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Abstract

Background

Early-life severe respiratory syncytial virus (RSV) infection has been associated with subsequent
risk of asthma and recurrent wheeze. However, changes in the association over time and the
interaction effect of the age at first RSV infection are less well understood. We aimed to assess
the time-varying association between RSV and subsequent asthma and wheeze admission and
explore how the association was affected by the age at RSV infection.

Methods

We retrospectively followed up a cohort of 23,365 children for a median of 6.9 years using
Scottish health databases. Children who were born between 2001 and 2013 and had RSV-
associated respiratory tract infection (RTI) admissions under 2 years were in the exposed group;
those with unintentional accident admissions under 2 years comprised the control group. The
Cox proportional-hazards model was used to report adjusted hazard ratios (HR) of RSV

admissions on subsequent asthma and wheeze admissions. We did subgroup analyses by
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follow-up years. We also explored how this association was affected by the age at first RSV
admission.

Results

The association was strongest in the first 2 years of follow-up and decreased over time. The
association persisted for 6 years in children whose first RSV-RTI admission occurred at 6-23
months of age, with an adjusted HR of 3.9 (95%Cl 3.1-4.9) for the first 2 years, 2.3 (95%Cl 1.6-
3.2) for 2-<4 years, and 1.9 (95%Cl 1.2-2.9) for 4-<6 years of follow up. In contrast, the
association was only significant for the first 2 years after first RSV-RTI admissions occurring at O-
5 months.

Discussions

We found a more persistent association for subsequent asthma and wheeze in children whose
first severe RSV infection occurred at 6-23 months compared to those whose first severe RSV
infection occurred at 0-6 months. This provides new evidence for further assessment of the

association and RSV intervention programmes.

Key words: severe RSV infections; asthma; wheeze; time since RSV infection; age at first RSV
infection

Word count: abstract 300; main text 3097.
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Introduction

Respiratory syncytial virus (RSV) causes substantial respiratory tract infection (RTI) hospital
admissions in young children globally and in Europe [1-3]. In addition to causing mild to severe
respiratory infections, early-life RSV infections have been linked with subsequent recurrent
wheeze and asthma in later childhood and adolescence [4, 5]. The association is of great
interest as it may indicate an additional benefit of RSV preventive interventions in young
children to reduce the risk of subsequent development of asthma and wheeze [6]. This in turn
may influence the cost effectiveness of future novel interventions and the level of priority of
the interventions.

The association between early-life RSV infections and subsequent asthma and wheeze has been
reported in many observational studies, but most of the studies are either small or have not
adjusted for potential confounders [4], thus limiting the quality of the evidence. Two
randomised trials have assessed the effect of anti-RSV monoclonal antibody in term and
preterm infants on subsequent wheeze and asthma, and found no significant difference in the
incidence of medically attended wheezing or asthma between the placebo and treatment
groups at 1-3 years and 6 years [7, 8]. However, both trials were only powered to detect a large
difference (about 4% and 10%) in the asthma and wheeze incidence between groups. In trials
assessing such an indirect effect (i.e. reducing subsequent asthma through preventing RSV
infections), a difference of this magnitude seems difficult to occur because the difference is a
product of severe RSV-RTI incidence, the effect of RSV prevention on RSV-RTI, and the
difference in asthma and wheeze incidence between children with severe RSV-RTI and those

without [9].
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The focus has long been RSV infections in early life —in the first, second, and third year of age.
In this narrow age band, there may be a time window for viral respiratory infections to be more
strongly linked to subsequent asthma and wheezing ilinesses than other times [10, 11].
However, limited evidence exists as to how the age at first severe RSV infections influences the
subsequent risk of asthma and wheeze [10, 11]. The influence of age at first severe RSV
infection is of relevance to planning of future RSV vaccination programmes.

In this study, we assessed the association between early-life RSV and subsequent asthma and
wheeze using the national population-based linked Scottish healthcare databases. The large
size of this study offers an opportunity to explore how the age at first severe RSV infection
influences the association with subsequent asthma and wheeze. The availability of information
on environmental and host factors during the prenatal and neonatal period also allows for
adequate adjustment for these factors. This study could help identify the age band at which
severe RSV infections are more closely linked to subsequent development of asthma and
wheeze, thus providing new evidence for future assessment of the association in trials, and to
inform development of RSV intervention strategies.

Methods

Study design and data sources

We conducted a retrospective cohort analysis using Scottish Morbidity Record (SMR01) and
Maternity Inpatient and Day Case Record (SMR02). SMRO1 includes all inpatient and day cases
at hospitals in Scotland; SMRO02 includes day cases or inpatient maternity care in Scotland,

collecting information on pregnancy and childbirth with high completeness [3, 12, 13]. In this
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study, records between January 2001 and December 2016 from the two databases were linked
using a unique patient identifier.

For the exposed group, we included children who were born between January 2001 and
December 2013, and had RSV-RTI admissions based on International Classification of Diseases,
Tenth Edition (ICD-10) in the first 2 years of life. Briefly, RSV-RTI was defined as an admission
with both RTI as well as RSV diagnostic codes in any of main and another five diagnosis fields
(Appendix p1)[3]. For the control group, we included children who were born during the same
period, and had unintentional accident admissions in any diagnosis fields (V01-99, X00-59, X85-
99, Y00-09, Y35-99) when aged below 2 years. The first admission was the index admission
when a child was admitted with RSV-RTI or unintentional accident on two or more occasions.
Follow-up was defined as the time from the 5" week after the index admission to the
occurrence of the outcome or end of the study (52" week 2016 by the International
Organization for Standardization week date standard), whichever came first. We defined the
‘washout’ period of 4 weeks to exclude the bias due to the primary RSV infection episode’s
associated wheezing [14]. The outcome was first asthma or wheeze admission (i.e. J45, J46 and
R06.2) in any diagnosis fields. We included wheeze in the main analysis as it is one of the key
clinical features associated with asthma in young children [15]. Children were excluded in these
analyses if they had asthma or wheeze admissions before the follow-up.

Statistical analysis

The association was analysed using the Cox proportional hazards regression model. Since the
proportional hazards assumption did not hold for the RSV exposure variable, we used an

extended Cox model with time-dependent coefficient [16-18]. We split the follow-up period
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into 0-<2 years, 2-<4 years, 4-<6 years and >=6 years, and conducted subgroup analyses for
each of these groups and reported hazard ratios (HRs) of the RSV-RTI group compared to the
control group to facilitate interpretation.

We considered the following potential confounding variables based on previous literature [4,
19]: age at index admission (0-5 months; 6-23 months), gender, quintiles of Scottish index of
multiple deprivation, maternal smoking status during pregnancy (yes; no), mode of delivery
(caesarean; vaginal), gestational age (<37 weeks; >=37 weeks), the number of births at this
pregnancy (1; >1), the presence of congenital diseases (yes; no), and the length of hospital stay
for the index admission (0-3 days; >=4 days). We included the length of hospital stay because
severity of RSV infection might be associated with subsequent risk of asthma [14]. We also
considered birth weight, APGAR score at 5 minutes, admission to neonatal unit after birth, the
number of previous pregnancies, and breastfeeding status at the mother’s discharge. The
covariates were selected following a stepwise procedure by the Akaike Information Criterion
[20]. In exploratory analyses, we tested for any interactions between RSV infection and other
covariates. Since a significant interaction was found between age at exposure (the index
admission) and the exposure status (P<0.05), we conducted separate analyses for children who
had the index admission at 0-5 months and 6-23 months of age. Children with missing data on
any covariates were excluded in the main analysis. We reported first asthma and wheeze
admission rates per 1,000 child-years, and estimated 95% confidence intervals (Cl) by assuming
a Poisson distribution for the number of admissions. We reported unadjusted and adjusted HR

estimates and 95%Cl from Cox models. In the stratified analyses by follow-up time, we also
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reported multiplicity-adjusted p-values using the Bonferroni method and reported the
multiplicity-adjusted CI [21].

In sensitivity analyses, we reported unadjusted HRs of RSV-RTI after including children with
incomplete data on the covariates. We excluded wheeze and assessed the association for
asthma admission alone. To assess how the estimates were affected by the children most
susceptible to respiratory morbidity, we excluded children who had >=3 episodes of RTI
admission at 0-23 months of age [22]. We compared RSV-RTI to RTI with RSV not being coded
as the causal pathogen by ICD-10 (Appendix pp5-6). Statistical analyses were done using R
(version 3.6.1).

Results

Overall study population and characteristics

Between January 2001 and December 2013, there were 17,642 children having an RSV-RTI
admission, and 8,779 children having an unintentional accident admission under 2 years of age
(Figure 1). We excluded 486 children who were admitted with a diagnosis of asthma or wheeze
before the follow-up started, and 2,570 children who had incomplete data on the covariates.
The remaining children with complete data (23,365) were included in the main analyses. The
median (IQR) follow-up time was 6.9 (IQR 3.3-10.9) years, and altogether there were 166,232.3
child-years of follow-up. There were 1,418 first asthma and wheeze admissions, representing an
average rate of 8.5/1,000 child-years. The distribution of characteristics between the exposed
and control group is in Appendix pp3-4.

Primary outcomes



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

During the whole follow-up period, the first asthma and wheeze admission rate in the exposed
group was about 2.2 times higher than the control group (10.5 versus 4.7 per 1,000 child-years).
Outcome-free survival curves over time are in Appendix p2. HR estimates remained similar after
adjusting for confounders (Table 1). By follow-up periods, the adjusted HR was 3.6 (95%Cl 2.9-
4.5) during the first 2 years of follow-up, 1.8 (95%Cl 1.3-2.4) for 2-<4 years, 1.4 (95%Cl 0.9-2.0)
for 4-<6 years, and 1.4 (95%Cl 0.9-2.0) for 6 or more years of follow-up. The significant
association remained in the first 4 years of follow-up after the Bonferroni adjustment (Table 1).
Subgroup analyses by age at first RSV-RTI admission

Subgroup analyses by age at first RSV-RTI admissions showed similar results that the HR
estimate was highest during the first 2 years of follow-up. Children whose first RSV-RTI
admission occurred at 0-5 months of age only showed a significantly greater association
compared to the control group during the first 2 years of follow-up (adjusted HR 3.1, 95%Cl 2.0-
4.7); the estimates became insignificant during later follow-up periods. In contrast, children
whose first RSV-RTI admission occurred at 6-23 months of age showed a significantly greater
association during the first 6 years of follow-up compared to the control group, with an
adjusted HR estimate of 3.9 (95%Cl 3.1-4.9) for the first 2 years of follow-up, 2.3 (95%Cl 1.6-3.2)
for 2-<4 years, and 1.9 (95%Cl 1.2-2.9) for 4-<6 years. After 6 years of follow-up, the adjusted
HR estimate was 1.5 (95%Cl 1.0-2.5) with a p-value of 0.06 for the 6-23 months age group.
Sensitivity analyses

In sensitivity analyses, the HR estimates were comparable after including children with

incomplete data on the covariates, excluding children admitted with RTl on three or more
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occasions, or excluding wheezing admissions (Appendix p5). The adjusted HR estimate of RSV-
RTI was 1.2 (95%Cl 1.1-1.3) compared to non RSV-RTI group (appendix p6).

Discussion

Results from this national population-based study showed that children who had RSV-RTI
admissions in the first two years of life had an increased risk of subsequent asthma and wheeze
admission compared to those who had accident admissions at the same age after adjustment
for several prenatal and neonatal factors. The association decreased over time, and was found
to be statistically significant in the first 4 years after the RSV-RTI admission. The association was
affected by the age at first RSV-RTI admission; the association persisted until 6 years after the
first RSV-RTI admission that occurred at 6-23 months, while persisted only until 2 years after
the first RSV-RTI admission that occurred at 0-5 months.

The attenuation of the association over follow-up time in our study is consistent with previous
findings that the strength of the association decreased with age in systematic reviews,
prospective studies [4, 23-28], and another large retrospective study [29] given the similar
baseline age of included children. The decreasing association over time may be a reflection of
the gradual change in the effect of the first RSV-RTI admission on subsequent asthma and
wheeze admission. Another possible explanation is that children are gradually exposed to other
unobserved risk factors for asthma and wheeze over time, confounding the association for RSV
[24]. The diagnosis of asthma in young children (e.g. <5 years) is based on recognising a
characteristic pattern of signs and symptoms (including wheeze) in the absence of an
alternative explanation [15, 30]. Given the challenges in asthma diagnosis in young children, it

may be also possible that some children who were under 3 years in the first 2 years of the
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follow-up had wheezing exacerbated by viral RTIs. HRs remained similar after excluding wheeze
admissions (Appendix p5).

Contrary to our statistically non-significant results after 6 years of follow-up, an earlier study
including Scottish children born between 1996 and 2011 found that the asthma admission rate
remained significantly higher in children who had RSV admissions at 0-23 months than those
without until 18 years old [19]. In contrast to our analysis, the study included all episodes of
asthma admissions instead of only the first asthma admission, and did not adjust for
confounders.

Our results show that the subsequent risk of asthma and wheeze admission persisted for a
longer time among children whose first RSV-RTI admission occurred at 6-23 months than those
had a severe infection at 0-5 months. The COAST study found a similar pattern for both RSV and
rhinovirus infections, and showed that compared to infections during infancy, having RSV or
rhinovirus wheezing illnesses at the second and third year of age was associated with a more
profound increase in asthma risk at 6 years [11]. Similarly, an Australian cohort study found that
the asthma admission rate was 2-7 times higher among children hospitalised with RSV disease
at 6-23 months compared to those hospitalised with RSV disease at 0-5 months [10].
Interestingly, a study assessing changes in the lung function between different wheezing
phenotypes found that low levels of lung function were observed in the first few months after
birth in transient early wheezers, while the loss of lung function in persistent wheezers
occurred during preschool years [31, 32]. These findings agree with our age-at-exposure-based
subgroup results, and indicate that age at first RSV-RTI admission may influence the effect of

the RSV infection on subsequent risk of asthma and wheeze.
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The similar HR estimates after excluding children who had >=3 episodes of RTI admission in the
first 2 years of life suggest that our estimates are not driven by the group of children most
susceptible to respiratory morbidity. This is different from another study, which found that the
association between RSV-RTIs in the first 3 years of life and asthma by age 7 years became
insignificant after adjusting for the number of respiratory infections [33]. The difference has
several possible explanations. In the study by Bgnnelykke et al, about 90% of the children had
respiratory episodes, so their control group consisted mainly of children with respiratory
episodes due to different pathogens. Our analyses comparing RSV-RTI admission to non RSV-RTI
also showed little difference in the risk of subsequent asthma and wheeze admission (Appendix
p6), consistent with results from a previous study [14]. Second, we studied severe RSV-RTIs
(versus any respiratory episodes). Our multivariate analysis showed that increased severity of
RSV-RTI (i.e. longer hospital stay) was associated with higher risk of subsequent wheeze and
asthma admission. Similar association between disease severity and recurrent wheezing has
also been found in previous literature [34, 35].

There are some limitations in our study. First, we used ICD-10 codes to identify RSV-RTI, wheeze
and asthma admissions. Coding practices and viral testing practices may affect the
ascertainment in both exposure and outcome. The potential biases in the outcome have been
discussed above. For exposure, based on laboratory records from 2009 onwards, the total
counts and age distribution of RSV-coded admissions were comparable to that of RSV-
confirmed admissions as described in our previous study [3]. But we were unable to assess bias
in testing as we did not have access to laboratory-confirmed RSV-negative records, and there

was a large proportion of RTI admissions with no causal pathogens coded [3]. In particular, this
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could have affected our analyses comparing to non RSV-RTI admission group. We were also
unable to assess possible bias due to rhinovirus co-infection; rhinovirus infection is also
associated with subsequent risk of wheezing illness [11]. About 10% of children had incomplete
data on covariates, but this did not seem to affect the estimates as the unadjusted HR
estimates remained similar when these children were included. The timing of inclusion into this
study did not seem to affect the HR estimates as the rate ratio between the comparison groups
during the first half of the study period was similar to that during the second half (2.1 during
2001-2007 versus 2.3 during 2008-2013). We did not have access to complete death or
immigration records. Only <1% of the children died at RSV-RTI and accident admission, and HR
estimates remained similar after excluding them (appendix p6). Deaths from other causes and
immigration are likely to be non-differential between the exposed and the control group, thus
our HR estimates might have been biased towards the null. We only had access to hospital
records and were unable to investigate RSV lower respiratory infection episodes, asthma or
wheeze episodes causing outpatient visits. The incidence of asthma and wheeze associated
with RSV-RTl is likely to be larger than our estimates. Lastly, this was an observational study
and, therefore, causal inference cannot be made. A causal association may be better
determined in RSV intervention trials which are adequately powered to answer this research
question.

We excluded children having asthma or wheeze admissions before the follow-up in our analysis
to ensure the temporal sequence, and adjusted for prenatal and neonatal factors to reduce
confounding and bias. The estimates could have been affected by other unobserved

confounders (e.g. familial predisposition) [36]. It has been of debate whether RSV infection
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causes subsequent asthma and wheeze by modifying airway and immune development,
contributing to inception of asthma and wheezing illnesses [31, 36, 37], or RSV infection acts as
a predisposition marker for some host factors (e.g. familial predisposition), which leads to later
development of asthma and wheeze [14]. Information on family history of asthma was
unavailable in our study, and a recently published systematic review found that the odds ratio
for asthma and wheeze with severe RSV infections was lower (2.5, 95%Cl 1.2-4.9 based on 52
data points) when combining studies that adjusted for familial predisposition compared to
pooling studies that did not make the adjustment (4.2, 95%Cl 2.4-7.4 based on 77 data points)
[5]. However, given the weak association between family history of asthma / atopy and RSV-
LRTI (pooled odds ratio of 1.5, 95% Cl 1.2—1.9) estimated in a systematic review [38], familial
predisposition seems unlikely to fully explain the link between early-life severe RSV-RTIl and
subsequent asthma and wheeze.

Our results have confirmed that RSV-RTI admission in the first 2 years of life is associated with
subsequent asthma and wheeze admission after adjustment for some prenatal and neonatal
factors. The difference in the subsequent risk by age at first severe RSV-RTI suggests that RSV
intervention targeting children older than 6 months may have a higher impact on subsequent
severe asthma compared to targeting infants under 6 months. Future research is needed to
confirm this association in different populations. It also merits exploration how the risk of
subsequent asthma and wheeze associated with RSV changes after the implementation of RSV

maternal vaccination.
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Table 1. Rates and hazard ratios (HR) of first asthma and wheeze admission in children with RSV-RTI under 2 years

and in the control group (23,365 children).

Time (years since Rates per 1,000 Rates per 1,000 Unadjusted HR Adjusted HR Adjusted HR Multiplicity-

exposure) child-years child-years (95%Cl) (95%CI)1 (multiplicity- adjusted p-
(95%Cl) for the (95%Cl) for the adjusted CI)2 value
control group RSV group

<2 years 7.0 (5.7-8.4) 22.2 (20.6-24.0) 3.2(2.6-3.9) 3.6 (2.9-4.5) 3.6 (2.8-4.8) <0.001

2-<4 years 5.6 (4.-7.1) 10.2 (9.0-11.5) 1.8 (1.4-2.4) 1.8 (1.3-2.4) 1.8 (1.2-2.6) <0.001

4-<6 years 4.6 (3.4-6.2) 6.8 (5.6-8.0) 1.5(1.0-2.1) 1.4 (0.9-2.0) 1.4 (0.8-2.2) 0.40

6 years or more 2.4(1.7-3.2) 3.1(2.5-3.7) 1.3(0.9-1.8) 1.4 (0.9-2.0) 1.4(0.8-2.2) 0.48

Table 2. Rates and hazard ratios (HR) of first asthma and wheeze admission in children with RSV-RTI admission at

0-5 months (11,295 children) and 6-23 months of age (12,070 children).

Time (years since

Rates per 1,000

Rates per 1,000 child-

Unadjusted HR

Adjusted HR

P-value from

exposure) child-years (95%Cl) years (95%Cl) for the (95%Cl) (95%CI)3 multivariate
for the control group RSV group analysis

Exposure at 0-5 months of age

<2 years 5.9(3.7-8.9) 16.7 (14.8-18.7) 2.9(1.9-4.4) 3.1(2.0-4.7) <0.001

2-<4 years 8.1(5.2-11.9) 9.8 (8.2-11.5) 1.2 (0.8-1.9) 1.2 (0.8-1.9) 0.37

4-<6 years 6.9 (4.0-11.0) 6.5(5.1-8.1) 1.0 (0.6-1.6) 1.0(0.6-1.8) 0.92

6 years or more 3.0 (1.7-4.9) 2.8(2.1-3.6) 0.9 (0.5-1.6) 1.0 (0.6-1.8) 0.98

Exposure at 6-23 months of age

<2 years 7.3(5.8-9.1) 30.7 (27.6-34.0) 4.2 (3.3-5.3) 3.9 (3.1-4.9) <0.001

2-<4 years 4.8 (3.5-6.5) 10.8 (8.8-13.1) 2.3(1.6-3.2) 2.3(1.6-3.2) <0.001

4-<6 years 3.8 (2.5-5.5) 7.2(5.4-9.4) 1.9 (1.2-3.0) 1.9(1.2-2.9) 0.01

6 years or more 2.1(1.4-3.0) 3.5(2.6-4.6) 1.6 (1.0-2.6) 1.5(1.0-2.5) 0.065

1 Adjusting for gender, age group at exposure, Scottish index of multiple deprivation, smoking during pregnancy, gestational
age, delivery mode, multiple births at this pregnancy, the presence of congenital diseases, and length of hospital stay at the

index admission.

2 Adjusting for gender, Scottish index of multiple deprivation, smoking during pregnancy, gestational age, delivery mode,
multiple births at this pregnancy, the presence of congenital diseases, and length of hospital stay at the index admission.

3 Adjusting for gender, Scottish index of multiple deprivation, smoking during pregnancy, gestational age, delivery mode,
multiple births at this pregnancy, the presence of congenital diseases, and length of hospital stay at the index admission.
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