHODS

Data Sources
We conducted a whole-of-population-based cohort study using
probabilistically linked administrative data of all births in WA
between 2000 and 2009 with follow-up to December 31, 2012.
Data sources include the Midwives Notifications System, which
comprises state-wide perinatal information on >99% of births
in WA [12], birth and death registries, hospital morbidity data
collection, ED data collection, and routine respiratory patho-
gen testing from the state’s sole public pathology provider,
PathWest (Figure 1). Data were probabilistically linked using
best practice protocols through Data Services at the WA
Department of Health [11]. Probabilistic linkage compares
groups of records using complex nonunique identifiers or field
matching algorithms [13]. These algorithms compare common
fields, such as given name, surname, date of birth, and other rel-
evant fields (dependent on the contents and context of the data
set) [14] and provide a similarity weighting index that is posi-
tively associated with the likelihood that 2 or more records be-
long to the same individual [13]. Clerical review is required to
assess potential nonmatched records; this process has been
shown to reduce the error rate of matching to <0.1% [15].
We defined our analytical cohort as children who presented
with their first laboratory-confirmed RSV episode from birth to
2 years of age (the “exposure”) using hospitalizations and ED
presentations linked to laboratory data. Hospitalization records
with an admission and discharge date between January 1, 2000,
and December 31, 2012, were included to match the same time
period when routine laboratory data were available. ED presen-
tations were restricted to those between January 1, 2002, and
December 31, 2009, due to data availability. We included all

state-wide admissions/presentations in children aged <16 years
with any diagnosis using International Statistical Classification
of Diseases and Related Health Problems,10th Revision,
Australian Modification (ICD-10-AM) codes.

Our primary outcome of interest was the first respiratory
morbidity episode beyond the age of 2 years after an initial
RSV-confirmed episode. We defined later respiratory morbid-
ity episodes as follows: ED presentations with diagnostic codes
associated with wheeze (ICD-10-AM codes R06.2, R05, symp-
tom codes CH, CC) or asthma (ICD-10-AM codes J45, J46,
symptom code SQA) or unspecified ALRI (ICD-10-AM codes
J22, symptom code SQD); or a hospital admission with princi-
pal or co-diagnosis associated with wheeze (ICD-10-AM codes
R06.2, R05), asthma (ICD-10-AM codes J45, J46), or unspeci-
fied ALRI (ICD-10-AM code J22). Our focus was on noninfec-
tious later chronic respiratory morbidity following an RSV
infection, rather than acute respiratory morbidity. These were
combined into a primary composite outcome measure. As
per previous analyses, interhospital transfers were collapsed
[16, 17]. For hospitalizations, all principal and 20 co-diagnoses
were used. For ED presentations, a previously published hierar-
chy of coding was applied whereby the principal diagnosis was
used in preference over other free-text diagnosis and symptom
codes [2]. From herein, we refer to hospital admissions and ED
presentations as secondary care episodes.

We extracted respiratory specimen testing records with a
specimen collection date between January 1, 2000, and
December 31, 2009. Where tested for RSV, positive and nega-
tive RSV results from polymerase chain reaction (PCR; em-
ployed in later years) and/or immunofluorescence (IF;
employed in the earlier years of this cohort) were included
[2]. We temporally linked RSV laboratory testing records
with secondary care episodes of children with a specimen col-
lection date within 48 hours of hospital admission or ED pre-
sentation, also described previously [16, 17].

A sensitivity analysis used only wheezing and asthma sec-
ondary care episodes as a secondary outcome.

Children were excluded if they had asthma, wheeze, or un-
specified ALRI before follow-up commenced (ie, before 2 years
of age). We also excluded children with a diagnosis of asthma,
wheeze, or ALRI within 30 days of an RSV-positive test result.

We included sociodemographic, maternal, and child risk fac-
tors based on published literature [8, 18-20]. Maternal and so-
ciodemographic variables included maternal age at birth of the
cohort child (<20 years, 20-24 years, 25-29 years, 30-34 years,
>35 years), smoking during pregnancy (yes, no), maternal his-
tory of asthma (yes, no), index of socioeconomic disadvantage
(quintiles) [21], remoteness index (major city, inner regional,
outer regional, remote, very remote) [22], and multiple births
(yes, no). Child variables included age at index RSV-confirmed
episode (<3 months, 3-<6 months, 6-<12 months, 12-<24
months), Aboriginal and/or Torres Strait Islander status
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Fig 2 Table 1
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Figure 1.

RSV+
(N=5,402)

Excluded
Children tested =2years (N=9,468)
Qutcome <2years (N=3,126)

Tested for RSV <2years

(N=18,661)

Missing covariates:
RSV+ (N=875)
RSV- (N=2.187)

RSV-

(N=11,072)

Flow diagram of cohort selection. Abbreviation: RSV, respiratory syncytial virus.

(Aboriginal, non-Aboriginal), derived using a validated algo-
rithm [23], mode of delivery (cesarean, vaginal/instrumental),
sex of the child (male, female), gestational age (<28 weeks,
29-32 weeks, 33-36 weeks, >37 weeks), season of birth
(Spring: September-November; Summer: December—February;
Autumn: March-May; Winter: June—August), percentage of opti-
mal birth weight (in kg) [24], and number of older siblings at birth
(none, 1, 2 or more). Year of birth was included in the models as a
continuous variable.

Statistical Analysis

As an initial descriptive analysis, we reported the first com-
posite outcome as an overall rate per 1000 child-years and
rates stratified by age at first RSV-confirmed episode,

gestational age, and age at outcome. Follow-up was defined
as the time from the child’s second birthday to occurrence
of the outcome, death, or the end of the study (December
31, 2012), whichever came first. We split the follow-up period
into the age subgroups 2—-<4 years, 4-<6 years, and >6 years.
The final multivariable Cox proportional hazards model was
adjusted for all covariates based on previous literature and
published experience of analyses of WA data assessing risk
factors for ALRI in children [2] and estimated adjusted hazard
ratios (aHRs) with 95% confidence intervals. We conducted a
complete case analysis and removed children with missing
data on any covariates of interest.

We conducted a secondary analysis on a subset of the cohort
who were tested for RSV but were negative (RSV-negative) in
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Table 1. Sociodemographic and Perinatal Characterstics of Children Born in WA Between 2000 and 2009 who Were Hospitalized and Tested for RSV and
Did Not Have Documented Asthma in the First Two Years (n = 14 559)

Tested for RSV in First 2 Years of Life

Total RSV-Negative RSV-Confirmed
(n=14559) (n=10408) (n=4151)

Characteristic No. (%) No. (%) No. (%)
Subsequent respiratory morbidity

No 13305 (91.4) 9612 (92.4) 3693 (89.0)

Yes 1254 (8.6) 796 (7.6) 458 (11.0)
Maternal and sociodemographic factors
Maternal age at birth

<20y 1009 (6.9) 696 (6.7) 313 (7.5)

20-24y 2777 (19.1) 1963 (18.9) 814 (19.6)

5-29y 3959 (27.2) 2835 (27.2) 1124 (27.1)

30-34y 4265 (29.3) 3085 (29.6) 1180 (28.4)

>35 years 2549 (17.5) 1829 (17.6) 720 (17.3)
Smoking during pregnancy

No 11271 (77.4) 8125 (78.1) 3146 (75.8)

Yes 3288 (22.6) 2283 (21.9) 1005 (24.2)
Maternal history of asthma

No 12609 (86.6) 9033 (86.8) 3576 (86.1)

Yes 1950 (13.4) 1375 (13.2) 575 (13.9)
Socioeconomic disadvantage

0%-10% (most disadvantaged) 1715 (11.8) 1200 (11.5) 515 (12.4)

11%-25% 2522 (17.3) 1759 (16.9) 763 (18.4)

26%-75% 7254 (49.8) 5226 (50.2) 2028 (48.9)

76%-90% 2037 (14.0) 1467 (14.1) 570 (13.7)

91%-100% (least disadvantaged) 1031 (7.1) 756 (7.3) 275 (6.6)
Remoteness Index

Major city 11248 (77.3) 8051 (77.4) 3197 (77.0)

Inner regional 1319 (9.1) 946 (9.1) 373 (9.0)

Outer regional 1165 (8.0) 811 (7.8) 354 (8.5)

Remote 516 (3.5) 370 (3.6) 146 (3.5)

Very remote 311 (2.1) 230 (2.2) 81 (2.0)
Child factors
Age at first RSV test

<3 mo 4573 (31.4) 3324 (31.9) 1249 (30.1)

3-<6 mo 2829 (19.4) 1700 (16.3) 1129 (27.2)

6-<11 mo 3605 (24.8) 2546 (24.5) 1059 (25.5)

12-<24 mo 3552 (24.4) 2838 (27.3) 714 (17.2)
Aboriginal status

Non-Aboriginal 13002 (89.3) 9314 (89.5) 3688 (88.8)

Aboriginal 1557 (10.7) 1094 (10.5) 463 (11.2)
Delivery mode

Cesarean 5222 (35.9) 3733 (35.9) 1489 (35.9)

Vaginal/instrumental 9337 (64.1) 6675 (64.1) 2662 (64.1)
Infant sex

Female 6455 (44.3) 4586 (44.1) 1869 (45.0)

Male 8104 (55.7) 5822 (55.9) 2282 (55.0)
Gestational age

<28 wk 534 (3.7) 442 (4.2) 92 (2.2)

29-32 wk 651 (4.5) 513 (4.9) 138 (3.3)

33-36 wk 1683 (11.6) 1141 (11.0) 542 (13.1)

>37 wk 11691 (80.3) 8312 (79.9) 3379 (81.4)
Season of birth

Spring (Sept-Nov) 3298 (22.7) 2605 (25.0) 693 (16.7)

Summer (Dec—Feb) 3285 (22.6) 2420 (23.3) 865 (20.8)

Autumn (Mar-May) 4097 (28.1) 2710 (26.0) 1387 (33.4)

Winter (Jun-Aug) 3879 (26.6) 2673 (25.7) 1206 (29.1)
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Table 1. Continued

Tested for RSV in First 2 Years of Life

Total RSV-Negative RSV-Confirmed
(n=141559) (n=10408) (n=4151)

Characteristic No. (%) No. (%) No. (%)
No. of other siblings

0 3429 (23.6) 2622 (25.2) 807 (19.4)

1 4342 (29.8) 3093 (29.7) 1249 (30.1)

>2 6788 (46.6) 4693 (45.1) 2095 (50.5)
Multiple births

Yes Singleton birth 13648 (93.7) 9749 (93.7) 3899 (93.9)

No Multiple birth 911 (6.3) 659 (6.3) 252 (6.1)

Abbreviation: RSV, respiratory syncytial virus.

Table 2. Age-Specific Frequency and Incidence per 1000 Child-Years of
First Subsequent Respiratory Morbidity Episode® Following Early-Life RSV
Hospitalization in the First Two Years (n = 4151)

Rates/1000

Subgroup No. Time at Risk, Child-Years (95% CI)
Overall 458 23708.7 19.3 (17.6-21.2)
Age group of subsequent

respiratory morbidity®

2-<4y 322 7705.4 41.8 (37.5-46.6)

4-<By 80 6165.7 13.0 (10.4-16.2)

>6y 56 9837.6 5.7 (4.4-7.4)
Age at first RSV episode

<3 mo 117 7218.2 16.2 (13.5-19.4)

3-<6 mo 116 6754.0 17.2 (14.3-20.6)

6-<12 mo 138 5859.6 23.6 (19.9-27.8)

12-<24 mo 87 3877.0 22.4(18.2-27.7)
Gestational age

<28 wk 22 433.0 50.8 (33.56-77.2)

29-32 wk 21 693.2 30.3 (19.8-46.5)

33-36 wk 55 2993.1 18.4 (14.1-23.9)

>37 wk 360 19589.5 18.4 (16.6-20.4)

Abbreviations: ED, emergency department; RSV, respiratory syncytial virus.

#Respiratory morbidity episode defined as hospitalization or ED presentation for asthma,
wheezing, or unspecified acute lower respiratory infection.

their first 2 years of life as a comparison. For easier presentation
and interpretation, we also supplemented a graphical associa-
tion of the primary outcome with gestational age using a spline
term (Supplementary Figure 1).

RESULTS

Cohort Description

Our cohort comprised 252 287 children born between 2000 and
2009, with a total of 23 708.7 child-years of follow-up. Of these,
31272 children had a laboratory test for RSV. We further ex-
cluded 9475 children who were tested after the age of 2 years
and 4401 children who had the outcome before the age of

2 years (Figure 1). Finally, we excluded 2835 (793 RSV+ and
2042 RSV-) children with incomplete covariate data. We
therefore included 4151 children who had a confirmed RSV ep-
isode before age 2 years with complete information for the
main analysis (Figure 1). The median age at first subsequent re-
spiratory morbidity episode was 6.5 years, with a maximum age
at the end of the follow-up period of 12.9 years. Among the co-
hort tested for RSV, a higher proportion of RSV-positive chil-
dren reported a subsequent morbidity episode (11.0% vs 7.6%)
compared with RSV-negative children. A larger proportion of
RSV-positive children were born in autumn compared with
RSV-negative children. Noticeably, 42.7% of RSV+ children
were between 6 and <24 months of age (Table 1).

Respiratory Morbidity Following Early-Life RSV

During the study follow-up time, 458 (12.5%) children with
laboratory-confirmed RSV before the age of 2 years had their first
asthma, wheezing, or unspecified ALRI episode after 2 years of
age, representing an overall incidence rate of 19.3/1000 child-years
(95% CI, 17.6-21.2) (Table 2). The incidence rate of the first episode
of subsequent respiratory morbidity following an early-life RSV ep-
isode decreased with age at first episode (41.8/1000 child-years; 95%
ClI, 37.5-46.6; for children aged 2-<4 years; 13.0/1000 child-years;
95% CI, 10.4-16.2; for children aged 4-<6 years; 5.7/1000 child-
years; 95% CI, 4.4-7.4; for children aged >6 years) (Table 2).

The incidence rate of subsequent respiratory morbidity dif-
fered by age at first RSV episode, with children who experi-
enced their first RSV at age 6-<12 months having rates of
subsequent respiratory morbidity ~1.5 times higher than those
who experienced their first RSV at age <3 months (23.6/1000
child-years; 95% CI, 19.9-27.8; vs 16.2/1000 child-years; 95%
CI, 13.5-19.4; respectively); the rate was 1.4 times higher in
children 12-24 months of age (22.4/1000 child-years; 95% CI,
18.2-27.7) (Table 2). Children born extremely preterm (<28
weeks) had incidence rates of subsequent respiratory morbidity
almost 2.8 times higher (50.8/1000 child-years; 95% CI, 33.5-
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Table 3. Hazard Ratios for Later Respiratory Morbidity® After Early-Life RSV Hospitalization in the First Two Years of Life (n = 4151)

Hazard Ratio (95% Cl)

Variables Unadjusted Adjusted
Age at first RSV exposure

<3mo Ref Ref

3-<6 mo 1.09 (0.84-1.41) 1.00 (0.75-1.31)

6-<12 mo 1.44 (1.12-1.84) 1.42 (1.06-1.90)

12-<24 mo 1.35 (1.02-1.78) 1.28 (0.95-1.71)
Indigenous status

Non-Aboriginal 1.00 (0.74-1.35) 1.11 (0.79-1.56)

Aboriginal Ref Ref
Mode of delivery

Cesarean 1.11 (0.92-1.34) 1.07 (0.88-1.30)

Vaginal/instrumental Ref Ref
Gender

Female Ref Ref

Male 1.16 (0.97-1.40) 1.18 (0.98-1.43)
Maternal age at child’s birth

<20y 0.96 (0.66-1.40) 0.87 (0.58-1.31)

20-24y 1.13 (0.87-1.47) 1.11 (0.85-1.45)

25-29y Ref Ref

30-34y 0.97 (0.76-1.24) 1.02 (0.79-1.31)

>35y 0.82 (0.61-1.10) 0.86 (0.63-1.17)
Smoking during pregnancy

No

Yes 0.88 (0.71-1.10) 0.87 (0.69-1.10)
Gestational age

<28 wk 2.51 (1.64-3.87) 2.22 (1.40-3.53)

29-32 wk 1.55 (1.00-2.41) 1.52 (0.96-2.43)

33-36 wk 0.98 (0.73-1.30) 0.95 (0.71-1.28)

>37 wk Ref Ref
SEIFA

0%-10% (most disadvantaged) 1.59 (1.00-2.64) 1.76 (1.03-3.00)

11%-25% 1.87 (1.16-3.03) 1.96 (1.19-3.22)

26%-75% 1.57 (1.00-2.49) 1.61 (1.01-2.56)

76%-90% 1.39 (0.83-2.32) 1.38 (0.82-2.31)

91%-100% (least disadvantaged) Ref Ref
Maternal history of asthma

No Ref Ref

Yes 1.34 (1.05-1.71) 1.33 (1.04-1.70)
Season of birth

Spring Ref Ref

Summer 0.95 (0.71-1.27) 0.99 (0.73-1.33)

Autumn 0.90 (0.69-1.17) 1.12 (0.82-1.53)

Winter 0.82 (0.62-1.09) 1.00 (0.73-1.37)
Remoteness

Major city 0.82 (0.45-1.50) 0.85 (0.45-1.61)

Inner regional 0.61 (0.31-1.22) 0.60 (0.29-1.22)

Outer regional 0.58 (0.29-1.15) 0.58 (0.28-1.19)

Remote 0.85 (0.40-1.82) 0.91 (0.42-1.98)

Very remote Ref Ref

Percent optimal birth weight 1.01 (1.00-1.01) 1.00 (1.00-1.01)
No. of older siblings

0 1.30 (1.03-1.65) 1.24 (0.96-1.60)

1 1.21 (0.98-1.50) 1.22 (0.98-1.51)

>2 siblings Ref Ref
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Table 3. Continued

Hazard Ratio (95% Cl)

Variables Unadjusted Adjusted
Multiple birth
Singleton birth Ref Ref
Multiple birth 1.02 (0.70-1.50) 0.98 (0.64-1.48)
Birth year® 1.05 (1.01-1.08) 1.05 (1.01-1.09)

Models were adjusted for maternal age at birth, maternal smoking status, maternal history of asthma, parity, socioeconomic status, remoteness index, delivery mode, season of birth, child

Aboriginal status, gestational age at birth, birth year, number of siblings, and age at RSV test.

Abbreviations: ED, emergency department; RSV, respiratory syncytial virus; SEIFA, socioeconomic index for areas [21].

?Respiratory morbidity episode defined as hospitalization or ED presentation for asthma, wheezing, or unspecified acute lower respiratory infection.

®Included as a continuous variable.

E 099
= 3-<6mo HV—L 2
2 6-<12mo et
= 12-<24mo H—e—
o 178
g 0-10% —
@ 11-25% —
7 26-75% ——
76-90% e
5 <28 wk PR
@ 1.52
] 29-32 wk J—
g 33-36 wk —a—
Male —‘O‘N—“i
Maternal history of asthma

T T T T
0.00 1.00 2.00 3.00 4.00
Hazard ratio (HR)

[ HR ——— 9es%cCl|

Figure 2. Adjusted hazard ratios of subsequent respiratory morbidity® after
2 years of age following early-life exposure to RSV infection. The model was
adjusted for parity, maternal age, percent optimal birth weight, multiple birth, birth
year, mode of delivery, remoteness, seasons of birth, and smoking. “Respiratory
morbidity episode defined as hospitalization or ED presentation for asthma, wheez-
ing, or unspecified acute lower respiratory infection. Abbreviations: gest age, ges-
tational age; RSV, respiratory syncytial virus; SES, socioeconomic deprivation.

77.2) compared with children born at term (18.4/1000 child-
years; 95% CI, 16.6-20.4) (Table 2).

Factors Associated With Later Respiratory Morbidity After Early-Life RSV
In a multivariable model, risk factors for later respiratory mor-
bidity included age at first RSV episode (6-<12 months: aHR,
1.42; 95% CI, 1.06-1.90), being born extremely preterm (<28
weeks: aHR, 2.22; 95% CI, 1.40-3.53), maternal history of asth-
ma (aHR, 1.33; 95% CI, 1.04-1.70), and low socioeconomic in-
dex (aHR, 1.76; 95% CI, 1.03-3.00; for those in the lowest
percentile; and aHR, 1.96; 95% CI, 1.19-3.22; for those in the
11-25th percentile) (Table 3). In the adjusted model, the factor
with the largest magnitude of risk was gestational age <28
weeks (Figure 2). A spline model of gestational age showed a
dose-response association of the primary outcome with higher
risk at lower gestational age (<28 weeks) as compared with
37 weeks of gestation (Supplementary Figure 1).

A subgroup analysis comparing first RSV episode in the first
6 months with the first RSV episode at age 6-<24 months

showed that children exposed at 6-<24 months of age had
comparatively higher rates of subsequent morbidity at 2-<4
years (50.9/1000 child-years; 95% CI, 43.7-59.3), at 4-<6 years
(12.8/1000 child-years; 95% CI, 9.1-18.1), and at age >6 years
(7.0/1000 child-years; 95% CI, 4.8-10.2) (Supplementary
Table 1).

Sensitivity Analyses

When the outcome was restricted to asthma or wheezing only
(which accounted for 75% of the overall outcome), the risk fac-
tors were similar compared with the primary analysis
(Supplementary Table 2). Of note was a reduced magnitude
in the adjusted HR of being born severely preterm, but a higher
magnitude of male sex and low socioeconomic index.

Secondary Analysis

A secondary analysis conducted on the subgroup that under-
went testing for RSV but were negative showed mixed results
(Table 4). While some factors were of a similar magnitude in
their risk of subsequent morbidity (eg, maternal history of asth-
ma), other factors differed. Children who were RSV -negative at
12-<24 months had a higher risk of hospitalization due to later
asthma or wheeze (aHR, 1.6; 95% CI, 1.3-1.9) than our primary
analysis of early-life RSV-confirmed episodes (Table 4).
However, children born extremely preterm who were
RSV-negative in their first 2 years of life had a lower magnitude
of subsequent respiratory morbidity risk (<28 weeks: aHR, 1.8;
95% CI, 1.4-2.4) (Table 4) than those in the primary analysis
who had an RSV-confirmed episode in the first 2 years of life.

DISCUSSION

This population-based analysis aimed to identify sociodemo-
graphic and perinatal risk factors that may contribute to a bet-
ter understanding of the burden of later respiratory morbidity
following early-life RSV infection. The incidence of the first ep-
isode of later respiratory morbidity was highest for children
aged 2-4 years and decreased with increasing age at outcome.
Gestational age at birth was identified as the risk factor of the
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Table 4. Adjusted Hazard Ratios of Risk Factors for Later Respiratory Morbidity® in Children Testing Negative for RSV in the First Two Years of Life

(n =10408)
Hazard Ratio (95% Cl)

Variables Unadjusted Adjusted
Age at first RSV test

<3 mo Ref Ref

3-<6 mo 1.21 (0.97-1.50) 1.22 (0.98-1.52)

6-<12 mo 1.19 (0.98-1.45) 1.27 (1.04-1.55)

12-<24 mo 1.41(1.17-1.67) 1.55(1.29-1.88)
Indigenous status

Non-Indigenous 0.91 (0.73-1.13) 0.88 (0.68-1.13)

Indigenous Ref Ref
Mode of delivery

Cesarean 1.12 (0.97-1.29) 1.08 (0.93-1.25)

Vaginal/instrumental Ref Ref
Gender

Female Ref Ref

Male 1.38(1.12-1.59) 1.38 (1.19-1.59)
Maternal age at child’s birth

<20y 0.98 (0.72-1.32) 0.93 (0.67-1.29)

20-24y 1.05 (0.86-1.29) 1.02 (0.83-1.26)

25-29y Ref Ref

30-34y 1.02 (0.85-1.23) 1.06 (0.88-1.28)

>35y 0.92 (0.74-1.14) 0.96 (0.76-1.20)
Smoking during pregnancy

No Ref Ref

Yes 1.06 (0.90-1.25) 1.01 (0.84-1.21)
Gestational age

<28 wk 1.50 (1.10-2.04) 1.79 (1.29-2.49)

29-32 wk 1.43 (1.07-1.90) 1.69 (1.16-2.18)

33-36 wk 1.13(0.91-1.41) 1.20 (0.96-1.52)

>37 wk Ref Ref
SEIFA

0%-10% (most disadvantaged) 1.43 (0.98-2.09) 1.51 (1.02-2.25)

11%-25% 1.72 (1.21-2.44) 1.76 (1.22-2.53)

26%-75% 1.62 (1.16-2.24) 1.64 (1.17-2.29)

76%-90% 1.21 (0.83-1.76) 1.20 (0.82-1.74)

91%-100% (least disadvantaged) Ref Ref
Maternal history of asthma

No Ref Ref

Yes 1.38 (1.15-1.66) 1.34 (1.11-1.61)
Season of birth

Spring Ref Ref

Summer 1.14 (0.93-1.39) 1.13 (0.93-1.39)

Autumn 1.06 (0.87-1.29) 1.05 (0.86-1.28)

Winter 1.07 (0.87-1.30) 1.07 (0.87-1.31)
Remoteness

Major city 1.11(0.67-1.82) 1.29(0.77-1.17)

Inner regional 0.93 (0.54-1.82) 1.03 (0.568-1.81)

Outer regional 0.86 (0.49-1.51) 0.91 (0.51-1.62)

Remote 1.12 (0.77-1.63) 1.00 (0.53-1.88)

Very remote Ref Ref

Percent optimal birth weight 1.00 (0.99-1.00) 1.00 (0.99-1.00)
No. of older siblings

0 1.00 (0.84-1.19) 0.99 (0.82-1.19)

1 1.05 (0.89-1.24) 1.08 (0.91-1.27)
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Table 4. Continued

Hazard Ratio (95% Cl)

Variables Unadjusted Adjusted

>2 siblings Ref Ref
Multiple birth
Singleton birth Ref Ref
Multiple birth 1.06 (0.81-1.40) 0.86 (0.63-1.17)

Birth year® 1.02 (1.00-1.04) 1.01 (0.99-1.04)

Models were adjusted for maternal age at birth, maternal smoking status, maternal history of asthma, parity, socioeconomic status, remoteness index, delivery mode, season of birth, child

Aboriginal status, gestational age at birth, birth year, number of siblings, and age at RSV test.

Abbreviations: ED, emergency department; RSV, respiratory syncytial virus; SEIFA, socioeconomic index for areas [21].

?Respiratory morbidity episode defined as hospitalization or ED presentation for asthma, wheezing, or unspecified acute lower respiratory infection.

®Included as a continuous variable.

largest magnitude, with those born at <28 weeks of gestation
having an increased risk of later respiratory morbidity follow-
ing early RSV exposure. The risk of subsequent respiratory
morbidity was also influenced by the age at first RSV episode,
with a higher risk for children who experienced their first
RSV episode after the age of 6 months as compared with infants
with their first RSV episode in the first 6 months of life, possibly
due to residual levels of maternal antibodies to RSV infection in
younger infants. The rate of decay of maternal antibody prev-
alence was estimated in a study to be relatively rapid, with a
mean duration of 4.7 months [25]. In addition to waning anti-
body levels, a recent analysis of the INSPIRE cohort showed
that RSV infection during infancy had long-term effects on im-
mune memory [26]. Peripheral blood mononuclear cells from
healthy term children infected with RSV during infancy had
lower memory T-cell responses at ages 2-3 years to in vitro
stimulation with RSV for type 1 and type 17 markers for a num-
ber of memory T-cell subsets. This suggests that RSV infection
in infancy attenuates later antiviral type 1 and type 17 memory
responses and antiviral immunity. This may explain in part the
enhanced susceptibility to respiratory viral infection and
virus-triggered asthma exacerbations. The role of early RSV ex-
posure and its contribution to chronic airway diseases by im-
pairing regulatory T-cell function has been the subject of
numerous in vitro and animal studies seeking evidence for po-
tential mechanisms. Other risk factors for later respiratory mor-
bidity included low socioeconomic status and a maternal history
of asthma. Our sensitivity analysis of the RSV-negative subgroup
showed a persistent association with gestational age, highlighting
the importance of severe prematurity in the trajectory of RSV in-
fection to later respiratory morbidity.

Our study results point to host susceptibility factors, whether
these be lung immaturity (preterm birth status) [27], immuno-
logical immaturity (naive immune status once maternal anti-
bodies have waned) [28], or genetic susceptibility (familial
history of asthma), as markers of “future respiratory disease
susceptibility.” Our findings provide further evidence of the as-
sociation between RSV-ALRI and the development of wheezing

illnesses. Our study design and analytical approach show that
there are factors such as maternal history of asthma that are
also associated with later respiratory morbidity regardless of
RSV status in early life and provide evidence that children
who are more likely to seek medical care for asthma, wheezing,
and ALRI are already susceptible and at risk for poor respirato-
ry outcomes. These vulnerabilities may interact with RSV to in-
crease the risk of developing a “wheezy phenotype,” as has been
shown in another cohort study from the United States, which
indicated that having RSV or rhinovirus wheezing illness at
2-3 years of age in a high-risk cohort was associated with an in-
creased asthma risk at 6 years as compared with having infec-
tions during infancy [29]. Our results are supported by a
recent study by Rosas-Salazar et al. [6] but in contrast to a re-
cent study by Munoz-Quiles et al. [7], which reported a higher
risk of recurrent wheeze/asthma in children hospitalized with
non-RSV bronchiolitis compared with RSV-positive children.
However, these analyses included a different case definition
than ours as well as the addition of primary care data. These dif-
ferences may account for the difference in the magnitude of risk
of respiratory morbidity after the age of 2 years. Nevertheless,
both our analysis and that of Munoz-Quiles et al. show similar
findings in that children who require hospitalization for bron-
chiolitis after 6 months of age have underlying predispositions
that increase their susceptibility to developing asthma later in
life. Regardless of etiology, these results support the susceptibil-
ity hypothesis in these children. All studies also show an age-
dependent association between RSV exposure and outcome.
Additionally, our study confirms that timing of exposure to
RSV in the first 2 years is still important for the development of
later respiratory morbidity. Early RSV exposure in the first
6 months of life resulted in a relatively lower incidence of later
respiratory morbidity compared with RSV exposure after
6 months of age. This is consistent with other studies that
have examined the association of age at first RSV exposure
with subsequent risk of severe asthma [30-32], particularly in
the latter study on children of preschool age. The attenuation
of this association over time is also consistent with other
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findings [5, 20, 29, 33]. This indicates that prophylaxis against
RSV, including long-acting single-dose monoclonal antibodies
that are close to market [10, 34, 35], may contribute to long-term
benefits for chronic respiratory disease. The magnitude of risk of
later secondary morbidity was lower for the RSV-negative chil-
dren at age 6-<12 months but higher at age 12-<24 months com-
pared with the risk in RSV-positive children, suggesting that
although timing of RSV exposure in the first 2 years is important,
there are likely other pathogens (causing the need for hospitaliza-
tion and need for respiratory viral testing) that are also important
in the relationship between early-life lower respiratory infection
and subsequent respiratory morbidity risk [36, 37]. The difference
in risk suggests that in addition to young infants and children
born extremely or moderately preterm, young children between
6 and 24 months should also be considered potential target groups
for RSV prevention to reduce the burden of later respiratory mor-
bidity associated with RSV. While young infants may benefit from
passive immunization conferred by maternal vaccines, infants in
older age groups could benefit from administration of a monoclo-
nal antibody. The Centers for Disease Control and Prevention’s
Advisory Committee on Immunization Practices (ACIP) recently
recommended that nirsevimab be offered to all infants born dur-
ing fall/winter (Oct-Mar) shortly after birth and to infants born
outside of this time period during scheduled child health visits
[38]. ACIP also recommended that 1 dose of nirsevimab be of-
fered to children <20 months of age entering their second RSV
season who are eligible for palivizumab in their second RSV sea-
son. Our results would support a recommendation to offer nirse-
vimab for children approaching their second RSV season
(therefore over the age of 6 months).

Our study has many strengths, including utilizing a cohort
that spanned a decade of RSV seasons and state-wide hospital-
ization and ED presentation data. Laboratory testing data in-
cluded all testing results from primary care as well as
secondary care. Unlike other studies, this study used a
laboratory-confirmed RSV infection to define the cohort.
Data linkage capacity within WA has allowed us to obtain in-
formation on key sociodemographic and perinatal risk factors
in this cohort. Additionally, through the analysis of RSV testing
data, we were able to conduct sensitivity analyses using
RSV-negatives to determine whether sociodemographic and
perinatal factors contributing to later respiratory morbidity
risk are pertinent to a confirmed RSV infection or another re-
spiratory infection requiring medical attention. It is through
this analysis that we have identified the critical importance of
extreme preterm birth in the trajectory of early-life RSV infec-
tion to poor later respiratory health, above other sociodemo-
graphic factors.

However, some study limitations should be acknowledged.
While ICD codes were used to identify the outcomes, coding
and viral testing practices may affect the ascertainment of the
outcomes studied. Additionally, we know that not all

respiratory infection-coded admissions are tested for RSV, so
our sample size was limited by those who underwent a test
[17]. We also acknowledge differences in sensitivity between
IF and PCR testing, with the latter being more sensitive. IF
was employed in the earlier years of the study and was replaced
by PCRin the later years of the study; hence for the earlier years
of our study, we may have missed some children with
laboratory-confirmed RSV. Furthermore, as an asthma diagno-
sis is challenging in the first 3 years of age, the asthma/
wheezing-coded morbidity episodes during this time could be
due to acute viral wheeze, although this does not refute the
findings of a subpopulation of high-risk children [39]. We
did not have information on the type of wheeze (ie, early tran-
sient, late onset, etc.), which is achievable through prospective
data collection [40]. Finally, we also lacked information on
breastfeeding.

CONCLUSIONS

Our study indicated that children with laboratory-confirmed
RSV in their first 2 years of life had significant risk of develop-
ing later asthma and wheezing requiring secondary care, which
differed with age of first RSV infection and gestational age. In
addition to young infants and children born preterm, children
between 6 and 24 months of age should also be considered po-
tential target groups for RSV prevention.
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