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Abstract

Background Large-scale prevention of respiratory syncytial virus (RSV) infection may have ecological consequences
for co-circulating pathogens, including influenza. We assessed if and for how long RSV infection alters the risk for sub-
sequent influenza infection.

Methods We analysed a prospective longitudinal cohort study conducted in South Africa between 2016 and 2018.
For participating households, nasopharyngeal samples were taken twice weekly, irrespective of symptoms,

across three respiratory virus seasons, and real-time polymerase chain reaction (PCR) was used to identify infection
with RSV and/or influenza. We fitted an individual-level hidden Markov transmission model in order to estimate RSV
and influenza infection rates and their interdependence.

Results Of atotal of 122,113 samples collected, 1265 (1.0%) were positive for influenza and 1002 (0.8%) positive

for RSV, with 15 (0.01%) samples from 12 individuals positive for both influenza and RSV. We observed a 2.25-fold
higher incidence of co-infection than expected if assuming infections were unrelated. We estimated that infection
with influenza is 2.13 (95% Cl 0.97-4.69) times more likely when already infected with, and for a week following, RSV
infection, adjusted for age. This equates to 1.4% of influenza infections that may be attributable to RSV in this popula-
tion. Due to the local seasonality (RSV season precedes the influenza season), we were unable to estimate changes

in RSV infection risk following influenza infection.

Conclusions We find no evidence to suggest that RSV was associated with a subsequent reduced risk of influenza
infection. Instead, we observed an increased risk for influenza infection for a short period after infection. However,
the impact on population-level transmission dynamics of this individual-level synergistic effect was not measurable
in this setting.
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Background

Globally, in 2019, there were an estimated 17.2 billion
upper respiratory tract infections [1], which is a common
presentation of the over 200 known respiratory virus
strains that cause illness in humans [1]. These viruses
may interact, resulting in cross-protective or enhancing
effects for transmission and/or disease severity [2-5],
and can result in unintended knock-on effects from pub-
lic health interventions. However, other factors, includ-
ing a change in behaviour relevant to transmission, may
also underlie apparent pathogen interaction. An example
of ecological knock-on effects that were not caused by
pathogen interaction but by a change in social behaviour
has been observed as a result of social distancing to miti-
gate the coronavirus disease 2019 (COVID-19) pandemic
[6]. Vaccination may increase the burden of an untar-
geted virus if an infection with the targeted pathogen is
cross-protective or reduce the prevalence of enhanc-
ing pathogens. Understanding these potential ecological
knock-on effects is particularly important for pathogens
where vaccines are in late-stage clinical development,
such as for respiratory syncytial virus (RSV) where suc-
cessful phase III trials have recently been reported for
multiple vaccines [7, 8].

Whilst RSV may be a critical factor underlying a sub-
stantial part of severe pneumococcal infections [9], some
evidence has suggested a competition for a similar eco-
logical niche with influenza viruses [5]. However, much
of the available evidence is based on in vitro experiments
or population-level ecological studies that identify the
correlation of respective case series; e.g. following the
2009 influenza pandemic, many studies showed a delayed
or absent RSV epidemic [10-15]; however, this was not
uniformly the case [16]. Surveillance in non-pandemic
years has shown that the epidemic incidence peaks of
influenza and RSV rarely coincide in geographies where
influenza and RSV circulate at the same time of year
[17, 18]. Immunological evidence from studies such as
cell culture and mouse models suggest potential inhibi-
tion of heterologous growth [19-22], but the extent that
such interactions impact transmission among humans
is unclear. There are also isolated modelling studies
based on surveillance data that identify interaction, both
enhancing and competitive, between different respiratory
viruses [23]. At the current time, a large proportion of
the relevant literature suggests a competitive rather than
enhancing interaction between RSV and influenza.

A key issue faced by many such epidemiological studies
is that they rely on syndromic surveillance of medically
attended illness for their inference, even though asymp-
tomatic infections and non-medically attended illness
are likely important drivers of transmission and interac-
tion. We analyse a unique longitudinal household study
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with frequent asymptomatic sampling to help better
understand the interdependence of RSV and influenza
infection.

Methods

Study population and data collection

Influenza and RSV infections were identified as part of
the Prospective Household cohort study of influenza, res-
piratory syncytial virus and other respiratory pathogens
community burden and Transmission dynamics in South
Africa (PHIRST) described in detail elsewhere [24]. The
study was conducted between 2016 and 2018 in both a
rural and an urban community in South Africa. House-
holds of more than two individuals were enrolled if 80%
or more individuals from the household provided con-
sent. The study was conducted over three respiratory
virus seasons, with different households enrolled each
year for a follow-up period of 10 months, except in the
2016 season, where only 6 months of follow-up occurred,
starting in the middle of the RSV season (Fig. 1). Naso-
pharyngeal swabs were collected twice per week, irre-
spective of symptoms, and samples were subsequently
analysed by real-time polymerase chain reaction (PCR)
for the presence of RSV and influenza viruses (see Addi-
tional file 1: Sect. 1).

We defined an ‘episode’ as one or more positive sam-
ples that do not have more than 14 days of negative sam-
ples between them [25, 26]. We define ‘dual infection’ as
being infected with both viruses at the same time (i.e.
the same sample is positive for both RSV and influenza).
We defined ‘overlapping episodes’ as when an RSV epi-
sode coincided at some point in time with an influenza
episode.

Crude analyses

For the crude analysis, we included only the first posi-
tive sample for each episode, so as not to double-count
infections. For each individual with an RSV infection (i.e.
episode) in the dataset, we identified all controls who
were tested but uninfected on the same day and were in
the same age group (defined as ages<5, 5 to 18, 19-65,
and > 65 years). We then calculated the number of indi-
viduals among cases (exposed) and controls (unexposed)
that had a positive sample for influenza infection (out-
come variable) on the day of the first positive RSV sam-
ple or up to 21 days before or after. This range was used
as we consider it a biologically plausible range for inter-
action. We repeated this process in reverse, identifying
RSV-positive samples on the same and nearby days as an
influenza episode started. Risk ratios and the respective
confidence intervals were then calculated across weekly
aggregated counts (see Additional file 1: Sect. 2).
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Fig. 1 A All positive test results over time for influenza (Flu) and respiratory syncytial virus (RSV). B Number of infection episodes in each age
group, across the three seasons. C Number of individuals against the number of infections for each virus, where positive tests within 14 days are
assumed to be due to the same infection. D Seasonality of influenza and RSV infections, depicting the percentage of annual positive tests by month
of the year. The semi-transparent lines depict the individual seasons. The solid lines depict the mean across seasons. Dark-shaded areas depict
months where no samples were taken, and the light-shaded area shows samples not taken in the 2016 season

Secondly, we compared the observed frequency of sam-
ples indicating RSV and influenza co-infection versus the
expected frequency of co-infection if assuming that the
risk of RSV and influenza infection were uncorrelated.
The expected proportion of co-infections on a given day
is calculated by multiplying the prevalence of RSV and
influenza infections on that day. The expected propor-
tion of co-infections overall is then the sum of expected
co-infection frequency on the sampling days (proportion
times the number of samples) divided by the total num-
ber of samples taken during the study. We compared the
expected proportion of co-infected samples against the
observed proportion of co-infected samples using a two-
proportion z-test. All analysis was conducted in R.

Model

We used a multi-state Markov modelling framework to
model the transition between RSV, influenza, and co-
infection states [27]. Each individual is classed as either
susceptible (S), infectious (I), period of interaction fol-
lowing infectiousness (P), or recovered (R) (Fig. 2). We
fit parameters for the time-dependent force of infection
(FOI) of both viruses and the strength of interaction

for each virus. The time dependence of the FOI aims
to account for the timing of the relative RSV and influ-
enza seasons, assuming this may be related to some
unmeasured factors. Interaction can occur during, and
for 1 week after infection, as this was the scale of time
indicated in previous studies [28]. We also ran sensitiv-
ity analyses with 2, 3, and 4 weeks, respectively. The
interaction can be competitive (<1 indicating that infec-
tion with one partially mitigates acquisition of the other)
or synergistic (>1 indicating that infection with one
enhances the probability of acquisition with the other
pathogen), and we test the null hypothesis of there being
no interaction. The infectious period for influenza was
assumed to be 3.8 days and for RSV 9 days [29, 30]. The
FOI is time-dependent, independently estimated every
30-day time window, and the age group is included as a
covariate (<5 years, 5-18 years, 19—65 years, 65 years or
older). Further details are given in the Additional file 1:
Sects. 3-5.

We assumed that all individuals were susceptible
to both RSV and influenza infection at recruitment
(SrsvSing class in the model) and that each individual
could only be infected by each virus once during a season.
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Fig. 2 A Analysis 1. Risk ratio of the risk of being infected by the second virus (outcome), when exposed to the primary virus. Points indicated
the estimate and error bars the 95% confidence interval. The dashed line indicates a risk ratio of 0, equating to no effect. B Analysis 2. Expected

versus observed dual infections per week

If a further infection occurred, data on the individual
was removed from the time point of the re-infection. We
assumed that positive tests of the same virus occurring
within a 14-day time window were related to the same
infection [31].

The observation of a current RSV or influenza infection
in the study did not allow us to distinguish the period
of post-infection interaction from the subsequent state
of immunity without interaction, so in the model, these
were included as ‘censored’ states. This means the model
estimates which of these states each individual is in at a
given time.

In addition, we assumed that all RSV and influenza-
positive tests were true positives, whilst we estimated the
proportion of false-negative tests in the model frame-
work. We did this by allowing misclassification of states
for negative samples.

The model was implemented and fit using the R msm
package [27], with the quasi-Newton method ‘BFGS,
which builds up a picture of the surface to be optimised
using function values and gradients. We ran the model
twice, with different initial values each time.

Sensitivity analysis
We tested the sensitivity of our results to alternative
assumptions of the duration of interaction, rerunning
the model where interaction can occur during infection
and for the following 2 weeks, the following 3 weeks,
and the following 4 weeks. We also attempted to run
the model with shorter time intervals for the FOI, as
well as excluding the first season (2016) where most of
the co-infections occurred; however, neither of these
models reached convergence. In addition, we tested the
sensitivity that all individuals had equal risk of acquir-
ing infection. To do this, we assigned all individuals
that had at least one positive RSV sample as ‘high-risk’
individuals. We then estimated the increased risk of
these individuals (assuming the same increased risk for
both influenza and RSV infection), alongside the other
parameters, in order to certify whether the short-lived
interaction persisted in the presence of these high-risk
individuals.

All analysis was conducted in R. Code and summarised
data are available in https://github.com/NaomiWaterlow/
markov_model.
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Results

Out of a total number of 122,113 individual-days swab
collection that was set to occur (across 1684 individu-
als), 13% of results were missing from the analysis, either
due to unavailability of the individuals, processing errors
(such as incorrect labelling or leakage), or loss to follow-
up (5% individuals lost to follow-up, of which 67% left
the study site, 27% withdrew, and 5% died). In total, there
were 1265 positive influenza samples and 1002 positive
RSV samples, with a median of 71 samples taken per
individual (95% quantiles 25—81) over the study period.
These clustered into 574 and 488 episodes of infection
with influenza or RSV, of which 14% (83/574) and 8%
(40/488), respectively, were episodes of reinfection of
an individual with the same pathogen within a season
(Fig. 1A, C). There were 15 dual infection samples across
12 episodes of infection, in 12 individuals: two in chil-
dren<5 years old, nine in children 5-18 years old, and
one in an adult 19-65 years old. There were 18 samples
that were classified as overlapping, corresponding to
the same 12 infections and individuals as the dual infec-
tions, with no further overlapping episodes that were not
detected as a dual infection.

The RSV epidemics occurred from February to June,
with peak incidence around March, whilst the influenza
epidemic occurred later in the year between May and
October, typically peaking in September (Fig. 1D). The
mean duration of episodes (from first to last positive
samples) was 6.8 days for RSV (95% CI 6.1-7.4 days) and
6.5 days for influenza (95% CI 6.0-7.0 days). The infec-
tion attack rate for each season was 34% (216/512), 41%
(216/577), and 42% (216/565) for influenza and 24%
(131/542), 32% (184/577), and 38% (216/565) for RSV,
although data collection over the first season was for
a shorter period, missing much of the RSV season. The
median age of infected individuals for influenza and RSV
in the first season was 10 and 7 years, respectively (ranges
0-79 and 0-70), compared to 15 and 19 years in the sec-
ond season (ranges 0—91 and 0-91) and 8 and 11 years in
the third season (ranges 0-70 and 0-91) (Fig. 1B).

In the crude analysis, a small increase in the risk ratio
for influenza infection was observed the week following
a positive RSV sample (1.99, 95% CI 0.96-4.11) (Fig. 2A),
although confidence intervals crossed one. Whilst there
was also an increased risk ratio for RSV infection in the
week following influenza infection, this was of a smaller
magnitude and had lower confidence (1.37 95% CI
0.64-2.95).

Assuming independence of RSV and influenza infec-
tion, we would expect 6.67 co-infected samples to
occur during the study period, compared to 15 that
were observed; a 2.25 times higher rate of co-infections
albeit not statistically significant (95% CI 0.73-3.77,
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p-value 0.12). All but one of the actual co-infections
occurred in the first season (Fig. 2B).

As the RSV season preceded the influenza season,
only 15/1684 (0.9%) study participants were infected
with influenza and a subsequent RSV infection in the
same season. Thus, in the Markov model, the estimated
strength of interaction exerted by infection of influ-
enza on RSV infection probability had wide confidence
intervals, which crossed 1 (the null hypothesis indicat-
ing no effect): RSV infection was 0.93 (95% CI: 0.2—4.3)
times as likely in the presence of influenza infection
compared to without influenza infection.

Conversely, 158/1684 (9.4%) individuals were infected
with RSV and, subsequently, influenza. We estimated
a synergistic interaction effect of RSV infection on the
risk for influenza infection: infection with influenza was
2.13 (95% CI: 0.97-4.69) times more likely for 1 week
following the first positive sample of an RSV infection
episode. This translates to a very small population-level
effect: of the 574 observed influenza episodes, only
12 were overlapping infections. If we add to these the
infections that occurred within 7 days of testing nega-
tive after an infection episode with the other virus, we
get a total of 18 extended overlap episodes. Eight of
these 18 overlapping episodes would have been avoided
without the synergistic effect, resulting in a reduction
in total influenza cases in this cohort of 1.4%.

The model further estimated that the sensitivity
of testing for influenza and RSV was very high, with
a false-negative rate of 0.75% (95% CI: 0.72-0.77).
For RSV, those <5 years had the highest risk of being
infected, followed by individuals aged 5-18 years (haz-
ard ratio 0.51 (95% CI: 0.41-0.63)), 19-65 years (hazard
ratio 0.29 (95% CI: 0.23-0.37)), and 65 years and older
(hazard ratio 0.13 (95% CI: 0.06-0.30)) (Fig. 3B). A sim-
ilar but smaller reduction in infection risk with increas-
ing age was observed for influenza (Fig. 3B).

Our results on the strength of the synergistic effect
of RSV infection on the risk for influenza infection
were robust to alternative assumptions on the duration
of said effect. We estimated that influenza infection is
1.76 (95% CI 0.88—3.54) times, 1.72 (95% CI 0.92-3.19)
times, and 1.78 (1.02-3.09) times more likely follow-
ing an RSV infection if we assumed that the interaction
lasted for 2, 3, or 4 weeks, respectively (See Additional
file 1: Sect. 7). We also estimated that when taking
account of high-risk individuals, we still saw a short-
term synergistic interaction of RSV infection on the
risk of influenza infection: 1.98 (95% CI: 0.86—4.57) (see
Additional file 1: Sect. 8).

Our sensitivity analyses with a shorter time interval for
the changing FOI and for the default model but excluding
the first season of data did not converge.
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Discussion

We found over twice as many co-infections than
expected, if assuming no interaction, and similarly esti-
mate in the model that influenza infection risk is 2.13
(95% CI: 0.97-4.69) higher during or shortly after RSV
infection. This, however, translates to a very small pop-
ulation-level impact. In addition, the 95% Cls for the
interaction estimate cross 1, so do not meet the tradi-
tional threshold of statistical significance. They do how-
ever strongly indicate that any interaction is likely to
result in an increased infection risk, rather than a com-
petitive interaction as often described in the literature.
This result is compounded by very similar output val-
ues using the different approaches/methods throughout
the paper. Whilst we did not find evidence to suggest
elevated RSV infection risk following influenza infec-
tion, this may have been due to the small sample size
of RSV infections subsequent to influenza. Since the
observed synergy in infection risk was estimated to
be short-lived, ecological consequences on influenza

infection risk following widespread RSV prevention are
unlikely; however, they may be amplified by increases
in severity as a result of co-infection [2], which we did
not address in this paper.

The major strength of this analysis is that the data
consist of regular symptom-agnostic swabbing of
study participants, allowing the inclusion of mild and
asymptomatic infections (which can be a large propor-
tion), rather than just symptomatic and severe cases.
This high-quality data results in major benefits. Firstly,
changes in infection risk may be obscured by the
impacts of dual infection on clinical severity when using
syndromic surveillance data, resulting in higher report-
ing. This has been avoided in our study. The current
literature gives mixed results on the increased sever-
ity of dual infections, with some studies estimating an
increased severity of dual infections [28, 32] and others
not finding evidence of a significant effect [33, 34]. The
impact of RSV and influenza co-infection on the sever-
ity of infection was outside the scope of this study.
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The second benefit of symptom-agnostic swabbing is
that no bias is introduced as a result of the inherent dif-
ference between those with symptoms and those with-
out. For instance, it could be that those with more severe
symptoms may have weaker immune systems than those
with milder symptoms and therefore may also be more
susceptible to infection with both viruses. Including all
infections in the analysis removes this potential bias.

Thirdly, by fitting models to infections rather than clin-
ical cases, we reduce the number of parameters required
to be fitted, as we do not need to include reporting rate
parameters. Fitting complex interaction models is diffi-
cult, and it is not possible to differentiate extreme inter-
action parameter values from less extreme ones [35].

A further strength of the data used in this model is its
longitudinal nature. We used data across almost 3 sea-
sons, where the same individuals were sampled within
(but not across) each season, giving us detailed infec-
tion data. There may, however, be bias introduced due
to missing data, with 13% of swabs missing. Whilst the
majority of these are likely due to unbiased reasons (such
as travel and holidays), other potential reasons, such
as severe infections resulting in hospitalisations, may
have resulted in bias. However, due to the regularity of
the swabbing, any bias introduced due to these reasons
would have been minimal, as infection would likely have
been identified on a neighbouring swab date (as the
median recorded episode duration was 6 and 5.5 days for
RSV and influenza, respectively) and very few hospitali-
sations were found in the cohorts overall. In addition, the
hidden Markov model inference takes into account miss-
ing data.

Our model results differ from some previous evidence
of interaction between RSV and influenza. However,
these earlier findings are not based on mechanistic mod-
els and could therefore be confounded by other trans-
mission-relevant factors, such as contact rates. This is
likely the case with studies investigating causality for the
shifts in RSV patterns following the 2009 influenza pan-
demic [10, 12-14], where, despite no governmentally
imposed social restrictions, fear of the virus could have
altered contact behaviours [36]. In our previous work on
evidence of interaction between the two viruses in Nha
Trang, Vietnam, we showed that the data was compat-
ible with either a~41% reduction in susceptibility for
10 days following infection with the other virus or no
reduction in susceptibility following infection [28]. This
is not incompatible with our current estimate of a small
increase in susceptibility on the individual level, which
would likely not have an impact on the population scale.
Our previous model used population-level symptomatic
surveillance data, and we did not account for the pos-
sibility of cross-protective interaction, as opposed to
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this study, where the individual-level data allowed us to
explore a broader parameter space.

Age-related susceptibility to infection reduction is gen-
erally considered to be the case for RSV, whether this be
due to age directly or due to subsequent infections. For
instance, Henderson et al. showed that attack rates dur-
ing an epidemic were 98% for the 1st infection, 75% for
a second infection, and 65% for a third infection [37]. As
increasing numbers of previous infections will strongly
correlate with age, this is not out of line with our esti-
mates of age-related hazard rates.

Whilst the evidence we provide shows an increased
likelihood of influenza infection following RSV, this is
of very small magnitude, most likely resulting in little
measurable impact from co-infection at the population
level. Of relevance to the implementation of public health
policies, a reduction in RSV circulation, for example, due
to vaccination, is therefore unlikely to result in substan-
tial replacement with influenza. This provides evidence
against a potential concern for the implementation of an
RSV vaccine.

Our model was limited by the need to reduce com-
plexity, and we, therefore, did not allow for the wan-
ing of immunity, and hence, we were unable to include
repeat infection of the same virus within a season or
any serological data. Repeat infections of influenza
and RSV are likely due to different subtypes. However,
as our estimate of interaction is very short-lived, not
including these repeat infections is unlikely to have
affected our estimates. We were additionally limited
by the lack of RSV cases following influenza infections,
meaning we had very large confidence in the estimates
of the effect of influenza on RSV. We also took a sim-
plistic approach of homogenous population mixing. An
alternative explanation of the elevated rate of co-infec-
tions is that behavioural aspects may have influenced
both the probability of getting RSV and influenza. This
could be, for instance, attendance at a crowded event
(e.g. religious ceremony) resulting in an increased
chance of infection with both viruses. Whilst we may
consider that individuals may have higher contacts due
to factors such as their employment type, we would
expect in this case for the interaction to be longer term,
rather than short-lived. We tested this with our ‘high-
risk’ sensitivity analysis and found that the short-lived
synergistic interaction of RSV infection on the risk of
influenza infection was not removed. Ideally, we would
be able to quantify times of exposure to the viruses, for
example, through infections in the household; how-
ever, we did not have sufficient data to analyse this in
the current study. Additional differences between indi-
viduals could account for some of the enhancing effects
that we see, for example, smoking behaviour, indoor air
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pollution, or inherent susceptibility, we were unable to
control for such potentially confounding factors. How-
ever, as with different employment types, we would
expect these factors to result in a long-term perceived
interaction, rather than a short-lived interaction. We
also did not look at climatic factors specifically, instead
assuming they were captured by our time-varying FOL
This time-varying FOI also allowed us to account for
the fact that the influenza season follows the RSV sea-
son. We also note that all but one overlapping episode
for RSV and influenza were collected during the first
season. This is likely due to differing subtypes or age
factors, which we were not able to include in our crude
analysis of expected dual infections. We attempted to
run a sensitivity analysis excluding the first season of
data where the majority of co-infections were detected;
however, this model did not converge, likely due to
small numbers. A further area of exploration would be
the impact of rural versus urban environments, yet we
also had insufficient data to explore this in the study.
We also cannot rule out any residual confounding, so
beneficial future work would be to confirm the findings
of this study in a different setting.

Conclusions

Overall, the use of a mathematical model combined with
a highly detailed longitudinal population-based infec-
tion study allowed us to estimate the interaction of RSV
and influenza in South Africa. Our findings suggest that
concerns for increased influenza circulation as a result
of the introduction of RSV prevention strategies may not
materialise.

Abbreviations

COVID-19  Coronavirus disease 2019

FOI Force of infection

I Infectious

P Period of interactions

PCR Polymerase chain reaction

PHIRST Prospective Household cohort study of influenza, respiratory syn-
cytial virus and other respiratory pathogens community burden
and Transmission dynamics in South Africa

R Recovered

RSV Respiratory syncytial virus

S Susceptible

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512916-023-03100-5.

Additional file 1: Table S1. estimated parameter values. Table S2.
Sensitivity analysis results. Figs. S1, S2. Model fit. Figs. $3, S5. Sensitivity
analysis results.

Acknowledgements
Not applicable.

Page 8 of 9

Authors’ Twitter handles
@N_R_Walker (Naomi R. Waterlow); @rozeggo (Rosalind M. Eggo); @StfnFlsch
(Stefan Flasche).

Authors’ contributions

RME, SF, and CC contributed to the conception of the project. JK, NW, ST, OH,
LL, NM, RGW, JM, AVG, and CC contributed to the cohort study design and
data collection. NRW, RME, and SF contributed to the design of the modelling
work. NRW, CC, and SF contributed to the analysis of the work. NRW, JK, NW,
RME, JM, AVG, CC, and SF contributed to the interpretation of the data. NRW
was responsible for the creation of new software. NRW and SF drafted the
manuscript. All authors reviewed and edited the manuscript.

Funding

The study was funded through a cooperative agreement with the United States
Centers for Disease Control and Prevention (CDC) (grant number 1U01IP001048).
Testing for RSV was supported by the Bill and Melinda Gates Foundation (Grant
number: OPP1164778). The data analyses were supported by Germany's Innova-
tion Fund of the Joint Federal Committee (grant no. 01VSF18015). SF was funded
by a Sir Henry Dale Fellowship awarded by the Wellcome Trust and the Royal
Society [208812/2/17/Z].

Availability of data and materials

All code and summarised data are available at https://github.com/Naomi
Waterlow/markov_model.

Reference: Naomi R. Waterlow, Jackie Kleynhans, Nicole Wolter, Stefano Tem-
pia, Rosalind M. Eggo, Orienka Hellferscee, Limakatso Lebina, Neil Martinson,
Ryan G. Wagner, Jocelyn Moyes, Anne von Gottberg, Cheryl Cohen, and Stefan
Flasche. Data for Transient increased risk of influenza infection following RSV
infection in South Africa; findings from the PHIRST study: https://zenodo.org/
badge/latestdoi/484001166.

Declarations

Ethics approval and consent to participate.
Ethical approval for this study was obtained by both the LSHTM ethics board
(17995/RR/17820) and the University of Witwatersrand ethics board (150808).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Centre for Mathematical Modelling of Infectious Disease, School of Hygiene
and Tropical Medicine, London, UK. “Centre for Respiratory Diseases

and Meningitis, National Institute for Communicable Diseases, Johannesburg,
South Africa. >School of Public Health, Faculty of Health Sciences, University
of the Witwatersrand, Johannesburg, South Africa. *School of Pathology,
Faculty of Medicine, University of the Witwatersand, Johannesburg, South
Africa. >Perinatal HIV Research Unit, University of the Witwatersrand, Johan-
nesburg, South Africa. ®Africa Health Research Institute, Durban, South Africa.
7 John Hopkins University Center for TB Research, Baltimore, MD, USA. 8School
of Public Health, Faculty of Health Sciences, South African Medical Research
Council/Rural Public Health and Health Transitions Research Unit (Agincourt),
University of the Witwatersrand, Johannesburg, South Africa.

Received: 6 June 2023 Accepted: 2 October 2023
Published: 15 November 2023

References

1. JinX,RenJ, LiR, GaoY, Zhang H, Li J, et al. Global burden of upper
respiratory infections in 204 countries and territories, from 1990 to 2019.
eClinicalMedicine 2021

2. Waterlow NR, Toizumi M, van Leeuwen E, Nguyen HAT, Myint-Yoshida L,
Eggo RM, et al. Evidence for influenza and RSV interaction from 10 years


https://doi.org/10.1186/s12916-023-03100-5
https://doi.org/10.1186/s12916-023-03100-5
https://github.com/NaomiWaterlow/markov_model
https://github.com/NaomiWaterlow/markov_model
https://zenodo.org/badge/latestdoi/484001166
https://zenodo.org/badge/latestdoi/484001166

Waterlow et al. BMC Medicine (2023) 21:441

20.

21

22.

of enhanced surveillance in Nha Trang, Vietnam, a modelling study. PLOS
Comput Biol. 2022;18(6):e1010234.

Velasco-Herndndez JX, Nufez-Lépez M, Comas-Garcia A, Cherpitel DEN,
Ocampo MC. Superinfection between influenza and RSV alternating pat-
terns in San Luis Potosf State, México. PLoS ONE . 2015;10(3).

Bosch AATM, Biesbroek G, Trzcinski K, Sanders EAM, Bogaert D. Viral and
bacterial interactions in the upper respiratory tract. PLOS Pathogens.
2013.

Opatowski L, Baguelin M, Eggo RM. Review: Influenza interaction with
cocirculating pathogens, and its impact on surveillance, pathogenesis
and epidemic profile: a key role for mathematical modeling. Hobman TC,
editor. PLOS Pathog. 2017;14(2):e1006770-e1006770.

Kim MC, Kweon OJ, Lim YK, Choi SH, Chung JW, Lee MK. Impact of social
distancing on the spread of common respiratory viruses during the
coronavirus disease outbreak. PLOS ONE. 2021;14(16):6-e0252963.

GSK's older adult respiratory syncytial virus (RSV) vaccine candidate
shows 94.1% reduction in severe RSV disease and overall vaccine efficacy
of 82.6% in pivotal trial | GSK Available from: https://www.gsk.com/en-
gb/media/press-releases/gsk-s-older-adult-respiratory-syncytial-virus-rsv-
vaccine-candidate/.

Pfizer announces positive top-line data of phase 3 global maternal
immunization trial for its bivalent respiratory syncytial virus (RSV)
vaccine candidate | Pfizer. Available from: https://www.pfizer.com/
news/press-release/press-release-detail/pfizer-announces-posit
ive-top-line-data-phase-3-global.

Weinberger DM, Klugman KP, Steiner CA, Simonsen L, Viboud C. Associa-
tion between respiratory syncytial virus activity and pneumococcal
disease in infants: a time series analysis of US hospitalization data. PLOS
Med. 2015;12(1):1001776):21001776.

Meningher T, Hindiyeh M, Regev L, Sherbany H, Mendelson E, Mandel-
boim M. Relationships between A(H1N1)pdm09 influenza infection and
infections with other respiratory viruses. Influenza Other Respir Viruses.
20148;4:422-30.

. Hirsh S, Hindiyeh M, Kolet L, Regev L, Sherbany H, Yaary K, et al. Epide-

miological changes of respiratory syncytial virus (RSV) infections in Israel.
PLoS ONE. 2014;9(3):€90515.

Casalegno JS, Ottmann M, Bouscambert-Duchamp M, Valette M, Morfin
F, Lina B. Impact of the 2009 influenza a(H1N1) pandemic wave on the
pattern of hibernal respiratory virus epidemics, France, 2009. Eurosurveil-
lance. 2010;15(6):2-2.

Gréndahl B, Ankermann T, Von Bismarck P, Rockahr S, Kowalzik F, Gehring
S, et al. The 2009 pandemic influenza A(HTN1) coincides with changes in
the epidemiology of other viral pathogens causing acute respiratory tract
infections in children. Infection. 2014;42(2):303-8.

Mak GC, Wong AH, Ho WYY, Lim W. The impact of pandemic influenza A
(HTNT) 2009 on the circulation of respiratory viruses 2009-2011. Influ-
enza Other Respir Viruses. 2012;6(3):e6-10.

LiY, Wang X, Msosa T, de Wit F, Murdock J, Nair H. The impact of the

2009 influenza pandemic on the seasonality of human respiratory
syncytial virus: a systematic analysis. Influenza Other Respir Viruses.
2021;15(6):804-12.

Navarro-Mari JM, Pérez-Ruiz M, Galdn Montemayor JC, Marcos Maeso MA,
Reina J, de Ofna Navarro M, et al. Circulation of other respiratory viruses
and viral co-infection during the 2009 pandemic influenza. Enferme-
dades Infecc Microbiol Clinica. 2012 0:25-31.

. Glezen WP, Paredes A, Taber LH. Influenza in children. JAMA.

1980;243(13):1345-1345.

Anestad G, Nordbo SA. Interference between outbreaks of respiratory
viruses. Euro Surveill. 2009;14(41):19359.

Shinjoh M, Omoe K, Saito N, Matsuo N, Nerome K. In vitro growth profiles
of respiratory syncytial virus in the presence of influenza virus. Acta Virol.
2000;44(2):91-7.

LeeYJ, Lee JY, Jang YH, Seo SU, Chang J, Seong BL. Non-specific effect of
vaccines: immediate protection against respiratory syncytial virus infec-
tion by a live attenuated influenza vaccine. Front Microbiol. 2018;9:83-83.
Walzl G, Tafuro S, Moss P, Openshaw PJ, Hussell T. Influenza virus lung
infection protects from respiratory syncytial virus-induced immunopa-
thology. J Exp Med. 2000;192(9):1317-26.

Hamilton J. Club cells surviving influenza A virus infection induce tempo-
rary nonspecific antiviral immunity. Proc Natl Acad Sci 113 (14) 3861-3866

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 9 of 9

Nickbakhsh S, Mair C, Matthews L, Reeve R, Johnson PCD, Thor-

burn F, et al. Virus-virus interactions impact the population

dynamics of influenza and the common cold. Proc Natl Acad Sci.
2019201911083-201911083.

Cohen C, Kleynhans J, Moyes J, McMorrow ML, Treurnicht FK, Hellferscee
O, et al. Asymptomatic transmission and high community burden of
seasonal influenza in an urban and a rural community in South Africa,
2017-18 (PHIRST): a population cohort study. Lancet Glob Health.
20211,9(6):e863-74.

Moghadami M. A narrative review of influenza: a seasonal and pandemic
disease. Iran J Med Sci. 2017;42(1):2-13.

Eiland LS. Respiratory syncytial virus: diagnosis, treatment and preven-
tion. J Pediatr Pharmacol Ther JPPT. 2009;14(2):75-85.

Jackson C. Multi-state models for panel data: the msm package for R. J
Stat Softw. 2011;4(38):1-28.

Waterlow NR, Toizumi M, van Leeuwen E, Thi Nguyen H-A, Myint-Yoshida
L, Eggo RM, et al. Evidence for influenza and RSV interaction from 10
years of enhanced surveillance in Nha Trang, Vietnam, a modelling study.
PLoS ComputBiol. 2022;18(6):e1010234.

Cauchemez S, Carrat F, Viboud C, Valleron AJ, Boélle PY. A Bayesian MCMC
approach to study transmission of influenza: application to household
longitudinal data. Stat Med. 2004;23(22):3469-87.

Weber A, Weber M, Milligan P. Modeling epidemics caused by respiratory
syncytial virus (RSV). Math Biosci. 2001;172(2):95-113.

Okiro EA, White LJ, Ngama M, Cane PA, Medley GF, Nokes DJ. Duration of
shedding of respiratory syncytial virus in a community study of Kenyan
children. BMC Infect Dis. 2010;10(1):15-15.

George JA, AlShamsi SH, Alhammadi MH, Alsuwaidi AR. Exacerbation of
influenza A virus disease severity by respiratory syncytial virus co-infec-
tion in a mouse model. Viruses. 2021:13(8):1630.

De Paulis M, Gilio AE, Ferraro AA, Ferronato AE, do Sacramento PR,
Botosso VF, et al. Severity of viral coinfection in hospitalized infants with
respiratory syncytial virus infection. J Pediatr (Rio J). 2011;87(4):307-13.
Asner SA, Science ME, Tran D, Smieja M, Merglen A, Mertz D, et al. Clinical
disease severity of respiratory viral co-infection versus single viral infec-
tion: a systematic review and meta-analysis. PLoS ONE. 2014;9(6):€99392.
Waterlow NR, Flasche S, Minter A, Eggo RM. Competition between RSV
and influenza: limits of modelling inference from surveillance data.
Epidemics. 2021;26:100460.

Rubin GJ, Amlét R, Page L, Wessely S. Public perceptions, anxiety, and
behaviour change in relation to the swine flu outbreak: cross sectional
telephone survey. BMJ. 2009;2(339):b2651.

Henderson FW, Collier AM, Clyde WA, Denny FW. Respiratory-
syncytial-virus infections, reinfections and immunity. N Engl J Med.
1979;300(10):530-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://www.gsk.com/en-gb/media/press-releases/gsk-s-older-adult-respiratory-syncytial-virus-rsv-vaccine-candidate/
https://www.gsk.com/en-gb/media/press-releases/gsk-s-older-adult-respiratory-syncytial-virus-rsv-vaccine-candidate/
https://www.gsk.com/en-gb/media/press-releases/gsk-s-older-adult-respiratory-syncytial-virus-rsv-vaccine-candidate/
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-positive-top-line-data-phase-3-global
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-positive-top-line-data-phase-3-global
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-positive-top-line-data-phase-3-global

	Transient increased risk of influenza infection following RSV infection in South Africa: findings from the PHIRST study, South Africa, 2016–2018
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study population and data collection
	Crude analyses
	Model
	Sensitivity analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


