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Global patterns in monthly activity of influenza virus,
respiratory syncytial virus, parainfluenza virus, and
metapneumovirus: a systematic analysis

You Li, Rachel M Reeves, Xin Wang, Quique Bassat, W Abdullah Brooks, Cheryl Cohen, David P Moore, Marta Nunes, Barbara Rath,
Harry Campbell, Harish Nair, on behalf of the RSV Global Epidemiology Network and RESCEU investigators*

Summary

Background Influenza virus, respiratory syncytial virus, parainfluenza virus, and metapneumovirus are the most
common viruses associated with acute lower respiratory infections in young children (<5 years) and older people
(=65 years). A global report of the monthly activity of these viruses is needed to inform public health strategies and
programmes for their control.

Methods In this systematic analysis, we compiled data from a systematic literature review of studies published between
Jan 1, 2000, and Dec 31, 2017; online datasets; and unpublished research data. Studies were eligible for inclusion if they
reported laboratory-confirmed incidence data of human infection of influenza virus, respiratory syncytial virus,
parainfluenza virus, or metapneumovirus, or a combination of these, for at least 12 consecutive months (or 52 weeks
equivalent); stable testing practice throughout all years reported; virus results among residents in well-defined
geographical locations; and aggregated virus results at least on a monthly basis. Data were extracted through a three-
stage process, from which we calculated monthly annual average percentage (AAP) as the relative strength of virus
activity. We defined duration of epidemics as the minimum number of months to account for 75% of annual positive
samples, with each component month defined as an epidemic month. Furthermore, we modelled monthly AAP of
influenza virus and respiratory syncytial virus using site-specific temperature and relative humidity for the prediction of
local average epidemic months. We also predicted global epidemic months of influenza virus and respiratory syncytial
virus on a 5° by 5° grid. The systematic review in this study is registered with PROSPERO, number CRD42018091628.

Findings We initally identified 37335 eligible studies. Of 21065 studies remaining after exclusion of duplicates,
1081 full-text articles were assessed for eligibility, of which 185 were identified as eligible. We included 246 sites for
influenza virus, 183 sites for respiratory syncytial virus, 83 sites for parainfluenza virus, and 65 sites for
metapneumovirus. Influenza virus had clear seasonal epidemics in winter months in most temperate sites but
timing of epidemics was more variable and less seasonal with decreasing distance from the equator. Unlike influenza
virus, respiratory syncytial virus had clear seasonal epidemics in both temperate and tropical regions, starting in late
summer months in the tropics of each hemisphere, reaching most temperate sites in winter months. In most
temperate sites, influenza virus epidemics occurred later than respiratory syncytial virus (by 0-3 months [95% CI
—0-3 to 0-9]) while no clear temporal order was observed in the tropics. Parainfluenza virus epidemics were found
mostly in spring and early summer months in each hemisphere. Metapneumovirus epidemics occurred in late
winter and spring in most temperate sites but the timing of epidemics was more diverse in the tropics. Influenza
virus epidemics had shorter duration (3-8 months [3-6 to 4-0]) in temperate sites and longer duration (5-2 months
[4-9 to 5-5]) in the tropics. Duration of epidemics was similar across all sites for respiratory syncytial virus
(4-6 months [4-3 to 4-8]), as it was for metapneumovirus (4-8 months [4-4 to 5-1]). By comparison, parainfluenza
virus had longer duration of epidemics (6-3 months [6-0 to 6-7]). Our model had good predictability in the average
epidemic months of influenza virus in temperate regions and respiratory syncytial virus in both temperate and
tropical regions. Through leave-one-out cross validation, the overall prediction error in the onset of epidemics was
within 1 month (influenza virus —0-2 months [-0-6 to 0-1]; respiratory syncytial virus 0-1 months [-0-2 to 0-4]).

Interpretation This study is the first to provide global representations of month-by-month activity of influenza virus,
respiratory syncytial virus, parainfluenza virus, and metapneumovirus. Our model is helpful in predicting the local
onset month of influenza virus and respiratory syncytial virus epidemics. The seasonality information has important
implications for health services planning, the timing of respiratory syncytial virus passive prophylaxis, and the
strategy of influenza virus and future respiratory syncytial virus vaccination.
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Research in context

Evidence before this study

We searched PubMed for any studies published between

Jan 1, 2000, and Nov 30, 2018, that reported global
seasonality of influenza virus, respiratory syncytial virus,
parainfluenza virus, or metapneumovirus, using the search
terms “(influenza OR RSV OR respiratory syncytial virus OR
parainfluenza OR PIV OR metapneumovirus OR MPV) AND
(seasonal* OR activity) AND (global OR worldwide)”. We
identified 11 studies reporting global seasonality, including
one reporting influenza virus and respiratory syncytial virus,
eight reporting influenza virus, and two studies reporting
respiratory syncytial virus; no studies were found reporting
global metapneumovirus or parainfluenza virus seasonality.
According to these studies, both influenza virus and
respiratory syncytial virus peaks were well aligned with winter
months in temperate regions, while greater diversity in timing
was observed in the tropics; both viruses presented weak
latitudinal gradients in the annual timing of epidemics by
hemisphere, with peaks occurring later with increasing
latitude. Eight of 11 studies were based on country-level data
and thus were unable to account for subcountry-level
variations, whereas the remaining three studies only reported
the peak or onset month of the epidemics. In addition to
seasonality results, three of 11 studies reported the correlation
between meteorological factors, such as temperature and
humidity, and influenza virus epidemics, suggesting the
possibility in predicting viral epidemics globally. However,

Introduction

Influenza virus, respiratory syncytial virus, parainfluenza
virus, and metapneumovirus are the four major viral
pathogens associated with acute lower respiratory
infection and these represent a substantial burden of
disease particularly in young children (<5 years)' and older
people (=65 years).”* Globally, influenza virus is estimated
to cause 39-1 million acute lower respiratory infection
episodes (95% uncertainty interval 30-5-48-4) and
58200 deaths (44000-74200) annually; and respiratory
syncytial virus is estimated to cause 24- 8 million episodes
(19-7-31-4) and 76600 deaths (55100-103 500) annually.*
To date, no global burden estimate has been reported for
parainfluenza virus and metapneumovirus.

Seasonality information of influenza virus, respiratory
syncytial virus, parainfluenza virus, and metapneumo-
virus is important in health services planning and the
development of appropriate disease prevention and
control strategies, including immunisation strategies.
The demand for a global overview of the seasonal
patterns of these four main viruses has been growing
steadily because it helps to understand the seasonality in
those under-reported countries or regions where the
burden of viral respiratory infections is substantial while
health-care resources are insufficient. For example, the
seasonality of one country could be possibly estimated

issues related to data availability impeded these studies from
looking further into the prediction of viral epidemics.

Added value of this study

To our knowledge, this is the first systematic analysis of global
monthly activity of influenza virus, respiratory syncytial virus,
parainfluenza virus, and metapneumovirus at both country
and subcountry levels. On a global scale, we modelled the
association between temperature and relative humidity and
the activity of influenza virus and respiratory syncytial virus.
We also developed an online interactive tool for predicting
local epidemic months and we predicted the global monthly
epidemics of influenza virus and respiratory syncytial virus on a
5° by 5° grid.

Implications of all the available evidence

The seasonality information of influenza virus, respiratory
syncytial virus, parainfluenza virus, and metapneumovirus is
key for health services planning. The prediction tool developed
in our study is helpful in predicting the onset months of local
influenza virus and respiratory syncytial virus epidemics, and it
serves as a supplement to existing surveillance. This tool,
together with the summarised seasonality information, will
help with the optimisation of respiratory syncytial virus
immunisation strategies that rely on the information of local
respiratory syncytial virus season, especially in most
middle-income and lower-income countries where routine
respiratory syncytial virus surveillance is not available.

given the information of countries in geographical
proximity or any other global patterns. As a result, several
reports™™ have described the global seasonality of
influenza virus and respiratory syncytial virus (appendix
pp 9-11). In these studies, both influenza virus and
respiratory syncytial virus circulation peaks were well
aligned with winter months in temperate regions, while
greater diversity in timing was observed in the tropics;
and both viruses showed weak latitudinal gradients in
the annual timing of epidemics by hemisphere, with
peaks occurring later with increasing latitude. However,
seasonal patterns of these two viruses are still poorly
understood in tropical and subtropical regions where
seasonal patterns could not be well described simply by
indicators, such as peak timing or beginning and end of
epidemics, as done in temperate regions. Only three
studies® reported monthly country-level activity of
influenza virus; nevertheless, these reports were unable
to characterise any within-country variations that could
help to understand the latitudinal gradient of viral
activity. In addition to the seasonal patterns reported,
some studies®®* reported pronounced correlations
between meteorological factors, such as temperature and
humidity, and influenza virus epidemics, suggesting the
possibility in prediction of viral epidemics on a global
scale. However, issues related to data availability impeded
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these studies from looking further into the prediction of
viral epidemics.

To address the data gaps in global seasonality of
influenza virus, respiratory syncytial virus, parainfluenza
virus, and metapneumovirus, we compiled data from
a systematic literature review, online datasets, and
unpublished research data at both country level and
subcountry level, and did a systematic analysis of global
monthly activity of these four viruses. Furthermore, with
the compiled dataset, we aimed to model viral epidemics
on a monthly basis using site-specific meteorological
predictors.

Methods

Search strategy and selection criteria

We collected viral activity data for influenza virus,
respiratory syncytial virus, parainfluenza virus, and
metapneumovirus from a range of sources, including a
systematic literature search, online public datasets, and
the research datasets shared by the collaborators from
Respiratory Syncytial Virus Global Epidemiology Network
(RSV GEN).*

We searched three bibliographical databases (MEDLINE,
Embase, and Global Health), for articles reporting activity
of influenza virus, respiratory syncytial virus, para-
influenza virus, or metapneumovirus using a tailored
search strategy. The literature search used the terms
(with synonyms and closely related words) “influenza
virus”, “respiratory syncytial virus”, “parainfluenza virus”,
“human metapneumovirus”, and “acute lower respiratory
infection” combined with “seasonality”, “surveillance”,
“periodicity”, and “temporal variation” (appendix pp 1-2).
In the present study, records related to all-cause acute
lower respiratory tract infection that did not include any of
the four viruses above were excluded. We limited the
literature search to the period of Jan 1, 2001, to Dec 31, 2017,
We did not include studies published before 2000 because
seasonality could change in the long term and our objective
was to report on current global seasonality. References
cited in retrieved articles were also examined for eligibility.
No language restrictions were applied. Inclusion and
exclusion criteria can be found in the appendix (p 3).

We included open-access online data from WHO
FluNet,” Pan America Health Organization FluID,"* Japan
National Institute of Infectious Diseases,” Hong Kong
Department of Health,® Canada FluWatch,” and
New Zealand Ministry of Health.”? Detailed information
about these data are in the appendix (p 12). We also
included viral activity data shared by RSV GEN, which is a
collaboration of more than 70 investigator groups
primarily in low-income and middle-income countries
that was initially established to estimate the disease
burden of acute lower respiratory tract infection associated
with respiratory syncytial virus.* Detailed information on
RSV GEN data are in the appendix (pp 13-16).

Data extraction was done independently by YL and
jointly by RMR and XW through a three-stage process, as
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detailed in the appendix (pp 3—4). Any discrepancies were
resolved through discussion among YL, RMR, and XW.
The protocol for this systematic literature search is
registered on PROSPERO (number CRD42018091628).

Quality assessment

For each article included in the systematic literature
review, a quality assessment was independently done
by YL and jointly by RMR and XW. The quality assess-
ment comprised three brief questions regarding data
representativeness, test practice, and timely reporting
(questionnaire in the appendix [p 4]). Data represen-
tativeness indicated if the seasonality reported in the
study could be representative of the seasonality in that
given site. Test practice indicated if there were any
changes in terms of viral testing during the study period
that could affect the reported seasonality. Timely
reporting indicated if issues related to the timing of
reporting test positives affected the seasonality results.
Any disagreement was addressed through discussion.
For each of the three questions, all studies were given a
rating between A (very good) and D (bad). Any study
that was rated as D in any of the three questions in the
quality assessment was excluded.

Data analysis
To ensure good comparisons of the seasonality results
among all sites, we added the number of cases by month
across all years reported for each data record. We
converted any weekly data to monthly data by using the
R package wktmo before we added these data by month.

We defined geographical regions as temperate (latitude
less than -23-5° or more than 23-5°) and tropical
(latitude between -23-5° and 23-5°). We defined
meteorological seasons as spring (March-May in
the northern hemisphere; September—November in the
southern hemisphere), summer (June-August in
the northern hemisphere; December—February in the
southern hemisphere), autumn (September—November
in the northern hemisphere; March-May in the southern
hemisphere), and winter (December-February in the
northern hemisphere; June-August in the southern
hemisphere).

For each month, we calculated annual average
percentage (AAP) as a measurement of the strength of
virus activity by the formula:

AAP=—100%

21 ni

where i denotes the month and n denotes the number of
cases. We plotted heat maps displaying the activity of
influenza virus, respiratory syncytial virus, parainfluenza
virus, and metapneumovirus in each site sorted by latitude.

In the main analysis, we estimated the duration of
epidemics by the minimum number of months to account
for a total AAP of 75%, a modified method based on Caini
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and colleagues.” The modified method could account for
sites with more than one season per year. The estimation
for the duration of epidemics was done by first sorting
monthly AAP into descending order and then identifying
the first n months to account for AAP of 75%, with each
month being an epidemic month and n being the duration
of epidemics. The onset month of epidemics at each site
was defined by the first month of the longest consecutive
epidemic months. We applied Pearson’s correlation to
assess the correlation between the onset month and the
latitude and longitude of the sites. To present the
relationship between latitude and duration of epidemics,
we plotted duration of epidemics against the latitude of
the sites using local regression (LOESS) smoothing by
virus, with the parameter span in LOESS set as 0-60.

We did subgroup analyses, determined a priori, to
compare the duration of epidemics of viruses of interest
using the same method as stated above. We prespecified
three comparison groups: influenza virus subtypes
(influenza virus A vs influenza virus B), influenza virus
versus respiratory syncytial virus, and respiratory syncytial
virus versus metapneumovirus. For each comparison
group, we did the analyses only among those sites with
complete data of the viruses in the comparison group.

To study the relationship between seasonal timing of
the viruses, we did cross-correlation analyses for each
site between influenza virus A and B, between influenza
virus and respiratory syncytial virus, and between
respiratory syncytial virus and metapneumovirus using
-5 to 5 months of lag (a total of 11 correlation analyses).
In consideration of the multiple correlation analyses
within each site, we adjusted the significance level to
0-004 using the Bonferroni method (0-05/11=0-004). If
significant correlation results were observed at a site,
we reported the lag that maximised the correlation
coefficient as the difference in timing between the
viruses. We also calculated the monthly overlapping AAP
between each pair of viruses stated above and the overall
annual overlapping AAP.

For each site included, we extracted meteorological
data from the site’s nearest weather station provided by
the US National Centers for Environmental Information
using R package GSODR. We modelled monthly AAP of
virus activity using mean-centred monthly temperature
and relative humidity as predictors in a LOESS model.
This model is based on the assumption that for each
month, the relative strength of viral activity (ie, AAP) is
associated with the relative measurements of the selected
meteorological factors (ie, mean-centred temperature
and relative humidity). Details of model assumption,
data preparation, model comparison, and model
assessment are in the appendix (pp 5-6). The model-
predicted AAP values for each site were then used to
calculate the epidemic months (ie, a dichotomous result
for each month, epidemic, or non-epidemic). We
required a minimum of 120 sites with 100 or more
positives per virus for more robust models. With the

available data, we were able to model influenza virus
(including influenza virus subtypes) and respiratory
syncytial virus only.

To assess the model performance, we predicted the
monthly AAP at each site using the model trained by
data from the remainder sites (ie, leave-one-out method)
as the first step; on the basis of the predicted AAP, we
then calculated the epidemic months and assessed the
agreement between the predicted epidemic months and
the observed epidemic months by calculating Cohen’s «,
sensitivity, specificity, positive predictive value, and
negative predictive value. We also calculated the mean
difference in months between the predicted and the
observed onset of epidemics (ie, prediction error) and
its 95% CI.

On the basis of the model, we estimated the global
epidemic months of influenza virus and respiratory
syncytial virus on a 5° by 5° scale using gridded
temperature and relative humidity data in 2013-17 from
the HadISDH dataset (4.0.0.2017f).»* Moreover, using
the R package Shiny, we developed an online interactive
tool for the prediction of local epidemic months of
influenza virus and respiratory syncytial virus. The user
manual of this tool is in the appendix (pp 7-8).

All data analyses were done using R software
(version 3.4.3). The seasonality data and key R functions
developed for the analysis are available through the
Edinburgh DataShare.”

Role of the funding source

The funder had no role in the study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to
all the data in the study and had final responsibility for
the decision to submit for publication.

Results

We initially identified 37335 studies via our literature
search. After excluding duplicates, the systematic
literature search identified 21065 records, of which
1081 (5-1%) full-texts articles were assessed for eligibility.
542 (50-1%) studies were further checked for availability
of monthly data and for any duplicate data. A total of
185 (17-1%) studies were included at the final stage of
the literature review (appendix p 69); details of these
studies and their quality assessment results can be found
in the appendix (pp 17-39). We included 246 sites for
influenza virus, 183 sites for respiratory syncytial virus,
83 sites for parainfluenza virus, and 65 sites for
metapneumovirus. The number of positives, and length
in years of data from the published literature and other
sources are in the appendix (p 40). Compared with data
from the published literature, data from other sources
had a greater number of positive samples and were
collected over a longer time-span. The geographical
distribution of the sites included was mapped and
categorised by virus (figure 1 shows influenza virus,

www.thelancet.com/lancetgh Vol 7 August 2019



Articles

respiratory syncytial virus, parainfluenza virus, and
metapneumovirus; appendix [p 70] shows influenza virus
subtypes). Influenza virus A (HIN1) was not included in
the analysis due to the small number of sites included
(n=39).

Figure 2 shows the global monthly activity of influenza
virus, respiratory syncytial virus, parainfluenza virus,
and metapneumovirus by latitude (results of influenza
virus subtypes the appendix pp 71-72). Animated figures
of global monthly activity of these four viruses can be
found in the ShinyApp. Distinct seasonality of virus
activity was observed in most sites for the four viruses.
Latitudinal variations of the onset month of epidemics
were also observed, although patterns varied by virus.
Detailed results of epidemic months grouped by country
are in the appendix (pp 41-66).

Influenza virus epidemics occurred consistently during
January-March in most temperate sites in the northern
hemisphere and during June—-August in most temperate
sites in the southern hemisphere. These patterns became
less pronounced closer to the equator, with the emergence
of summer epidemics in some sites. Variable timing
of epidemics was observed in tropical sites. In both
hemispheres, the onset of the major influenza virus
epidemics was later with increasing latitudes (northern
hemisphere: r=0-36, p<0-001; southern hemisphere:
r=0-47, p=0-003).

Respiratory syncytial virus activity showed a latitudinal
gradient in the timing of epidemics in each hemisphere.
In the northern hemisphere, respiratory syncytial virus
activity was initiated in July in tropical sites. The activity
was initiated later with increasing latitude until it reached
high-latitude sites around January. Subsequently, the
respiratory syncytial virus activity started to wane before
another round of activity was initiated around July in
tropical sites. Similar patterns were observed in the
southern hemisphere, where respiratory syncytial virus
activity was initiated around January in tropical sites
first and around June in high-latitude sites. Interestingly,
in the tropics, the timing of respiratory syncytial virus
epidemics was similar within each hemisphere but
differed greatly between hemispheres, with only a few
exceptions in equatorial sites; this pattern was not
observed with any influenza virus. In both hemispheres,
the onset of major respiratory syncytial virus epidemics
was later with increasing latitudes (northern hemisphere:
r=0-50, p<0-001; southern hemisphere: r=0- 54, p<0-001).

In addition to latitudinal gradients in influenza virus
and respiratory syncytial virus onset month, we observed
longitudinal patterns in Europe where most sites had
similar latitudes but different longitudes. The onset
month of both influenza virus and respiratory syncytial
virus epidemics was observed to be later in the east
(ie, higher longitudes) than the west (influenza virus:
r=0-46, p=0-006; respiratory syncytial virus: r=0-45,
p=0-025), while no significant latitudinal patterns were
observed in this region (influenza virus: r=0-07, p=0-694;

www.thelancet.com/lancetgh Vol 7 August 2019

Figure 1: Study sites included in the analysis

(A) Influenza virus. (B) Respiratory syncytial virus. (C) Parainfluenza virus. (D) Metapneumovirus.

respiratory syncytial virus: r=0-11, p=0-610). The average
difference in the timing of onset between the west
and east of Europe (defined geographically by 20°E) was
0-6 months for influenza virus and 0-8 months for
respiratory syncytial virus.

For the animated figures see
http://resceu.ecdf.ed.ac.uk/
shiny/ShinyGIF/
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Seasonality of parainfluenza virus was not as distinct
as influenza virus or respiratory syncytial virus.
Parainfluenza virus epidemics were found mostly in
spring and early summer months in both the northern
and southern hemispheres. Metapneumovirus epi-
demics occurred in late winter and spring in most
temperate sites, but the timing of epidemics was more
diverse in the tropics.

Overall, virus-specific latitudinal patterns were observed
in duration of epidemics (appendix p 73). Parainfluenza
virus had longer duration of epidemics (6-3 months
[95% CI 6-0-6-7]) than the other three viruses. The
duration of influenza virus epidemics varied greatly by
latitude, with shorter duration (3-8 months [3-6—4-0])
in temperate sites and longer duration (5-2 months
[4-9-5-5]) in the tropics. Within influenza virus subtypes,
influenza virus A(HIN1)pdm had the shortest duration of
epidemics (3-3 months [3-1-3-5]), followed by influenza
virus A(H3N2) (4-2 months [3-9—4-4]) and influenza
virus B (4-5 months [4-3—4-8]), regardless of the latitudes;
the durations of influenza virus A(HIN1)pdm, A(H3N2),
and B showed similar latitudinal patterns. Compared
with influenza virus, the duration of epidemics of
respiratory syncytial virus and metapneumovirus was
stable (respiratory syncytial virus: 4-6 months [4-3—4-8];
metapneumovirus: 4-8 months [4-4-5-1]). Subgroup
analyses using site-matched data replicated the results of
the comparisons above (appendix pp 74-75).

Results from subgroup analysis using sites with
complete data of influenza virus A and B showed that
influenza virus A and B activity were significantly
correlated in 67 (78%) of 86 temperate sites and 55 (55%)
of 100 tropical sites. In the temperate region, influenza
virus A epidemics occurred 0-6 months (95% CI
0-3 to 0-9) earlier than influenza virus B. In the tropics,
no clear temporal order was observed (lag=0 [95% CI
-0-5 to 0-5]) and this lack of clear temporal order was
largely due to the greater variability in the timing of
epidemics in the northern tropics (appendix p 76)

Influenza virus and respiratory syncytial virus activity
were significantly correlated in 28 (67%) of 42 temperate
sites and 28 (59%) of 47 tropical sites. Influenza
virus epidemics occurred later than respiratory syncytial
virus in most temperate sites with the average lag
of 0-3 months (95% CI -0-3 to 0-9), while no clear
temporal order was observed in the tropics (lag=0-1
[-0-9 to 1-2]; appendix p 76).

Respiratory syncytial virus and metapneumovirus
activity were significantly correlated in 83% of temperate
sites (29 of 35) and in 62% of tropical sites (14 of 22). In
the temperate region, metapneumovirus epidemics
occurred 1.7 months (95% CI 1-1-2-3) later than
respiratory syncytial virus, while no clear temporal order
was observed in the tropics (lag=0-2[95% CI-0-9to 1-3];
appendix p 76)

We found that 61-2% (95% CI 58-6-63-9) of influenza
virus A and B activity overlapped annually, that
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Figure 2: Heat maps of global monthly activity of influenza virus (A) and respiratory syncytial virus (B),

parainfluenza virus (C), and metapneumovirus (D), sorted by latitude
AAP=annual average percentage. + denotes the onset month of virus epidemics.

59-5% (55-4-63-6) of influenza virus and respiratory
syncytial virus overlapped, and that 60-3% (55-6-65-0)
of metapneumovirus and respiratory syncytial virus
overlapped. The percentages did not differ significantly
between temperate and tropical regions (appendix p 77).

The model with mean-centred temperature and mean-
centred relative humidity was selected for our main
analysis (detailed results of model comparison and
selection are in the appendix [pp 67, 78]).

The observed (appendix p 79) and model (figure 3)
predicted monthly virus activity against mean-centred
temperature and relative humidity was calculated. Lower
temperature was associated with higher influenza virus
and respiratory syncytial virus activity. When temperature
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Figure 3: Model-predicted output of monthly activity of influenza virus and respiratory syncytial virus
against mean-centred temperature and relative humidity

(A) Influenza virus (B) Influenza virus A. (C) Influenza virus B. (D) Influenza virus A(HIN1)pdm. (E) Influenza
virus A(H3N2). (F) Respiratory syncytial virus. AAP=annual average percentage.

€1038

SeeOnlineforvideo Was lower than the annual average, higher relative

humidity was also associated with higher respiratory
syncytial virus activity but not with higher influenza
virus activity. When temperature was higher than the

annual average, higher relative humidity was associated
with higher influenza virus activity, especially for
influenza virus A(H3N2), whereas this pattern was not
observed for respiratory syncytial virus.

Regarding the predictability of the model, the results of
the leave-one-out cross validation are shown in the
appendix (p 68). Overall, the model had good accuracy
across all viruses in predicting local epidemic months.
Better predictability was observed in the temperate
regions than in the tropics, especially for influenza virus.
Regarding the prediction of the onset month of
epidemics, the model prediction error was —0-2 months
(95% CI —0-6 to 0-1) for influenza virus and 0-1 months
(-0-2 to 0-4) for respiratory syncytial virus.

Moreover, on the basis of the model, we present the
estimated global epidemic months of influenza virus and
respiratory syncytial virus on a 5° by 5° scale, including
the onset of the epidemic months (figure 4;
supplementary video).

Discussion

To our knowledge, this is the first systematic analysis of
global monthly activity of influenza virus, respiratory
syncytial virus, parainfluenza virus, and metapneumo-
virus at national and subnational levels. With strict
criteria, we compiled laboratory-confirmed viral activity
from a literature review, online surveillance datasets, and
shared datasets by collaborators. We present global maps
of monthly virus activity for influenza virus (including
types and subtypes), respiratory syncytial virus, para-
influenza virus, and metapneumovirus, showing the
distinct seasonal patterns for each virus. We found that
latitudinal patterns in duration of epidemics were diverse
among the four viruses.

Our results suggest that the global seasonal patterns
of influenza virus and respiratory syncytial virus are
different in terms of both timing and duration of
epidemics. However, in a previous global review by
Bloom-Feshbach and colleagues," the authors concluded
that seasonal patterns of influenza virus and respiratory
syncytial virus were broadly similar in timing. The
difference between the results of our study and those of
Bloom-Feshbach and colleagues" is likely to be due to
the smaller number of sites included in their review
compared with the present study (influenza virus:
246 sites vs 77 sites; respiratory syncytial virus: 183 sites
vs 96 sites).

Our study also found that seasonality was slightly
different among influenza virus types and subtypes,
similar to the findings from previous country-level
regional reports.®” In our study, influenza virus A
epidemics occurred 0-6 months (95% CI 0-3 to 0-9)
before influenza virus B in the temperate sites but no
clear temporal order was seen in the tropical sites
(lag=0 [-0-5 to 0-5]). Moreover, we identified some
interesting patterns that had not been reported in
previous reports; the latitudinal patterns of epidemic
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Figure 4: Global maps of the
estimated average epidemic
months of influenza virus (A)
and respiratory syncytial
virus (B) during 2013-17 ona
5°by 5° scale
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duration were similar among influenza virus subtypes,
with influenza virus A(HIN1)pdm being the most
seasonal virus (duration of epidemics 3-3 months
[3-1 to 3-5]), followed by influenza virus A(H3N2)
(4-2 months [3-9 to 4-4]) and influenza virus B
(4-5 months [4-3 to 4-8]), regardless of the latitudes.

Compared with influenza virus and respiratory syncytial
virus, year-round laboratory-confirmed data of meta-
pneumovirus and parainfluenza virus are scarce and
no global report on the seasonality of these two viruses
is available. In the present study, we found that
parainfluenza virus epidemics occurred most often in the
spring and early summer months in each hemisphere;
metapneumovirus epidemics occurred in late winter and
spring in most temperate sites, but the peaks were more
diverse in the tropics. Parainfluenza virus had longer
duration of epidemics, which could be explained by the
different circulation timings in each parainfluenza virus
subtype.®” Metapneumovirus had similar patterns to
respiratory syncytial virus in duration of epidemics,
which might reflect known genetic similarities between
the two viruses.” However, these two viruses did not
co-circulate at most sites. In the temperate regions,
metapneumovirus occurred 1-7 months (95% CI 1-1-2-3)
after respiratory syncytial virus; in the tropics, no clear
temporal order was observed. The non-co-circulation
of respiratory syncytial virus and metapneumovirus
indicates possible interference between these two viruses
warranting further study.

The mechanisms that shape the global seasonal
patterns of influenza virus, respiratory syncytial virus,
parainfluenza virus, and metapneumovirus remain
unclear. Possible mechanisms include contact rates
between susceptible and infected hosts, virus survival,
and host immunity. Possible seasonal stimuli include
temperature, humidity, precipitation, solar radiation,
travel of work flows, and other factors.” In our study, all
four viruses had different global patterns of timing and
duration of epidemics; these patterns are unlikely to be
well explained by non-virus-specific factors alone, and
potential spurious correlations between any non-virus-
specific factors and virus activity should be considered.
For example, travelling pattern is a potential factor that
affects transmission but is not likely to explain the
observed seasonal patterns well due to its non-virus-
specific nature. Therefore, we did not select non-
virus-specific factors in our candidate models. The
two predictors that we included, temperature and relative
humidity, were associated with the seasonality of
influenza virus and respiratory syncytial virus in different
ways. Although lower temperature was associated with
higher activity of both influenza virus and respiratory
syncytial virus, higher relative humidity was associated
with higher influenza virus activity when temperature
was above annual average and was associated with higher
respiratory syncytial virus activity when temperature was
lower than the annual average. Experimental studies on
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the transmission and survival of these viruses are needed
to confirm our findings. Our findings regarding the
predictors of influenza virus were similar to the two types
of influenza virus peaks, “cold-dry” and “humid-rainy”,
proposed by Tamerius and colleagues.” However, their
model was based on the activity of influenza virus of a
dichotomous nature—ie, peak and non-peak.* In our
study, we modelled the activity of influenza virus and
respiratory syncytial virus in a continuous nature, thus
allowing for increased flexibility in our prediction.

On the basis of the gridded dataset of monthly
temperature and relative humidity on a 5° by 5° scale,”*
we mapped the global average epidemic months in
2013-17. The results indicated that for those countries
with a wide range of climate patterns, the viral epidemics
varied within the country. For example, influenza virus
and respiratory syncytial virus epidemics occurred earlier
in northern Australia than in southern Australia.

Our study provides global maps of monthly virus
activity, which have important implications for public
health strategy. For influenza virus, vaccination is the
most effective way to prevent disease.” Seasonality data
from existing country-level surveillance help to inform
the timing and composition of influenza virus vaccines,
but such surveillance is unable to account for any
within country variations and undersampled areas. By
incorporating data from published and unpublished
studies, our study potentially fills the data gap at
subnational level and for countries with no surveillance
programme. This additional knowledge is particularly
important for geographically large countries and tropical
regions where great variations of virus activity might
exist, as found in our study. For respiratory syncytial
virus, the seasonality information is important for
immunisation strategy. In high-income countries, the
administration of palivizumab prophylaxis, a respiratory
syncytial virus-neutralising monoclonal antibody mainly
used among high-risk infants, needs to be timed
according to the local respiratory syncytial virus season
given the short duration of its protection. For middle-
income and lower-income countries, respiratory syncytial
virus seasonality information is important for the
development of affordable biological equivalents of
palivizumab and any vaccines with short duration of
protection.” Moreover, the length of a respiratory syncytial
virus season defined by the duration of epidemics in our
study is stable at 4-5 months across all sites, by contrast
with influenza virus, which has irregular seasonality or
year-round activity in the tropics. This information could
help optimise immunisation programmes by focusing
on the predefined respiratory syncytial virus seasons in
both temperate and tropical regions. Unlike influenza
virus, for which surveillance data are widely available,
respiratory syncytial virus surveillance data are still scarce
and WHO is in the process of implementing a global
respiratory syncytial virus surveillance programme.* For
all the viruses, the seasonality information is helpful in
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health services planning, especially when viruses co-
circulate and impose pressure on hospital beds. It is also
important for the patients’ clinical management and for
the appropriate use of antibiotics in the context of
increased antimicrobial resistance and insufficient health
resources in some settings.”

This study, however, is not without its limitations.
First, similar to most studies of this type, the accuracy of
the global activity data reported could be limited by the
variety of methods applied in the studies and surveillance
systems included. We were also unable to account for
the variability regarding the age groups and severity of
viral infections included at each site. Although we
aspired to have good geographical representation, we
applied strict inclusion criteria and did additional quality
assessment to exclude studies in which the reported
seasonality was likely to be biased by study participants,
testing practice, or reporting practice. Second, for better
comparison across different sites, we calculated monthly
AAP by aggregating multiyear data to establish virus
activity. Although multiyear surveillance data suggest
that the year-to-year change of influenza virus and
respiratory syncytial virus onset is within 1 month for
most sites,”” aggregating multiyear data could obscure
the seasonal patterns of those sites with more notable
year-to-year changes in seasonality. In particular, we
were unable to identify multiyear periodicity of
respiratory syncytial virus activity, which has been
reported in some countries in northern Europe.* Third,
we were unable to report global seasonal patterns of any
subtype of respiratory syncytial virus, parainfluenza
virus, or metapneumovirus due to a paucity of relevant
data reported; this exclusion of subtypes could obscure
the seasonality results of respiratory syncytial virus,
parainfluenza virus, and metapneumovirus, particularly
parainfluenza virus since the seasonal patterns were
reported to differ greatly by type.”®” Fourth, compared
with influenza virus and respiratory syncytial virus,
fewer sites reported data on metapneumovirus and para-
influenza virus, thus limiting the representativeness of
the results. Fifth, we were only able to summarise the
global seasonality on a monthly basis instead of on a
weekly basis due to the scarcity of weekly data (eg, only
20% of respiratory syncytial virus data in our study were
originally aggregated weekly) and methodological
challenges to accommodate the different definitions for
week (eg, a week can start with Saturday, Sunday, or
Monday by different definitions). Sixth, due to the lack of
granularity of our training data, our prediction model
might not be able to reflect the possible changes of viral
epidemics induced by subtle short-term climate changes.
However, such prediction is possible with data that are
more granular in the future (eg, multiyear weekly data).
Finally, our model is restricted in its ability to predict the
influenza virus epidemic months in the tropical region,
partly due to the seasonality being unclear and its
inablity to establish association between viral activity

and meteorological factors. In the tropics, multiyear
viral activity data from more countries are warranted and
factors related to host immunity (eg, seasonal fluctuation
of nutritional status)” can be considered in future
modelling studies.

Given the substantial health-care burden caused by
influenza virus, respiratory syncytial virus, parainfluenza
virus, and metapneumovirus, their seasonal patterns
described in our study are important for related health
services planning. The model is helpful in predicting the
onset months of local influenza virus and respiratory
syncytial virus epidemics. This model, together with the
seasonality results presented, helps with the optimisation
of any respiratory syncytial virus immunisation strategies
that rely on the information of local respiratory syncytial
virus season, especially in most middle-income and
lower-income countries where respiratory syncytial
virus surveillance might not be routine. Future studies
should consider describing and modelling the activity of
influenza virus, respiratory syncytial virus, parainfluenza
virus, and metapneumovirus on a multiyear scale and
should take into consideration the effects of climate
change on respiratory viral epidemic seasonality.

Contributors

HN and HC conceptualised the study. YL led the literature review with
contributions from RMR and XW. YL cleaned, analysed, and visualised
the data. YL, HN, and HC interpreted the data. YL wrote the first draft
with inputs from RMR, XW, HN, and HC. All other named authors
contributed to collection of unpublished research data and interpretation
and critically reviewed the initial manuscript. All other members of
Respiratory Syncytial Virus Global Epidemiology Network (RSV GEN)
contributed to data collection and reviewed the manuscript for intellectual
content. All authors read and approved the final draft for submission.

Respiratory Syncytial Virus Global Epidemiology Network

Sozinho Acacio (Centro de Investigagdo em Satide de Manhica [CISM],
Maputo, Mozambique); Wladimir ] Alonso (Department of Genetics and
Evolutionary Biology, University of Sdo Paulo, Brazil); Martin Antonio
(Medical Research Council Unit The Gambia, Basse, The Gambia);
Guadalupe Ayora Talavera (Centro de Investigaciones Regionales

Dr. Hideyo Noguchi Universidad Auténoma de Yucatin, Yucatan,
Mexico); Darmaa Badarch (Virology laboratory, National Centre of
Communicable Diseases, Ulaanbaatar, Mongolia); Vicky L Baillie
(Medical Research Council, Respiratory and Meningeal Pathogens
Research Unit, School of Pathology, University of the Witwatersrand,
Johannesburg, South Africa); Gisela Barrera-Badillo (Instituto de
Diagnostico y Referencia Epidemiol6gicos Dr. Manuel Martinez Biez
[InDRE], Secretarfa de Salud, Mexico City, Mexico); Quique Bassat
(CISM, Maputo, Mozambique; ISGlobal, Hospital Clinic—Universitat de
Barcelona, Barcelona, Spain; Institucié Catalana de Recerca i Estudis
Avangats [ICREA], Barcelona, Spain); Godfrey Bigogo (Kenya Medical
Research Institute, Kisumu, Kenya); W Abdullah Brooks (Department of
International Health, International Vaccine Access Center,

Johns Hopkins Bloomberg School of Public Health, Baltimore, MS, USA;
International Centre for Diarrhoeal Disease Research, Dhaka,
Bangladesh); Shobha Broor (SGT Medical College, SGT University,
Budhera, Gurgaon, India); Dana Bruden (Arctic Investigations Program,
National Center for Emerging and Zoonotic Infectious Diseases
[NCEZID], Centres for Disease Control and Prevention, Anchorage, AK,
USA); Philippe Buchy (Institute Pasteur Cambodia, Phnom Penh,
Cambodia; GlaxoSmithKline Vaccines Research and Development
Intercontinental, Singapore); Peter Byass (Department of Public Health
and Clinical Medicine, Umea University, Sweden; Medical Research
Council-Wits University Rural Public Health and Health Transitions
Research Unit (Agincourt), School of Public Health, Faculty of Health
Sciences, University of the Witwatersrand, Johannesburg, South Africa);

www.thelancet.com/lancetgh Vol 7 August 2019



Articles

Harry Campbell (Centre for Global Health Research, University of
Edinburgh, Edinburgh, UK); James Chipeta (University Teaching
Hospital, Lusaka, Zambia); Wilfrido Clara (Centers for Disease Control
and Prevention, Central American Region, Guatemala City, Guatemala);
Cheryl Cohen (Centre for Respiratory Disease and Meningitis, National
Institute for Communicable Disease, Johannesburg, South Africa; School
of Public Health, Faculty of Health Sciences, University of the
Witwatersrand, Johannesburg, South Africa); Duc-Anh Dang (National
Institute of Hygiene and Epidemiology, Hanoi, Vietnam);

Carla Cecilia de Freitas Lizaro Emediato (Health Secretariat of the City of
Belo Horizonte, Belo Horizonte, Brazil); Menno de Jong (Department of
Medical Microbiology, Academic Medical Center, University of
Amsterdam, Amsterdam, Netherlands); José Alberto Diaz-Quifionez
(InDRE, Secretaria de Salud, Alvaro Obregén, Mexico City, Mexico;
Divisién de Estudios de Posgrado, Facultad de Medicina, Universidad
Nacional Auténoma de México, Mexico City, México); Lien Anh Ha Do
(Murdoch Childrens Research Institute, Melbourne, VIC, Australia;
Department of Paediatrics, The University of Melbourne, Melbourne,
VIC, Australia); Rodrigo A Fasce (Public Health Institute, Santiago,
Chile); Luzhao Feng (Division of Infectious Disease, Chinese Center for
Disease Control and Prevention, Beijing, China); Mark ] Ferson (Public
Health Unit, South Eastern Sydney Local Health District, Sydney, NSW,
Australia; School of Public Health and Community Medicine, University
of New South Wales, Sydney, NSW, Australia); Angela Gentile
(Epidemiology Department, Austral University and Ricardo Gutiérrez
Children Hospital, Buenos Aires, Argentina); Bradford D Gessner
(Agence de Medecine Preventive, Paris, France); Doli Goswami
(International Centre for Diarrhoeal Disease Research, Dhaka,
Bangladesh); Sophie Goyet (Institute Pasteur Cambodia, Phnom Penh,
Cambodia); Carlos G Grijalva (Vanderbilt University Medical Center,
Nashville, TN, USA; Department of Health Policy, Vanderbilt University,
Nashville, TN, USA); Natasha Halasa (Department of Pediatrics,
Vanderbilt University, Nashville, TN, USA); Orienka Hellferscee (Centre
for Respiratory Disease and Meningitis, National Institute for
Communicable Disease, Johannesburg, South Africa); Danielle Hessong
(Department of Pediatrics-Infectious Diseases, University of Colorado,
Denver, CO, USA); Nusrat Homaira (International Centre for Diarrhoeal
Disease Research, Dhaka, Bangladesh; Discipline of Paediatrics, School
of Women'’s and Children’s Health, Faculty of Medicine, University of
New South Wales, NSW, Australia); Jorge Jara (Center for Health Studies,
Universidad del Valle de Guatemala, Guatemala City, Guatemala);
Kathleen Kahn (Medical Research Council-Wits University Rural Public
Health and Health Transitions Research Unit (Agincourt), School of
Public Health, Faculty of Health Sciences, University of the
Witwatersrand, Johannesburg, South Africa; Epidemiology and Global
Health, Department of Public Health and Clinical Medicine, Umea
University, Sweden); Najwa Khuri-Bulos (Division of Infectious Disease,
University of Jordan, Amman, Jordan); Karen L Kotloff (Center for
Vaccine Development, University of Maryland School of Medicine,
Baltimore, MD, USA); Claudio F Lanata (Instituto de Investigacion
Nutricional, Lima, Peru; School of Medicine, Vanderbilt University,
Nashville, TN, USA); You Li (Centre for Global Health Research,
University of Edinburgh, Edinburgh, UK); Olga Lopez (Hospital

Dr Ernesto Torres Galdames, Iquique, Chile); Maria Renee Lopez Bolafos
(Center for Health Studies, Universidad del Valle de Guatemala,
Guatemala City, Guatemala); Marilla G Lucero (Research Institute for
Tropical Medicine, Muntinlupa, Philippines); Florencia Lucion
(Epidemiology Department, Austral University and Ricardo Gutiérrez
Children Hospital, Buenos Aires, Argentina); Socorro P Lupisan
(Research Institute for Tropical Medicine, Department of Health, Manila,
Philippines); Shabir A Madhi (Medical Research Council, Respiratory and
Meningeal Pathogens Research Unit, School of Pathology, University of
the Witwatersrand, Johannesburg, South Africa; Department of Science
and Technology—National Research Foundation Vaccine Preventable
Diseases, University of the Witwatersrand, Johannesburg, South Africa);
John P McCracken (Center for Health Studies, Universidad del Valle de
Guatemala, Guatemala City, Guatemala); Omphile Mekgoe
(Klerksdorp-Tshepong Hospital Complex, Klerksdorp, South Africa);
David P Moore (Department of Paediatrics and Child Health,

Chris Hani Baragwanath Academic Hospital and Faculty of Health
Sciences, University of the Witwatersrand, Johannesburg, South Africa;

www.thelancet.com/lancetgh Vol 7 August 2019

Medical Research Council, Respiratory and Meningeal Pathogens
Research Unit, School of Pathology, University of the Witwatersrand,
Johannesburg, South Africa; Department of Science and Technology—
National Research Foundation Vaccine Preventable Diseases, University
of the Witwatersrand, Johannesburg, South Africa); Cinta Moraleda
(ISGlobal, Hospital Clinic—Universitat de Barcelona, Barcelona, Spain;
Seccién de Enfermedades Infecciosas de Pediatria, Hospital Universitario
12 de Octubre, Universidad Complutense, Instituto de investigacion
Hospital 12 de Octubre, Madrid, Spain); Jocelyn Moyes (Centre for
Respiratory Disease and Meningitis, National Institute for
Communicable Disease, Johannesburg, South Africa); Kim Mulholland
(Pneumococcal Research Group, Murdoch Children’s Research Institute,
Melbourne, VIC, Australia; Department of Paediatrics, The University of
Melbourne, Melbourne, VIC Australia; London School of Hygiene &
Tropical Medicine, London, UK); Patrick K Munywoki (Kenya Medical
Research Institute—Wellcome Trust Research Programme, Kilifi, Kenya);
Fathima Naby (Pietermaritzburg Metropolitan Hospitals (Greys—
Edendale), Pietermaritzburg, South Africa); Harish Nair (Centre for
Global Health Research, University of Edinburgh, Edinburgh, UK);
Thanh Hung Nguyen (Children Hospital 1, Ho Chi Minh City, Vietnam);
Mark P Nicol (Division of Medical Microbiology, Department of
Pathology, University of Cape Town and National Health Laboratory
Service, Cape Town, South Africa); D James Nokes (Kenya Medical
Research Institute—Wellcome Trust Research Programme, Kilifi, Kenya;
School of life sciences, University of Warwick, Coventry, UK);

Daniel E Noyola (Microbiology Department, Facultad de Medicina,
Universidad Auténoma de San Luis Potosi, San Luis Potosi, México);
Marta Nunes (Medical Research Council, Respiratory and Meningeal
Pathogens Research Unit, School of Pathology, University of the
Witwatersrand, Johannesburg, South Africa; Department of Science and
Technology—National Research Foundation Vaccine Preventable
Diseases, University of the Witwatersrand, Johannesburg, South Africa);
Daisuke Onozuka (Department of Health Communication, Kyushu
University Graduate School of Medical Sciences, Fukuoka, Japan);
Nandhini Palani (Department of Microbiology, Jawaharlal Institute of
Postgraduate Medical Education and Research [JIPMER], Puducherry,
India); Yong Poovorawan (Center of Excellence in Clinical Virology,
Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand);
Mustafizur Rahman (International Centre for Diarrhoeal Disease
Research, Dhaka, Bangladesh); Kaat Ramaekers (KU Leuven, Department
of Microbiology and Immunology, Rega institute, Clinical and
Epidemiological Virology, Leuven, Belgium); Barbara Rath (Vienna
Vaccine Safety Initiative, Berlin, Germany; School of Medicine,
University of Nottingham, Nottingham, UK); Rachel M Reeves (Centre
for Global Health Research, University of Edinburgh, Edinburgh, UK);
Candice Romero (United States Naval Medical Research Unit No 6,
Callao, Peru); Elizabeth P Schlaudecker (Division of Infectious Diseases,
Global Health Center, Cincinnati Children’s Hospital Medical Center,
Cincinnati, OH, USA); Brunhilde Schweiger (National Influenza
Reference Centre, Unit Influenza and Other Respiratory Viruses,

Robert Koch Institit, Berlin, Germany); Phil Seidenberg (Department of
Emergency Medicine, University of New Mexico, Albuquerque, NM,
USA); Eric A F Simoes (University of Colorado School of Medicine and
School of Public Health, Aurora, CO, USA); Rosalyn Singleton (NCEZID,
Centres for Disease Control and Prevention, Anchorage, AK, USA;
Alaska Native Tribal Health Consortium, Anchorage, AK, USA);

Sujatha Sistla (Department of Microbiology, JIPMER, Puducherry, India);
Katharine Sturm-Ramirez (International Centre for Diarrhoeal Disease
Research, Dhaka, Bangladesh; Centers for Disease Control and
Prevention, Atlanta, GA, USA); Nungruthai Suntronwong (Center of
Excellence in Clinical Virology, Faculty of Medicine, Chulalongkorn
University, Bangkok, Thailand); Agustinus Sutanto (Ministry of Health,
Jakarta, Indonesia); Milagritos D Tapia (University of Maryland School of
Medicine, Baltimore, MD, USA); Somsak Thamthitiwat (Global Disease
Detection Center, Thailand Ministry of Public Health—US Centers for
Disease Control and Prevention Collaboration, Nonthaburi, Thailand);
Ilada Thongpan (Center of Excellence in Clinical Virology, Faculty of
Medicine, Chulalongkorn University, Bangkok, Thailand);

Gayani Tillekeratne (Division of Infectious Diseases, Department of
Medicine, Duke University School of Medicine, Durham, NC, USA;
Duke Global Health Institute, Durham, NC, USA); Yeny O Tinoco

e1043



Articles

€1044

(United States Naval Medical Research Unit No 6, Callao, Peru);

Florette K Treurnicht (Centre for Respiratory Disease and Meningitis,
National Institute for Communicable Diseases, Johannesburg,

South Africa; Department of Medical Virology, School of Pathology,
Faculty of Health Sciences, University of the Witwatersrand,
Johannesburg, South Africa); Claudia Turner (Shoklo Malaria Research
Unit, Mahidol-Oxford Tropical Medicine Research Unit, Faculty of
Tropical Medicine, Mahidol University, Mae Sot, Thailand); Paul Turner
(Shoklo Malaria Research Unit, Mahidol-Oxford Tropical Medicine
Research Unit, Faculty of Tropical Medicine, Mahidol University,

Mae Sot, Thailand); Rogier van Doorn (Oxford University Clinical
Research Unit, Wellcome Trust Major Overseas Program, in partnership
with the Hospital for Tropical Diseases, Ho Chi Minh City, Vietnam);
Marc Van Ranst (KU Leuven, Department of Microbiology and
Immunology, Rega Institute, Clinical and Epidemiological Virology,
Leuven, Belgium; University Hospitals Leuven, Department of
Laboratory Medicine, Leuven, Belgium); Benoit Visseaux (Infection,
Antimicrobials, Modelling, Evolution [TAME], Unité Mixte de Recherche
1137, Institut national de la santé et de la recherche médicale, Laboratoire
de Virologie, Hopital Bichat, Paris, France); Sunthareeya Waicharoen
(National Institute of Health, Department of Medical Sciences, Ministry
of Public Health, Bangkok, Thailand); Xin Wang (Centre for Global
Health Research, University of Edinburgh, Edinburgh, UK);

Jianwei Wang (Chinese Academy of Medical Sciences, Beijing, China);
Lay-Myint Yoshida (Department of Pediatric Infectious Diseases,
Institute of Tropical Medicine, Nagasaki University, Nagasaki, Japan); and
Heather | Zar (Department of Paediatrics, and South African Medical
Research Council [SA-MRC] Unit on Child and Adolescent Health,
University of Cape Town, Cape Town, South Africa).

Respiratory Syncytial Virus Consortium in Europe investigators

Harish Nair, Harry Campbell, Ting Shi, Shanshan Zhang, You Li
(University of Edinburgh); Peter Openshaw, Jadwicha Wedzicha (Imperial
College London); Ann Falsey (University of Rochester); Mark Miller
(National Institutes of Health Fogarty); Philippe Beutels (Universiteit
Antwerpen); Louis Bont (University Medical Centre Utrecht);

Andrew Pollard (University of Oxford); Eva Molero (Synapse);

Federico Martinon-Torres (Servicio Galego de Saude); Terho Heikkinen
(Turku University Central Hospital); Adam Meijer (National Institute for
Public Health and the Environment); Thea Kolsen Fischer (Statens Serum
Institut); Maarten van den Berge (Academisch Ziekenhuis Groningen);
Carlo Giaquinto (Fondazione Paediatric European Network for Treatment
of AIDS [PENTA] for the treatment and care of children with
HIV-Organizzazione Non Lucrativa di Utilita’ Sociale [HIV-ONLUS]);
Rafael Mikolajczyk (Martin-Luther University Halle-Wittenberg);

Judy Hackett, Laura Dillon, Eskinder Tafesse (AstraZeneca); Bing Cai,
Charles Knirsch (Pfizer); Antonio Gonzalez Lopez, Ilse Dieussaert,

Nadia Dermateau, Amanda Leach, Sonia K Stoszek (GlaxoSmithKline);
Scott Gallichan, Alexia Kieffer, Clarisse Demont, Angeline Denouel
(Sanofi Pasteur); Arnaud Cheret, Sandra Gavart, Jeroen Aerssens,
Veronique Wyffels, Matthias Cleenewerck (Janssen); and Robert Fuentes,
Brian Rosen (Novavax).

Declaration of interests

WAB reports grant funding from Bill & Melinda Gates Foundation
outside of the submitted work. CC reports grants from US Centres for
Disease Control and Prevention (CDC) during the conduct of the study;
grants from Sanofi, and non-financial support from Parexel outside the
submitted work. HC reports grants and personal fees from WHO,
Sanofi, Bill & Melinda Gates Foundation, and grants from Innovative
Medicines Initiative (IMI) during the conduct of the study. HN reports
grants from IMI during the conduct of the study; grants and personal
fees from Bill & Melinda Gates Foundation, WHO, and Sanofi Pasteur,
and grants from National Institutes of Health and Research outside the
submitted work. All other authors declare no competing interests.

Acknowledgments

This study was supported by Respiratory Syncytial Virus Consortium in
Europe (RESCEU). RESCEU has received funding from the Innovative
Medicines Initiative 2 Joint Undertaking under grant agreement

No. 116019. This Joint Undertaking receives support from the

EU’s Horizon 2020 research and innovation programme and European
Federation of Pharmaceutical Industries and Associations. YL and

XW are supported by scholarships from China Scholarship Council.

We thank Meagan E Peterson for her assistance in preparing the data
collection template for collating data from RSV GEN investigators.

We thank Alma Nurkic and the participating three labs in New South
Wales, Australia for providing their data. We thank Andrea Gutierrez,
Imane Jroundi, and Histoshi Oshitani for providing their local
seasonality data. Funding for data collection in Kilifi, Kenya was from
the Wellcome Trust (Grant ref# 102975). Data from one study in Peru
were contributed by employees of the US Government and were
prepared as part of their official duties. Title 17 U.S.C. {105 provides that
“Copyright protection under this title is not available for any work of the
United States Government.” Title 17 U.S.C. §101 defines a US
Government work as a work prepared by a military service member or
employee of the US Government as part of that person’s official duties.
The views expressed in this Article are those of the authors and do not
necessarily reflect the official policy or position of the Department of the
Navy, Department of Defense, nor the US Government. The study was
supported by funded by work unit number DHP 67.7, GEIS - Lima -
847705 82000 25GB B0016, CDC. The study protocol was approved by
the Naval Medical Research Unit Number Six Institutional Review Board
in compliance with all applicable Federal regulations governing the
protection of human participants. Philippe Buchy is an employee of
GlaxoSmithKline Vaccines. Bradford D Gessner is an employee of Pfizer
Vaccines. Daniel E Noyola has participated as member of the speakers’
bureau of AbbVie and Sanofi-Pasteur.

References

1 ShiT, McLean K, Campbell H, Nair H. Aetiological role of common
respiratory viruses in acute lower respiratory infections in children
under five years: a systematic review and meta—analysis.

J Glob Health 2015; 5: 010408.

2 Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE.
Respiratory syncytial virus infection in elderly and high-risk adults.
N Engl ] Med 2005; 352: 1749-59.

3 ShiT, Arnott A, Semogas I, et al. The etiological role of common
respiratory viruses in acute respiratory infections in older adults:

a systematic review and meta-analysis. ] Infect Dis 2019; published
online March 8. DOI:10.1093/infdis/jiy662.

4 Troeger C, Blacker B, Khalil IA, et al. Estimates of the global,
regional, and national morbidity, mortality, and aetiologies of lower
respiratory infections in 195 countries, 1990-2016: a systematic
analysis for the Global Burden of Disease Study 2016.

Lancet Infect Dis 2018; 18: 1191-210.

5  Alonso W], Yu C, Viboud C, et al. A global map of hemispheric
influenza vaccine recommendations based on local patterns of viral
circulation. Sci Rep 2015; 5: 17214.

6 Azziz Baumgartner E, Dao CN, Nasreen S, et al. Seasonality, timing,
and climate drivers of influenza activity worldwide. J Infect Dis 2012;
206: 838—46.

7  Caini S, Andrade W, Badur S, et al. Temporal patterns of
influenza A and B in tropical and temperate countries: what are the
lessons for influenza vaccination? PLoS One 2016; 11: 0152310.

8  Deyle ER, Maher MC, Hernandez RD, Basu S, Sugihara G.

Global environmental drivers of influenza. Proc Natl Acad Sci USA
2016; 113: 13081-86.

9  HeD, Lui R, Wang L, Tse CK, Yang L, Stone L. Global spatio-temporal
patterns of influenza in the post-pandemic era. Sci Rep 2015; 5: 11013.

10 Newman LP, Bhat N, Fleming JA, Neuzil KM. Global influenza
seasonality to inform country-level vaccine programs: an analysis of
WHO FluNet influenza surveillance data between 2011 and 2016.
PLoS One 2018; 13: €0193263.

11 Bloom-Feshbach K, Alonso W], Charu V, et al. Latitudinal variations
in seasonal activity of influenza and respiratory syncytial virus
(RSV): a global comparative review. PLoS One 2013; 8: e54445.

12 Obando-Pacheco P, Justicia-Grande A]J, Rivero-Calle I, et al.
Respiratory syncytial virus seasonality: a global overview. J Infect Dis
2018; 217: 1356-64.

13 Stensballe LG, Devasundaram JK, Simoes EA. Respiratory syncytial
virus epidemics: the ups and downs of a seasonal virus.

Pediatr Infect Dis ] 2003; 22 (suppl 2): S21-32.

14 Tamerius JD, Shaman J, Alonso WJ, et al. Environmental predictors
of seasonal influenza epidemics across temperate and tropical
climates. PLoS Pathog 2013; 9: €1003194.

www.thelancet.com/lancetgh Vol 7 August 2019



Articles

15

16

17

18

19

20

21

22

23

24

25

26

Muscatello DJ. Redefining influenza seasonality at a global scale
and aligning it to the influenza vaccine manufacturing cycle:

a descriptive time series analysis. J Infect 2018; 78: 140-49.

Shi T, McAllister DA, O’Brien KL, et al. Global, regional, and national
disease burden estimates of acute lower respiratory infections due to
respiratory syncytial virus in young children in 2015: a systematic
review and modelling study. Lancet 2017; 390: 946-58.

WHO. FluNet. 2018. http://www.who.int/influenza/gisrs_
laboratory/flunet/en/ (accessed May 13, 2019).

Pan American Health Organization. FluID. 2018. http://ais.paho.
org/phip/viz/flumart2015.asp (accessed May 13, 2019).

National Institute of Infectiou Disease Japan. Isolation and detection
of viruses in the past years. 2015. https://www.niid.go.jp/niid/en/iasr-
sp/230-iasr-data/5495-iasr-table-ve-p.html (accessed May 13, 2019).
Department of Health Hong Kong. Detection of pathogens from
respiratory specimens. 2018. https://www.chp.gov.hk/en/statistics/
data/10/641/642/2274.html (accessed May 13, 2019).

Government of Canada. Open Government Portal. 2018. https://open.
canada.ca/data/en/dataset?portal_type=dataset&q=fluwatch (accessed
May 13, 2019).

Ministry of Health New Zealand. Virology annual report. 2018.
https://surv.esr.cri.nz/virology/virology_annual_report.php
(accessed May 13, 2019).

Smith A, Lott N, Vose R. The integrated surface database: recent
developments and partnerships. Bull Am Meteorol Soc 2011;
92:704-08.

Willett K, Dunn R, Thorne P, et al. HadISDH land surface
multi-variable humidity and temperature record for climate
monitoring. Clim Past 2014; 10: 1983.

Nair H, Li Y. Global patterns in monthly activity of influenza virus,
respiratory syncytial virus, parainfluenza virus, and
metapneumovirus: a systematic analysis [dataset]. University of
Edinburgh, 2019. https://datashare.is.ed.ac.uk/handle/10283/3307
(accessed June 6, 2019).

Caini S, Alonso WJ, Seblain CE, Schellevis F, Paget J.

The spatiotemporal characteristics of influenza A and B in the
WHO European Region: can one define influenza transmission
zones in Europe? Euro Surveill 2017; 22: 30606.

www.thelancet.com/lancetgh Vol 7 August 2019

27

28

29

30

31

32

33

34

35

36

37

Finkelman BS, Viboud C, Koelle K, Ferrari MJ, Bharti N,

Grenfell BT. Global patterns in seasonal activity of influenza
A/H3N2, A/HIN1, and B from 1997 to 2005: viral coexistence and
latitudinal gradients. PLoS One 2007; 2: 1296.

Fry AM, Curns AT, Harbour K, Hutwagner L, Holman RC,
Anderson LJ. Seasonal trends of human parainfluenza viral
infections: United States, 1990-2004. Clin Infect Dis 2006;
43:1016-22.

Mizuta K, Abiko C, Aoki Y, et al. Epidemiology of parainfluenza
virus types 1, 2 and 3 infections based on virus isolation between
2002 and 2011 in Yamagata, Japan. Microbiol Immunol 2012;

56: 855-58.

van den Hoogen BG, Bestebroer TM, Osterhaus ADME,

Fouchier RAM. Analysis of the genomic sequence of a human
metapneumovirus. Virology 2002; 295: 119-32.

Tamerius J, Nelson MI, Zhou SZ, Viboud C, Miller MA, Alonso WJ.
Global influenza seasonality: reconciling patterns across temperate
and tropical regions. Environ Health Perspect 2011; 119: 439-45.
WHO. Fact sheets. Influenza (seasonal). 2018. http://www.who.int/
mediacentre/factsheets/fs211/en/ (accessed May 13, 2019).

Zhu Q, McLellan JS, Kallewaard NL, et al. A highly potent extended
half-life antibody as a potential RSV vaccine surrogate for all
infants. Sci Transl Med 2017; 9: eaaj1928.

WHO. WHO global respiratory syncytial virus surveillance. 2017
http://www.who.int/influenza/rsv/en/ (accessed May 13, 2019).
Sabuncu E, David |, Bernéde-Bauduin C, et al. Significant reduction
of antibiotic use in the community after a nationwide campaign in
France, 2002-07. PLoS Med 2009; 6: €1000084.

Broberg EK, Waris M, Johansen K, Snacken R, Penttinen P,
Network EIS. Seasonality and geographical spread of respiratory
syncytial virus epidemics in 15 European countries, 2010 to 2016.
Euro Surveill 2018; 23: 17-00284.

Hillbruner C, Egan R. Seasonality, household food security, and
nutritional status in Dinajpur, Bangladesh. Food Nutr Bull 2008;

29: 221-31.

e1045



	Global patterns in monthly activity of influenza virus,
respiratory syncytial virus, parainfluenza virus, and
metapneumovirus: a systematic analysis
	Introduction
	Methods
	Search strategy and selection criteria
	Quality assessment
	Data analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


