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TheCOVID-19 pandemic and relevant non-pharmaceutical interventions (NPIs)
interrupted the circulation of common respiratory viruses. These viruses
demonstrated an unprecedented asynchronous resurgence as NPIs were
relaxed. We compiled a global dataset from a systematic review, online sur-
veillance reports and unpublished data from Respiratory Virus Global Epide-
miology Network, encompassing 92 sites. We compared the resurgence
timings of respiratory viruses within each site and synthesised differences in
timings across sites, using a generalised linear mixed-effects model. We
revealed a distinct sequential timing in the first post-pandemic resurgence:
rhinovirus resurged the earliest, followed by seasonal coronavirus, parain-
fluenza virus, respiratory syncytial virus, adenovirus, metapneumovirus and
influenza A virus, with influenza B virus exhibiting the latest resurgence.
Similar sequential timing was observed in the second resurgence except
influenza A virus caught up with metapneumovirus. The consistent asyn-
chrony across geographical regions suggests that virus-specific character-
istics, rather than location-specific factors, determining the relative timing
of resurgence.

Human respiratory viruses such as influenza virus (IV) and respiratory
syncytial virus (RSV) are important causes of severe respiratory
infections1. Previous reports showed that most of the common
respiratory viruses, including IV, RSV, parainfluenza virus (PIV),
metapneumovirus (MPV), endemic seasonal coronaviruses (sCoV),
and rhinovirus (RV) had distinct seasonal circulating patterns albeit
with variations globally by geographical and environmental
characteristics2–4.

In 2020, the onset of the coronavirus disease 2019 (COVID-19)
pandemic and the large-scale implementation of non-pharmaceutical
interventions (NPIs) across the globewas associatedwith a precipitous
and major impact on the circulation of common respiratory viruses;
the activity of IV and RSV remained remarkably lower during the usual
circulating season in multiple countries5–7. The subsequent relaxation
of NPIs resulted in an unprecedented out-of-season resurgence of RSV
in several countries, likely a result of depleted population immunity8.

Received: 16 September 2024

Accepted: 27 January 2025

Check for updates

A full list of affiliations appears at the end of the paper. *A list of authors and their affiliations appears at the end of the paper.
e-mail: Xin.Wang@njmu.edu.cn; You.Li@njmu.edu.cn

Nature Communications |         (2025) 16:1610 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-0962-2741
http://orcid.org/0000-0002-0962-2741
http://orcid.org/0000-0002-0962-2741
http://orcid.org/0000-0002-0962-2741
http://orcid.org/0000-0002-0962-2741
http://orcid.org/0000-0001-5426-1984
http://orcid.org/0000-0001-5426-1984
http://orcid.org/0000-0001-5426-1984
http://orcid.org/0000-0001-5426-1984
http://orcid.org/0000-0001-5426-1984
http://orcid.org/0000-0001-5586-404X
http://orcid.org/0000-0001-5586-404X
http://orcid.org/0000-0001-5586-404X
http://orcid.org/0000-0001-5586-404X
http://orcid.org/0000-0001-5586-404X
http://orcid.org/0000-0003-3270-7345
http://orcid.org/0000-0003-3270-7345
http://orcid.org/0000-0003-3270-7345
http://orcid.org/0000-0003-3270-7345
http://orcid.org/0000-0003-3270-7345
http://orcid.org/0000-0001-6285-0308
http://orcid.org/0000-0001-6285-0308
http://orcid.org/0000-0001-6285-0308
http://orcid.org/0000-0001-6285-0308
http://orcid.org/0000-0001-6285-0308
http://orcid.org/0000-0003-3099-4475
http://orcid.org/0000-0003-3099-4475
http://orcid.org/0000-0003-3099-4475
http://orcid.org/0000-0003-3099-4475
http://orcid.org/0000-0003-3099-4475
http://orcid.org/0000-0001-5154-5084
http://orcid.org/0000-0001-5154-5084
http://orcid.org/0000-0001-5154-5084
http://orcid.org/0000-0001-5154-5084
http://orcid.org/0000-0001-5154-5084
http://orcid.org/0000-0002-9432-9100
http://orcid.org/0000-0002-9432-9100
http://orcid.org/0000-0002-9432-9100
http://orcid.org/0000-0002-9432-9100
http://orcid.org/0000-0002-9432-9100
http://orcid.org/0000-0002-8762-2421
http://orcid.org/0000-0002-8762-2421
http://orcid.org/0000-0002-8762-2421
http://orcid.org/0000-0002-8762-2421
http://orcid.org/0000-0002-8762-2421
http://orcid.org/0000-0002-8506-8439
http://orcid.org/0000-0002-8506-8439
http://orcid.org/0000-0002-8506-8439
http://orcid.org/0000-0002-8506-8439
http://orcid.org/0000-0002-8506-8439
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56776-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56776-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56776-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56776-z&domain=pdf
mailto:Xin.Wang@njmu.edu.cn
mailto:You.Li@njmu.edu.cn
www.nature.com/naturecommunications


However, the resurgence of these common respiratory viruses did not
occur simultaneously. For example, according to the weekly sentinel
surveillance report from New South Wales, Australia, in January 2022,
while all respiratory viruses included in the report had substantially
lower activity than the 2015–2019 average level in 2020, RV and ade-
novirus (AdV) appeared to be the least affected; RSV activity was
suppressed until an out-of-season resurgence occurred in September
2020; by contrast, there had been limited activity of PIV andMPV until
mid-2021, and circulation of IV remained at very low level by the end of
20219. Interestingly, similar asynchronous resurgence was also noted
in other countries with varied timing and stridency of NPIs10,11. It
remains unclear whether the observed variations in the resurgence of
these respiratory viruses are regionally specific or globally consistent,
which can be crucial for enhancing future pandemic preparedness and
informing public health strategies.

In this study, we compiled a large dataset on respiratory virus
activity across the globe from published studies, surveillance reports,
and international collaborators. We determined the onset and peak of
epidemics from different data sources using a unified method. We
used a generalised linear mixed-effects model (GLMM) framework to
synthesise the time interval between epidemic onsets and between
epidemic peaks of different respiratory viruses during the COVID-19
pandemic. (Fig. 1).

Results
Descriptive analysis of the study dataset
We included a total of 58 individual data sources in this study, 31 from
the systematic literature search, 12 from surveillance, and 15 from
unpublished researchdata sharedbymembers in theRespiratoryVirus
Global EpidemiologyNetwork (RSVGEN) (Fig. 2). Detailed data-source-
level characteristics are available in Supplementary Tables 1–3. The
compiled dataset provided data on a total of 3052 epidemics (1444
before the COVID-19 pandemic and 1608 after the onset of the pan-
demic) from 92 sites in 31 countries globally (Supplementary Fig. 1). Of
these included sites and countries, 80 sites were from temperate
regions, and 12 sites were from tropical regions; approximately half
(16/31) of the countries were low- and middle-income countries. The
majority of the 92 sites were rated as moderate-to-high quality
(58 sites, 63%); 24% (22 sites) of the sites were rated as high quality;
detailed quality assessment results can be found in Supplementary
Tables 4–6.

Before the COVID-19 pandemic, viral epidemics occurred
approximately every one year for IAV, sCoV, RSV, MPV and IBV, with
the onset-onset intervals of two consecutive epidemics ranging from
319 days (95% CI: 292–349) for IAV to 452 days (382–535) for IBV; by
comparison, RV, AdV and PIV had shorter onset-onset intervals (from
251days [223–283] forRV to294days [263–330] forPIV).After the start
of the COVID-19 pandemic, the onset of the first re-emergence was
delayed for all respiratory viruses, as indicated by the longer onset-
onset intervals; in the subsequent epidemic, the onset-onset interval
became substantially shorter and returned to the pre-pandemic
intervals. Same patterns were observed when using peak-peak inter-
vals in place of onset-onset intervals (Fig. 3).

Similar findings were observed in the time intervals of epidemics
between temperate and tropical regions; the only differencewas in the
epidemic intervals for IAV before the COVID-19 pandemic, which were
shorter than one year in the tropical region (Fig. 4, Supplementary
Figs. 2 and 3).

Relative timing of the first post-pandemic resurgence
Using a matching approach, which estimated the difference in the
timing of resurgence between viruses at the same site since the onset
of the COVID-19 pandemic, we showed that RV resurgence earlier than
all other viruses, with a lead onset of 198 to 708 days. sCoV, PIV, RSV,
and AdV had similar timings of resurgence, significantly earlier than

MPV, IAV and IBV; MPV and IAV were consistently earlier than IBV
(Fig. 5). Between the two IAV subtypes, H3N2 resurged significantly
earlier than H1N1 by 355 days (95% CI: 299–410) and than IBV by
274 days (187–362) while the latter two had similar timings of resur-
gence (Supplementary Figs. 4 and 5). Among PIV subtypes, PIV-3 was
the main driver of observed patterns of PIV, whereas the timings of
resurgenceof PIV subtypes 1, 2, and4were comparable toMPVand IAV
(Supplementary Figs. 6 and 7).

Similar sequential order in the timing of resurgencewas observed
separately in the temperate and tropical regions; the only exception
was that RSV, sCoV and RV (rather thanRV alone) resurged earlier than
other viruses in the tropical region (Fig. 6, Supplementary Figs.
8 and 9). When further stratifying the temperate regions by hemi-
sphere, we found that while the results in the northern hemisphere
resembled the global analysis, in the southern hemisphere, AdV, RSV,
and RV (rather than RV alone) resurged earlier than other viruses; the
confidence interval for sCoV was too wide for a meaningful compar-
ison due to data scarcity (Supplementary Figs. 10–13). Similar results
were observed when stratifying the data by country income levels
(Supplementary Figs. 14–17).

All predefined sensitivity analyses consistently yielded similar
results to the main analysis. (Supplementary Figs. 18–47).

Relative timing of the second post-pandemic resurgence
Overall, the sequential order in the timing of the first resurgence
persisted for the second resurgence although the magnitude of dif-
ference changed in some viruses (Fig. 5). Specifically, both IAV and IBV
had shorter time lags fromother viruses in the second resurgence than
in the first resurgence, with the net difference between the two
resurgences ranging from 26 to 118 days. By contrast, MPV had longer
time lags from other viruses than IAV and IBV (the net difference
ranging from 6 to 87 days), and its lead time from IAV and IBV became
shorter; in fact, there were no statistical differences in the timing
between MPV and IAV for the second resurgence; further analysis by
IAV subtypes suggested that H1N1 mainly drove the findings of the
shorter time lags for IAV in the second resurgence (Supplementary
Figs. 4 and 5). Subgroup analysis by PIV subtypes showed that PIV-3
circulated relatively later in the second resurgence than in the first
resurgence, despite still leading other three PIV subtypes and MPV,
IAV, and IBV (Supplementary Figs. 6 and 7).

While RV, sCoV, and RSV resurged earlier than other viruses
during the first resurgence in the tropical region, RV remained the
earliest virus in the second resurgence, and sCoV and RSV circulated
later than RV but still comparable to or earlier than other viruses in the
second resurgence (Fig. 6).

Discussion
In this study, we collected population-level aggregated data on the
circulation of common respiratory viruses from multiple sources and
applied a uniform analytical approach to ensure comparability across
different time periods, sites and respiratory viruses. Despite the sub-
stantial variations in the calendar time of circulation of different
respiratory viruses in sites with varied geographical, we identified
commonalities in the patterns of circulation among these respiratory
viruses. While, as expected, all viruses experienced a delayed onset
after the occurrence of the COVID-19 pandemic, through matching by
individual sites, we showed that the sequential order of the resurgence
during theCOVID-19pandemicwasvirus-specific; the resurgenceofRV
was earliest, followed by sCoV, PIV, RSV, and AdV, subsequently by IAV
and MPV, and the resurgence of IBV was the latest. Overall, consistent
sequential order was observed for the second resurgence except that
IAV had caught up with MPV. These findings help address key knowl-
edge gaps regarding the circulating characteristics of common
respiratory viruses in the post-pandemic era and provide insights into
virus-specific factors of circulating patterns, which might include
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environmental stability, infectivity, transmissibility, population
immunity, and reservoirs, as well as possible virus-virus interaction.

All the respiratory viruses in this study exhibited relatively stable
periodicity of circulation before the COVID-19 pandemic in both
temperate and tropical regions. Unsurprisingly, following the imple-
mentation of NPIs, the resurgence of these viruses was delayed, as
reported in several studies10,12–14. After the first re-circulation of these
viruses, the periodicity of circulation for most of these viruses reverts
back to the pre-pandemic period periodicity in the second resurgence.

What was interesting and not previously revealed was the distinct and
consistent sequential order of resurgence of these common respira-
tory viruses; specifically, we showed that RV, along with RSV, sCoV,
AdV, and PIV (mainly PIV-3) had relatively earlier resurgence, followed
by MPV and IAV, and that IBV had the latest resurgence. Such con-
sistency across different sites globally provides strong evidence for
virus-specific transmission determinants that are independent of the
common driving factors of transmission specific to the local contexts,
such as the timing, duration, and intensity of NPIs, meteorological
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Up-week: viral activity higher than four weeks prior
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Virus C

Descriptive: the pooling approach Analytical: the matching approach

◦ Calculating the time interval between two 
epidemics of the same virus per site, and 
pooled up the intervals across sites

◦ Calculating the differences in timing between 
viruses during their first and second resurgence 
during the pandemic, matched by site, and 
synthesised the differences across sites

Fig. 1 | Overview of methodology. Data were collected from three sources: sys-
tematic literature review, online surveillance reports, and the RSV GEN network.
The epidemic onsetwas defined using a “4-week trend”method, where eachweek’s
viral activity (case numbers or positive proportion) was compared to that of four
weeks prior. An epidemic onset was identified when four consecutive weeks
showed higher activity than their respective weeks four weeks earlier (“up-weeks”).

Two approaches were implemented: (1) A descriptive pooling approach that
compared intervals between consecutive epidemic onsets of the same virus across
sites for both pre- and post-pandemic periods; (2) An analyticalmatching approach
that examined the relative timing differences between pairs of viruses’ resurgence,
matched by study site.
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factors, geographical factors, COVID-19 epidemics, population mobi-
lity, behaviours and personal protection, and population vaccination
history.

The following virus-specific determinants could help explain the
consistency in the sequential order of the resurgence. First, the dur-
ability of immunity across different viruses could explain their varied
relative timing of resurgence15. For example, RV has over 160 geno-
types, with its observed genetic diversity, limited cross-protection and
high naturalmutation rates leading to high immune escape16. Similarly,
for influenza, the antigenic regions of the hemagglutinin protein in A/
H3N2 evolve more rapidly than those in A/H1N1 and IBV, which
explained well why the resurgence of A/H3N2 was over 9 months
earlier than other influenza (sub)types17. Second, preexisting commu-
nity prevalence could help explain the asynchrony in resurgence.
Certain viruses, such as RV and AdV, are known to be prevalent in
healthy individuals and can establish asymptomatic persistence in the
human respiratory tract18,19. These characteristics enabled RV and AdV
to more easily re-establish transmission following the relaxation of
NPIs or even maintain circulation despite concurrent NPIs.
Wastewater-based surveillance demonstrated the correlation between
viral RNA concentrationwith the confirmed cases20–22, and showed that
RV and AdV were continuously detected in wastewater; by contrast,
influenza and RSV showed seasonal patterns of detection, and IBVwas
less frequently detected in wastewater20,21,23,24. Moreover, RV and AdV
as non-enveloped viruses could persist longer on surfaces compared
to enveloped viruses with lipid membranes that were sensitive to
lipophilic disinfection25. Third, different respiratory viruses could
compete for niches in the respiratory tract, with highly competitive

viruses resurging early. Virus-virus interactionwas previously reported
at the cellular, host, and population levels26. For example, In-vitro
evidence showed that infection with RV could block SARS-CoV-2
replication within the respiratory epithelium27. During the 2009 H1N1
influenza pandemic in Europe, preceding regional RV epidemics were
temporally associated with unexplained and abrupt declines in influ-
enza cases28,29. A modelling study based on viral surveillance data in
Scotland revealed a negative interaction betweenRV and IAV30. Fourth,
the variations could be explained by the varied infectiousness of
viruses. It is well appreciated that there was a trade-off between
infectiousness and virulence. Viruses such as RV and AdV were more
likely to have higher infectiousness and lower virulence. Previous
studies showed that detection of RV or AdV in the upper respiratory
tract had a less important role in the aetiology of lower respiratory
infection (i.e. less virulent) than other viruses such as influenza, MPV,
and RSV19,31. Lastly, varied transmissibility could also explain the
between-virus variations. For example, viruses with aerosol transmis-
sion as themajor transmission route could have higher transmissibility
and were more likely to re-establish transmission following the
relaxation of NPIs, such as RV32.

We acknowledge several limitations in this study. First, similar to
most global-level systematic analyses, heterogeneity could be intro-
duced by variations in study settings (e.g. community vshospital), case
definitions (e.g. influenza-like illness, acute respiratory infections,
severe acute respiratory infections, etc.), testing criteria, testing
capacities, and testingmethodologies. Nonetheless, our analysis relied
only on the temporal trend of testing positive (rather than a universal
threshold such as a 10% positive rate) to determine the onset and peak
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Fig. 2 | PRISMA flow diagram. The diagram shows the screening process of eligible data for analysis.
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of the circulation, which was insensitive to variations as mentioned
above. The fact that the onset-based analysis and peak-based analysis
yielded similar results further supported the robustness of our find-
ings. Second, the data included in this study were not geographically
representative and the results were driven by high-income countries
(mostly in the temperate regions). To address this limitation, we con-
ducted subgroup analyses by latitudinal group and by country income
classification, which did not yield substantially different results from
the global analysis. In addition, as data from different geographical
scales were included, we conducted ad-hoc sensitivity analyses that
demonstrated the robustness of our analysis of data at different geo-
graphical scales. Third, case-based surveillance data were prone to
biases such as variations in health-seeking behaviour, reporting delays,
limited diagnostic capabilities, and not covering milder infections.
Fourth, different time periods were not represented equally across
different study sites. Due to the time lag between study completion
and publication, studies identified from the literature review did not
have more recent data (e.g. in 2023). In some study sites, data on
certain viruses were not available until the onset of the COVID-19
pandemic; as a result, the pre-pandemic period was less represented
compared to the first two years since the onset of the pandemic.
Moreover, the criteria and capacity of respiratory viral tests in a spe-
cific site could have changed over time; for example, multi-plex PCR
was introduced or expanded in a number of countries during the
COVID-19 pandemic. Although the scale-up of the tests could lead to
increased sensitivity for detecting viral epidemics, we believe that our
findings were less impacted as the differences of timings assessed in
our study were matched by individual sites. Lastly, this study focused
on the timing of epidemics rather than the intensity of epidemics due

to the challenges in comparing the intensity of epidemics across dif-
ferent viruses and study settings. Meanwhile, we were also unable to
quantitatively assess the impact of NPIs due to the challenges in
reconciling data on NPIs from different sites and factoring in popula-
tion compliance to these NPIs.

The occurrence of the COVID-19 pandemic and the unprece-
dented large-scale implementation of NPIs provides a unique
opportunity to observe how the transmission of different respira-
tory viruses was interrupted and how their transmission and circu-
lation were later re-established. Our study reveals the changed
temporal patterns of circulation as well as a virus-specific asyn-
chrony in the timing of resurgence following the onset of the pan-
demic across the globe, providing insights into the complexity of
circulation and transmission patterns of different respiratory viru-
ses. These findings also emphasise the value of establishing and
extending surveillance to a year-round and multi-pathogen-based
system. Such characteristics could prove invaluable in preparing for
and responding to potential future pandemics caused by unknown
viruses.

Methods
Data sources
Systematic literature review. For the systematic literature review
(PROSPERO registration: CRD42023481281), we searched four data-
bases (Webof Science,Medline, Embase, andWHOCOVID-19Research
Database) to identify studies published between 1st January 2021 and
31st December 2023 that reported viral activity data since the onset of
the COVID-19 pandemic for influenza, RSV, and at least one of the
following the other viruses: PIV,MPV, sCoV, RV, and AdV.Wemodified

Fig. 3 | The virus-specific time intervals between epidemics. a Virus-specific time
intervals between epidemic onsets in consecutive years. b Virus-specific time
intervals between epidemic peaks in consecutive years. The x-axis represents the
time elapsed since the previous onset or peak, measured in years. The left y-axis
lists the index of epidemics relative to the onset of the COVID-19 pandemic, with
negative numbers indicating epidemics occurring before the pandemic, and

positive numbers indicating epidemics occurring after the onset of the pandemic.
Data are presented as mean values and error bars indicate their 95% confidence
intervals. IAV influenza A virus, IBV influenza B virus, RSV respiratory syncytial
virus, PIV parainfluenza virus, MPV metapneumovirus, sCoV seasonal cor-
onavirus, RV rhinovirus, AdV adenovirus. Source data are provided as a Source
Data file.
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search terms from our previously published systematic review on the
seasonality of respiratory viruses2; these were “respiratory virus”,
“influenza virus”, and “respiratory syncytial virus”, combined with
“epidemic”, “prevalence”, “circulate”, and “surveillance” (detailed
search strategy in SupplementaryMethods 1). No language restrictions
were applied. Eligible studies were required to report data on the
number of positive cases or the positive proportion of each respiratory
virus, at least monthly and covered the time period between the onset
of the local COVID-19 epidemics and the end of 2020. However, there
were no further restrictions with regard to regions, age groups, study
designs, or diagnostic tests used (except that studies that relied on
serology only were not included). Eligible studies needed to focus on
the general population rather than participants with special medical
conditions such as comorbidities or individuals from outbreak inves-
tigations (i.e. study participants were restricted to those in the out-
break setting, such as school).

Data extraction frompublished literature was completed using an
Excel template. Study-level characteristics were collected, including
study location, country, study period, age of study participants, clin-
ical specimen, diagnostic tests, viruses reported, reporting frequency
(e.g. weekly or monthly), and type of viral activity data (number of
positives and positive proportion). The activity data for each reported
virus per study were extracted from tables or figures of the publica-
tions, or from a publicly available repositorywhen available; the online
software WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/)
was used to help extract data from figures. Screening of studies and
data extractionwere conducted independently by CZ and jointly by LG
and TZ, with discrepancies resolved through internal discussionwithin
the review team.

Online surveillance reports. To supplement the data extracted from
the systematic literature review, we accessed several online surveil-
lance reports of respiratory viral activity, including the United States
National Respiratory and Enteric Virus Surveillance System33, Seattle
Flu Alliance34, HoustonMethodist Respiratory Pathogen Epidemiology
Snapshot35, South Korea Centre for Disease Control and Prevention36,
Finnish National Infectious Diseases Register37, Taiwan National
Infectious Disease Statistics System38, Czech Republic National insti-
tutes of health39, Canada FluWatch40, PanAmerica HealthOrganization
FluNet41, Weekly national flu reports of the United Kingdom42, Scottish
Health and Social Care Open Data43, and Robert Koch Institute Influ-
enza Weekly Reports44. The latest date of data retrieval was 15th
April 2024.

Respiratory Virus Global Epidemiology Network (RSV GEN). We
further reached out tomembers from RSV GEN to collect unpublished
viral activity data45,46. A total of 15 study sites had available data that
fulfilled the eligibility criteria, including Alaska (USA), Bangkok (Thai-
land), Barcelona (Spain), Buenos Aires (Argentina), Halifax (Canada),
Kilifi (Kenya), Lisbon (Portugal), Marseille (France), Melbourne (Aus-
tralia), Shenzhen (China), Tbilisi (Georgia), Israel, Netherlands, and
Russia. A data collection template was used to collectmonthly number
of positive cases and positive proportion of IV, RSV, PIV, MPV, sCoV,
RV, and AdV, for the duration of 1st January 2017 through 31st
December 2023.

When a site had available data from more than one data source
(i.e. published studies, surveillance and RSV GEN), we prioritised the
inclusion of data from RSV GEN, or surveillance when RSV GEN data
were not available.

Fig. 4 | The virus-specific time intervals between onsets by region. a Virus-
specific time intervals between epidemic onsets in consecutive years in the tem-
perate region. b Virus-specific time intervals between epidemic onsets in con-
secutive years in the tropical region. The x-axis represents the time elapsed since
the previous onset, measured in years. The left y-axis lists the index of epidemics
relative to the onset of the COVID-19 pandemic, with negative numbers indicating

epidemics occurring before the pandemic, and positive numbers indicating epi-
demics occurring after the onset of the pandemic. Data are presented as mean
values and error bars indicate their 95% confidence intervals. IAV influenza A virus,
IBV influenza B virus, RSV respiratory syncytial virus, PIV parainfluenza virus, MPV
metapneumovirus, sCoV seasonal coronavirus, RV rhinovirus, AdV adenovirus.
Source data are provided as a Source Data file.
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Quality assessment
Quality assessment of viral activity data was conducted for all sites
from data sources (a data source could report more than one site),
independently by CZ and jointly by LG and TZ, with discrepancies
resolved through internal discussion within the review team. A self-
designed quality assessment questionnaire was used that comprised
eight questions regarding representativeness, precision, and reliability
(Supplementary Methods 2); the answer to each question could be
“yes” (1 point), “no” (0 points), or “not clear” (0 points). Total scores
could range from 0 to 8 points; sites receiving 5 points or more were
considered as moderate-to-high-quality and sites receiving 7 points or
more were considered as high-quality.

Data analysis
Defining the epidemic onset and peak. Considering the variations
in testing methods, the off-season circulation of viruses such as
RSV, the likely changes in the availability and criteria for testing,
and changes in behaviours for seeking care throughout the
COVID-19 pandemic, the commonly used approaches for defining
the epidemic onset of respiratory viruses such as the positivity
threshold approach47 and the annual average percentage2

approach could not be properly applied. To overcome these
challenges, we modified the method used for evaluating the onset
of out-of-season resurgence of RSV in a previous study8, namely
the “4-week trend” method (Fig. 1). Briefly, we compared the
number of cases or the positive proportion (depending on data
availability) to that of four weeks earlier for each week. A week
was noted as an “up-week” if the number of virus-specific cases or
the positive proportion was higher than the corresponding week
four weeks prior; the onset of an epidemic was defined as the
beginning “up-week” of four consecutive “up-weeks”. For monthly
aggregated viral activity data, we adopted a similar definition, an

“up-month”, which was a month with higher activity than the
previous month; the onset of an epidemic was defined as the first
“up-month” since the absence of the last “up-month”. When a data
source had data on both the number of positive cases and the
positive proportion, we used the positive proportion for defining
the epidemic onset in the main analysis and used the number of
positive cases as sensitivity analysis. Similar to the definition of
onset, we defined peak as the week or month with the highest
positive cases or positive proportion (the earliest peak was
selected when there was more than one peak).

Considering that all data were right-censored based on a specific
calendar date rather than based on the number of resurgences fol-
lowing the onset of the COVID-19 pandemic, to minimise potential
selection bias, we focused only on up to the first two resurgences of all
viruses in this study.

Main analysis. We used a two-step approach to understand the pat-
terns of the virus resurgence since the COVID-19 pandemic: the pool-
ing approach as a descriptive analysis for understanding temporal
patterns of circulation of each virus, and the matching approach for
analysing the relative timing of resurgence between different viru-
ses (Fig. 1).

For thepooling approach,wecalculated the time interval between
the epidemic onsets in two consecutive epidemics of the same virus—
the onset-onset interval for each virus and study site, and likewise the
peak-peak interval. This was conducted for both the pre-pandemic and
the pandemic periods when data were available. The resulting time
intervals were then pooled across sites for each virus and season
(treating each site as an observation), using a GLMM with a random
intercept to account for heterogeneities among study sites. The results
could help understand the short-term effect of the COVID-19 pan-
demic on the timing of epidemics.

Fig. 5 | The time difference of onset and peak between viruses. a The time
differences in days of onset between viruses during their first and second resur-
gences, matched by site. b The time differences in days of peak between viruses
during theirfirst and second resurgences, matched by site. Thematrix presents the
pairwise comparison of timing between viruses in their first (shown in blue) and
second resurgence (shown in red). Positive [negative] values indicated that the

virus on the top/left resurged earlier [later] than the virus on the bottom/right.
Dashed line indicated no differences in the timing. Data are presented as mean
values and error bars indicate their 95% confidence intervals. IAV influenza A virus,
IBV influenza B virus, RSV respiratory syncytial virus, PIV parainfluenza virus, MPV
metapneumovirus, sCoV seasonal coronavirus, RV rhinovirus, AdV adenovirus.
Source data are provided as a Source Data file.
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For the matching approach, we focused on analysing the differ-
ences in the timing of the first resurgence (onset and peak) between
different viruses following the COVID-19 pandemic. Specifically, we
calculated the time difference between the first resurgence of a pair of
viruses (all possible combinations),matched by study sites. These time
differences were then pooled across sites using the same GLMM fra-
mework as in the pooling approach. This helped understand the
relative differences in the timing of the first resurgence between
viruses while accounting for all site-specific characteristics such as the
population characteristics, timing and magnitude of COVID-19 epi-
demics and implementation of NPIs. We also applied the same
matching approach to analyse the timing of the second resurgence of
circulation for each virus. Where data were available, we repeated the
analysis above to further assess influenza A virus subtypes H1N1 and
H3N2, and PIV subtypes 1–4.

Two separate subgroup analyses were conducted. The first one
was stratifying the analysis by up latitudinal group (temperate regions
in 23.5°–66.5° latitude, which was further divided into northern and
southern temperate regions, and tropical region in 23.5°N–23.5°S); the
second one was stratifying by World Bank income classification (high-
income, and low- and middle-income countries).

Sensitivity analysis. A series of predefined one-way sensitivity analyses
were conducted to assess the robustness of the main analysis. Briefly,
we restricted to data on positive proportion and to data on number of
positives separately; restricted to data identified from the literature,
and from the surveillance and RSV GEN separately; restricted to weekly
aggregated data andmonthly aggregated data separately; restricted to
morderate-to-high-quality studies (overall quality score ≥5); and
restricted to data sources that included participants of all ages.

As ad-hoc sensitivity analysis, we excluded data from Canada,
Finland, and China—three countries that had most sites (potentially

overrepresented)—one country at a time. In addition, for Canada and
Finland, we used nationally aggregated data in place of regional
aggregated data as a separate sensitivity analysis. As the included sites
could have varied geographical scales, ranging from a single commu-
nity or hospital to a province or even a country, we also conducted an
ad-hoc exploratory analysis with the surveillance data from Canada to
assess the robustness of findings when using data at different levels:
national, provincial and municipal. As the approach for determining
onset and peak of viral epidemics was sensitive to the sample size of
positive cases in each data source, we conducted another separate
analysis that included only data sources that had ≥1000 positive cases
for each virus.

Statistical software, and checklist
All data analyses and visualisations were conducted using R software
(version 4.2.2). The systematic literature review in this study was
reported according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data analysed in this study (including surveillance and unpublished
data) are available on GitHub (https://github.com/ChenkaiZhao-086/
Vir_interaction)48. Source data for Figs. 3–6 are provided with this
paper. Source data are provided with this paper.

Code availability
The R codes used in this analysis are available on GitHub (https://
github.com/ChenkaiZhao-086/Vir_interaction)48.

Fig. 6 | The time difference of onset between viruses by region. a The time
differences in days of onset between viruses during their first and second resur-
gences, matched by sites in temperate regions. b The time differences in days of
onset between viruses during their first and second resurgences, matched by sites
in tropical regions. Thematrix presents the pairwise comparisonof timing between
viruses in their first (shown in blue) and second resurgence (shown in red). Positive

[negative] values indicated that the virus on the top/left resurged earlier [later] than
the virus on the bottom/right. Dashed line indicated no differences in the timing.
Data are presented as mean values and error bars indicate their 95% confidence
intervals. IAV influenzaA virus, IBV influenza B virus, RSV respiratory syncytial virus,
PIV parainfluenza virus, MPV metapneumovirus; sCoV seasonal coronavirus, RV
rhinovirus, AdV adenovirus. Source data are provided as a Source Data file.
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