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Objectives: The influenza circulation reportedly declined during the COVID-19 pandemic in many coun-
tries. The occurrence of this change has not been studied worldwide nor its potential drivers.
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Methods: The change in the proportion of positive influenza samples reported by country and trimester
was computed relative to the 2014-2019 period using the FluNet database. Random forests were used
to determine predictors of change from demographical, weather, pandemic preparedness, COVID-19 inci-
dence, and pandemic response characteristics. Regression trees were used to classify observations accord-
ing to these predictors.

Results: During the COVID-19 pandemic, the influenza decline relative to prepandemic levels was global
but heterogeneous across space and time. It was more than 50% for 311 of 376 trimesters-countries and
even more than 99% for 135. COVID-19 incidence and pandemic preparedness were the two most impor-
tant predictors of the decline. Europe and North America initially showed limited decline despite high
COVID-19 restrictions; however, there was a strong decline afterward in most temperate countries, where
pandemic preparedness, COVID-19 incidence, and social restrictions were high; the decline was limited
in countries where these factors were low. The “zero-COVID” countries experienced the greatest decline.
Conclusion: Our findings set the stage for interpreting the resurgence of influenza worldwide.

© 2023 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Starting with the worldwide spread of SARS-CoV-2, observa-
tions of a sharp decline in influenza circulation were reported. In
the first months of 2020, the flu season was shortened in some
northern hemisphere and tropical countries [1,2]. During the sub-
sequent 18 months, influenza incidence showed an all-time low
in New Zealand [3], Australia [4], the United States [5-7], and the
WHO European Region [8]. The circulation was still low in 2021.

The measures adopted in response to the COVID-19 pandemic
are likely to have hindered influenza transmission at the same
time because the routes of transmission are identical. Indeed, the
influenza decline, as well as that of other transmissible diseases,
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coincided with nonpharmaceutical interventions against COVID-19
[2,6,7,9-11].

Understanding how this decline occurred may help interpret
the current influenza trends and anticipate future viral circulation.
Although the issue has been described for specific countries or re-
gions [2-5,7,8,12-14], little work has been done at the global scale
[15-17].

Here, we provide a global quantitative analysis of the influenza
reduction based on the Global Influenza Surveillance and Response
System FluNet database [18,19]. We considered the period be-
tween March 2020 and September 2021 and estimated the in-
fluenza reduction by country and trimester relative to a prepan-
demic period (2014-2019). We identified geographical, demograph-
ical, health preparedness, and COVID-19 status characteristics pre-
dictive of influenza decline using random forests and clustered ob-
servations with a similar decline in time and space using a regres-
sion tree.

1201-9712/© 2023 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open access article under the CC BY-NC-ND
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Material and methods
Overview of the methods

We used data from the FluNet influenza repository [18,19]
to quantify the worldwide influenza change during the COVID-
19 pandemic (March 2020 to September 2021) compared with
the prepandemic period (December 2014 to December 2019). We
mapped the influenza decline by trimester and country. We then
used random forests to identify the most significant predictors of
decline and a regression tree to classify trimesters-countries based
on these predictors. Potential predictors included a wide range of
covariates, among them, country factors (geographical, meteorolog-
ical, demographic, and health preparedness factors), and variables
associated with the COVID-19 pandemic, that were assembled from
sources detailed hereafter.

Influenza data and definition of influenza reduction

The FluNet influenza repository [18,19] provides weekly counts
of influenza specimens by country. For our analysis, we considered
records from 2014 to 2021. To account for influenza seasonality,
we defined 13-week-long “influenza trimesters” beginning on the
first Monday after December 11, March 12, June 11, and Septem-
ber 11. These dates were chosen so that the middle of the Decem-
ber 11 trimester coincided with the peak of a typical influenza cir-
culation in the northern hemisphere. We refer to these trimesters
as December-March, March-June, June-September, and September-
December, respectively.
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Data from FluNet were aggregated by trimester-country. The
20 trimesters from December-March 2014-2015 to September-
December 2019 defined the reference “prepandemic” period, and
the six trimesters from March-June 2020 to June-September 2021
defined the “pandemic” period. The trimester from December 2019
to March 2020 was excluded because it overlapped with the pe-
riod of COVID-19 emergence. We also discarded trimesters having
less than 10 processed influenza specimens per week on average
and those typically unaffected by influenza epidemics (i.e., having
less than 5% of the annual positive cases on average during the
prepandemic period, e.g., the summers in temperate regions).

We computed the percentage of influenza-positive cases as
the ratio of positive to positive plus negative samples during the
trimester (adding 0.5 to avoid division by zero issues). We com-
puted the “log relative influenza level” as the base-10 logarithm of
the ratio between the percentage of positive cases during a pan-
demic trimester and the average percentage of positive cases in the
corresponding prepandemic trimesters [7,12]. Under the assump-
tion that influenza surveillance was not substantially altered dur-
ing the pandemic, this quantifies the reduction in influenza circu-
lation. We also tested for secular trends that could potentially bias
this indicator (Supplementary material).

Variables for prediction of influenza reduction

We collected the covariates described in Table 1 from public
sources and IATA [20-28]. Additional details on covariate compu-
tation and their distributions are provided in the Supplementary
material (section Definition of Covariates, Figure S1).

Table 1
Definition, computation and source of the variables used as predictors of influenza change.

Variable Description Source Min, max

Age Median age of the country population [20,21] 15.1, 48.2

Longitude Population-weighted average of longitude for cities with more than 300K inhabitants  [22] -100.7, 174.4
by country or country capital longitude, from -180 (W) to 180 (E)

Latitude Population-weighted average of latitude for cities with more than 300K inhabitants [22] -38.7, 60.4
by country or country capital latitude, from -90 (S) to 90 (N)

T Average temperature (in Celsius degrees) over the trimester-country [23] -8.8, 37.8

RH Average relative humidity over the trimester-country [23] 17.3,93.5

IDVI Infectious disease vulnerability index, country level indicator of the vulnerability to [24] 0.15, 1
health emergencies from 0 (most vulnerable) to 1 (less vulnerable)

COVID-19 daily cases Average daily reported cases of COVID-19 per million inhabitants over the [25] 0, 553.5
trimester-country

Workplace presence reduction Median percentage of reduction of daily presence in workplaces over the [26] -22.5%, 69.0%
trimester-country. Reduction from the first 5 weeks in 2020 in the same location

Reduction of international flights Average percentage of reduction in the inbound and outbound air passengers over [27] -16.8%, 100%
the trimester-country with respect to the same trimester-country of 2019

nb days of school closure For each country, number of days over the trimester where policies related to [28] 0, 91
schools and universities closure were implemented

nb days of workplace closure For each country, number of days over the trimester where policies related to [28] 0, 91
workplaces closure were implemented

nb days of public event restrictions For each country, number of days over the trimester where policies related to event [28] 0, 91
restrictions were implemented

nb days of gathering restrictions For each country, number of days over the trimester where policies related to social [28] 0, 91
gathering restrictions were implemented

nb days of public transport For each country, number of days over the trimester where policies related to public [28] 0, 91

restrictions transport restrictions were implemented

nb days of stay at home requirements For each country, number of days over the trimester with "shelter-in-place" and [28] 0, 91
otherwise confine to the home orders

nb days of international travel For each country, number of days over the trimester with airport screening, [28] 0, 91

restrictions quarantine of arrival passengers or restrictions of international travels

nb days of facial covering For each country, number of days over the trimester with policies on the use of [28] 0, 91

requirements facial coverings outside the home

nb days of testing implementation For each country, number of days over the trimester with government policy on [28] 0, 91
who has access to testing for current infection (polymerase chain reaction tests)

nb days of contact tracing For each country, number of days over the trimester with government policy on [28] 0, 91

implementation contact tracing after a positive diagnosis

nb days of elderly shielding For each country, number of days over the trimester with policies to protect older [28] 0, 91

adults (as defined locally) in long-term care facilities and/or community and
home-based settings

IDV], infectious disease vulnerability index; nb, number; RH, relative humidity; T, temperature;

133



F. Bonacina, P-Y. Boélle, V. Colizza et al.

Clustering and regression tree analysis

We used the Variable Selection Using Random Forests (VSURF)
algorithm to select the covariates that were highly predictive of
influenza reduction [29]. Importance is defined as the increase in
prediction error when the variable of interest is randomly reshuf-
fled across observations. We discarded variables with close to zero
importance in a univariable analysis. Then, we carried out a for-
ward selection of predictors, including variables in their order of
importance one at a time. Following the Breiman’s rule [30], we
retained the model with the least variables having prediction error
less than the minimum prediction error plus one standard devia-
tion.

Using the variables selected previously, we fit a regression tree
to obtain an interpretable model [30]. The details of the approach
are provided in the Supplementary material.

Analyses were performed with R version 4.2.1 [31] and pack-
ages vsurf [29] and rpart [32].

Robustness and sensitivity analyses

The details of the robustness checks and the sensitivity anal-
yses are reported in the Supplementary material. In summary, we
checked the robustness of the regression analysis to stochastic fluc-
tuations in the dataset and to criteria for including the FluNet
records in the analysis; we explored alternative definitions for co-
variates: COVID-19 daily deaths instead of COVID-19 daily cases,
Oxford COVID-19 Government Response Tracker stringency index
instead of governmental response [28], and alternative Google mo-
bility reports instead of presence in workplaces. We also explored
separate inclusion of age and infectious disease vulnerability index
(IDVI) because these were highly correlated (0spearman = 0.87, Pyg
<0.01).

Results
Decline of influenza in space and time

A total of 166 countries contributed data to FluNet between
December 2014 and September 2021. Figure 1a shows the time
course of the reports. In the prepandemic period, the percentage
of positive tests varied seasonally between 4% and 33%, with major
peaks during seasonal epidemics in northern countries and lower
peaks for southern countries. The global number of tests for in-
fluenza remained within the range of historical levels through-
out the whole COVID-19 pandemic period, but the percentage of
influenza-positive tests dropped sharply to a minimum level of
0.04% during the months of July and August 2020.

A total of 112 countries remained for analysis, contributing 376
trimester-country observations (Table S1). During the pandemic,
the percentage of influenza-positive tests varied across countries
and trimesters over five orders of magnitude (from less than
0.002% to a maximum of 49%, as reported in Figure 1b) com-
pared with only two orders of magnitude over the prepandemic
period (between 1% and 95%). For 135 of the 376 observations, the
percentage of positive influenza tests was more than 100 times
smaller than expected. The reduction of influenza positivity could
be dramatic, as shown by the zero positive tests of 26,114 pro-
cessed tests reported in Japan during March-June 2021 compared
with the average 75% expected in the prepandemic period. An in-
crease in the percentage of positive tests was seen in 22 observa-
tions; this was, for example, the case of Haiti during December-
March 2020-2021, where the percentage of positive tests was 15%
compared with an expected 2.2% before the pandemic.

The spatial variation of the influenza decline is mapped in
Figure 2 over the six pandemic trimesters. For the majority of
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countries, the decline remained limited during March-June 2020,
with 46 of 65 countries reporting less than 90% reduction from
the prepandemic period (i.e., log relative influenza level >-1). The
decline became more pronounced in the subsequent trimesters,
especially in North America, Europe, Mexico, and Japan during
December-March 2020-2021 and March-June 2021. The decline
was also strong in the majority of southern hemisphere coun-
tries during both June-September 2020 and June-September 2021.
Conversely, a number of countries in South Asia (e.g., Bangladesh,
Afghanistan), Africa (e.g, Mali, Senegal, Nigeria, Kenya, Zambia),
and Central America (e.g, Honduras, Haiti) showed limited in-
fluenza reduction throughout the whole COVID-19 pandemic pe-
riod (log relative influenza levels >-1). The levels of reduction
changed over the period. Interestingly, the log relative influenza
level was as low as -2.4 during June-September 2020 in China but
increased again starting September-December 2020. A similar in-
creasing trend was observed also in a few other countries, such as
in Kenya and Nigeria.

Clustering and regression tree analysis

The analysis was carried out on 93 countries, for which co-
variates were available, totaling 330 trimester-country observations
(Table S1). Among the 20 covariates tested, 11 were selected as
predictors of the log relative influenza level (Figure 3). Sociodemo-
graphic, preparedness, geographical, weather, and COVID-19 man-
agement aspects contributed all to explaining the changes, al-
though, COVID-19 daily cases and IDVI were the most important.

The full regression tree built from the data accounted for 69% of
the variance of the log relative influenza level (R> = 0.69; Figure S3,
Table S2). To interpret the relationships between the selected vari-
ables and the trimesters-countries, we focus here on the first four
splits based on IDVI, COVID-19 daily cases, longitude, and work-
place mobility reduction (Figure 4a). The five groups identified by
these splits (labeled 1-5, Figure 4a) showed a gradient in average
log relative influenza level ranging from -3.03 (reduction by 99.9%)
to -0.71 (reduction by 80%). How the observations in each group
rank with respect to the whole dataset is shown in Figure 4b (see
also Figure S2).

Group 1 included 109 trimesters-countries with high influenza
decline, corresponding to the lower quartile of the whole dataset
distribution. This group was characterized by high IDVI (median
value corresponding to the 71th percentile (pc.) of the whole
dataset), high COVID-19 daily cases (83rd pc.), old population (70th
pc.), and low temperatures (25th pc.). The median reduction of
workplace presence and median number of days with school clo-
sure were close to the whole population median but were higher
than other groups, except for group 4 discussed hereafter. Popula-
tion gathering restrictions were especially high (82nd pc.). The cor-
responding trimesters-countries included countries in Europe and
North America during the 2020-21 influenza season, countries in
temperate South America, and high IDVI countries in Central Amer-
ica and tropical Asia (Table S2 in the Supplementary material).

Group 2 was the smallest and had clustered observations with
the largest influenza decline (median log relative influenza level
corresponding to the least 8% of all data points). It gathered all
observations from Australia, Japan, New Zealand, and South Korea.
These trimesters-countries showed low COVID-19 daily cases (29th
pc.), high IDVI (91st pc.), and high reduction of international flights
(88th pc.). Reduction of workplace presence and number of days of
school closure and gathering restrictions were comparatively low
(23rd, 23rd, 13th pcs., respectively).

Group 3 corresponded to 45 observations with intermediary log
relative influenza level. Covariates were also close to the median
of all data points. Singapore, from September-December 2020 to
June-September 2021, was part of this group (larger tree in Fig-
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Figure 1. Change in influenza circulation during the COVID-19 pandemic relative to the prepandemic period. (a) Weekly counts of processed and positive tests of influenza
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considered in the study. The six blocks indicate the trimesters. The week in which COVID-19 was declared a pandemic by World Health Organization is reported as reference.
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LRIL, log relative influenza level; nb, number.

ure S4). The covariates of these observations are close to the sec-
ond group—high influenza reduction, low COVID-19 daily cases,
and high reduction of international flights. Other observations of
group 3 (e.g., Southeast Asia countries, such as Malaysia, Vietnam,
Indonesia, and Thailand) were similar to Singapore but had lower
population age and IDVIL. They showed, however, a more limited
influenza decline.
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Group 4 had 39 observations corresponding to Europe and
North America during the March-June 2020 trimester. At this pe-
riod, influenza decline was limited (median log relative influenza
level corresponding to the 68th pc. of all data points), but there
was already a strong response to the COVID-19 pandemic as quan-
tified, for instance by the reduction in the workplace presence
(87th pc.) and number of days of school closure (83rd pc.).
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in the analysis. The gray color indicates trimesters-countries not included in the analysis.
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Finally, group 5 included 123 trimesters-countries with the low-
est decrease in influenza relative to the prepandemic period (log
relative influenza level 76th pc.). In this group, there was a low
number of COVID-19 cases (27th pc.), young population (19th pc.),
low IDVI (19th pc.), and high temperatures (70th pc.). The response
to the COVID-19 pandemic was mild, with limited reduction of
international flights (28th pc.); the workplace presence reduction
(34th pc.) and number of days of school closure (43rd pc.) were
small compared with the whole population. This group was largely
formed by tropical countries, such as in Africa, South and South-
east Asia, Central America, and the Caribbean (Table S2 of the Sup-
plementary material).

Robustness and sensitivity analyses

Variable selection and tree structure were robust to stochastic
fluctuations. The five-group classification was robust to small per-
turbations in the data set, as was the selection of predictive vari-
ables. In some cases, for example with different inclusion criteria
for FluNet data, observations in group 1 and group 2 tended to
cluster together. More details are reported in the Supplementary
material (section Robustness checks and sensitivity analyses, Table
S3).

Discussion

The systematic analysis of influenza circulation across all con-
tinents and climatic regions shows that the influenza decline was
global during the spread of the COVID-19 pandemic. This decrease
was heterogeneous across countries and trimesters between March
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2020 and September 2021. Demographic, socioeconomic, weather,
and COVID-19 characteristics explained a large part of this hetero-
geneity.

Influenza circulation is characterized by marked seasonal epi-
demics in temperate countries but a more complex annual pat-
tern in the tropics [33]. Surveillance may be reinforced in epidemic
times. The log relative influenza level allowed adjusting for such
changes. We found that influenza declined nearly everywhere and
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remained low compared with the prepandemic period during the
18 first months of the COVID-19 pandemic. Importantly, the world-
wide number of influenza tests remained roughly the same in the
prepandemic and pandemic period, ruling out a change in surveil-
lance as the likely explanation. The largest reduction was between
July and August 2020, and a progressive increase was seen again
until September 2021. Temperate countries had the largest reduc-
tion, whereas it was limited in the tropics [14-16,34].
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Influenza circulation could a priori change during the COVID-19
pandemic because of governmental measures, self-adapted behav-
ioral changes, and direct interaction with SARS-CoV-2. We indeed
found that reduction of international flights, presence at work-
places, school attendance, and mass gatherings explained part of
the reduction; although, the impact was nonlinear. Initial strong
restrictions against COVID-19 had to be relaxed in some low-
resource countries [14,35,36], allowing renewed influenza circula-
tion. Conversely, countries where a strong response against the
COVID-19 pandemic could be maintained saw exceptionally low in-
fluenza circulation, except in March-June 2020, where strong local
restrictions in Europe and the USA likely occurred at the end of
the influenza season in the majority of cases [5]. For the rest of
the time, temperate countries in Europe, North America, and South
America that adopted a COVID-19 response centered over local re-
strictions by reducing workplace presence, school attendance, and
gatherings had large reduction in influenza circulation, irrespec-
tive of the reduction of international flights. This was very differ-
ent in four “zero-COVID” nations (Australia, New Zealand, Japan,
and South Korea), where influenza dropped despite local restric-
tions were limited [37], suggesting a key role for border controls in
preventing seeding from abroad. Reducing international flights by
94-97%, however, did not prevent influenza introduction in Viet-
nam from the neighboring country, Cambodia, [14] which is likely
due to the difficulty of controlling land borders.

The limitation of gatherings or public events, imposed interna-
tional travel restrictions, and school closure were previously found
to be the main drivers in suppressing influenza [12,13]. However,
actual behavior, such as the volume of flights rather than im-
posed international travel restrictions or percentage presence at
the workplace rather than mandatory reduction, was more predic-
tive of influenza reduction than governmental restrictions. Behav-
ioral proxies may indeed capture adhesion to restrictions that de-
pended on place and stage of the pandemic [38-40].

The reduction of influenza could also stem from direct viral in-
terference with SARS-CoV-2, for example, through competition for
cellular resources or interferon production [41,42]. Infection rates
with influenza reportedly changed according to SARS-CoV-2 status
and vice versa [42]. In this respect, we found a high influenza de-
cline with high COVID-19 incidence in group 1 and low influenza
decline with low COVID-19 incidence in group 5, as well as low
levels for both in zero-COVID countries. Under-reporting of COVID-
19 cases may be an alternative explanation to low COVID-19 re-
porting in the low-income countries of group 5 [35,36,43].

The characterization of influenza decline in space and time may
come of use to analyze its resurgence over time. The loss of expo-
sure to the influenza virus may lead to more severe waves or out
of season waves [6,7] and may increase the susceptible pool, espe-
cially in children [44,45]. In the first half of 2022, influenza circula-
tion was remarkably late in Europe [46] and early in the southern
hemisphere, with a peak that was above average in Australia [47].
Other epidemiological changes could occur regarding the exposed
population and the seeding from the tropics [33] as worldwide air
transportation resumes. Deciding on the composition of the vac-
cine may also prove more difficult due to the change in the evo-
lutionary dynamics of circulating strains [15]. Between March 2020
and August 2022, no B/Yamagata-lineage circulation was confirmed
worldwide [15,48].

Our study is affected by limitations. We assumed that influenza
surveillance was not substantially altered during the pandemic pe-
riod. The number of samples in the FluNet database indeed did not
change substantially over time because many countries maintained
the influenza surveillance or quickly resumed it after initial disrup-
tion [3,4]. The influenza positivity rate may have been affected by
changes in surveillance protocols due to the COVID-19 pandemic.
We did not account for influenza vaccination due to limited infor-

138

International Journal of Infectious Diseases 128 (2023) 132-139

mation at the global scale. Vaccination rates are highly heteroge-
neous among countries [49]. Although targeted recommendations
increased coverage in the elderly during the 2020-21 season in
nine northern hemisphere countries and Australia [49], the efficacy
of the influenza vaccine during the study period remains unknown.
Lineages circulating in southeast Asia during autumn 2020 were
not included in the recommendations for the 2020-2021 Northern
Hemisphere season [14]. Last, we relied on the FluNet database,
which integrates worldwide influenza records, aggregating coun-
tries with highly diverse influenza surveillance quality and cover-
age. The results from the sensitivity analysis showed that the re-
ported results were similar in varying exclusion criteria.

Declaration of competing interest

The authors have no competing interests to declare.

Funding

The authors acknowledge financial support from the Municipal-
ity of Paris (https://www.paris.fr/) through the Programme Emer-
gence to FB and CP; the European Union H2020 grant Monitoring
outbreak events for disease surveillance in a data science context
(MOOD) with grant agreement H2020-874850 (publication cata-
logued as MOOD 061) to PYB, VC, and CP; and Institut des Sciences
du Calcul et de la Donnée.

Ethical approval

Ethical approval or individual consent was not applicable.

Author contributions

FB, PYB, VC, OL, MT, and CP conceived and designed the study.
FB, OL, MT, and CP designed the regression analysis. FB collected
and analyzed the data and implemented the regression analysis. FB
and CP accessed and verified the data and were responsible for the
decision to submit for publication. FB and CP drafted the article.
FB, PYB, VC, OL, MT, and CP interpreted the results and contributed
to the writing of the final version of the article

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/].ijid.2022.12.042.

References

[1] Emborg HD, Carnahan A, Bragstad K, Trebbien R, Brytting M, Hungnes O,
et al. Abrupt termination of the 2019/20 influenza season following preven-
tive measures against COVID-19 in Denmark, Norway and Sweden. Euro Surveill
2021;26:2001160. doi:10.2807/1560-7917.ES.2021.26.22.2001160.
Cowling BJ, Ali ST, Ng TWY, Tsang TK, Li JCM, Fong MW, et al. Impact assess-
ment of non-pharmaceutical interventions against coronavirus disease 2019
and influenza in Hong Kong: an observational study. Lancet Public Health
2020;5:e279-88. doi:10.1016/S2468-2667(20)30090-6.
Huang QS, Wood T, Jelley L, Jennings T, Jefferies S, Daniells K, et al. Impact of
the COVID-19 nonpharmaceutical interventions on influenza and other respira-
tory viral infections in New Zealand. Nat Commun 2021;12:1001. doi:10.1038/
s41467-021-21157-9.
Olsen S, Azziz-Baumgartner E, Budd AP, Brammer L, Sullivan S, Pineda RF, Co-
hen C, Fry AM. Decreased influenza activity during the COVID-19 pandemic
- United States, Australia, Chile, and South Africa, 2020. MMWR Morb Mortal
Wkly Rep 2020;69:1305-9. doi:10.15585/mmwr.mm6937a6.
Zipfel CM, Colizza V, Bansal S. The missing season: the impacts of the COVID-
19 pandemic on influenza. Vaccine 2021;39:3645-8. doi:10.1016/j.vaccine.2021.
05.049.
[6] Qi Y, Shaman ], Pei S. Quantifying the impact of COVID-19 nonpharmaceuti-
cal interventions on influenza transmission in the United States. | Infect Dis
2021;224:1500-8. doi:10.1093/infdis/jiab485.

2

3

[4

[5


https://www.paris.fr/
https://doi.org/10.1016/j.ijid.2022.12.042
https://doi.org/10.2807/1560-7917.ES.2021.26.22.2001160
https://doi.org/10.1016/S2468-2667(20)30090-6
https://doi.org/10.1038/s41467-021-21157-9
https://doi.org/10.15585/mmwr.mm6937a6
https://doi.org/10.1016/j.vaccine.2021.05.049
https://doi.org/10.1093/infdis/jiab485

F. Bonacina, P-Y. Boélle, V. Colizza et al.

[7] Baker RE, Park SW, Yang W, Vecchi GA, Metcalf CJE, Grenfell BT. The impact
of COVID-19 nonpharmaceutical interventions on the future dynamics of en-
demic infections. Proc Natl Acad Sci U S A 2020;117:30547-53. doi:10.1073/
pnas.2013182117.

[8] Adlhoch C, Mook P, Lamb F, Ferland L, Melidou A, Amato-Gauci A], et al.
Very little influenza in the WHO European Region during the 2020/21 sea-
son, weeks 40 2020 to 8 2021. Euro Surveill 2021;26:2100221. doi:10.2807/
1560-7917.ES.2021.26.11.2100221.

[9] Chow EJ, Uyeki TM, Chu HY. The effects of the COVID-19 pandemic on com-
munity respiratory virus activity. Nat Rev Microbiol 2022:1-16. doi:10.1038/
s41579-022-00807-9.

[10] Launay T, Souty C, Vilcu AM, Turbelin C, Blanchon T, Guerrisi C, et al. Common

communicable diseases in the general population in France during the COVID-

19 pandemic. PLoS One 2021;16:e0258391. doi:10.1371/journal.pone.0258391.

Ullrich A, Schranz M, Rexroth U, Hamouda O, Schaade L, Diercke M, et al. Im-

pact of the COVID-19 pandemic and associated non-pharmaceutical interven-

tions on other notifiable infectious diseases in Germany: an analysis of na-
tional surveillance data during week 1-2016 - week 32-2020. Lancet Reg Health

Eur 2021;6:100103. doi:10.1016/j.lanepe.2021.100103.

Davis WW, Mott JA, Olsen SJ. The role of non-pharmaceutical interven-

tions on influenza circulation during the COVID-19 pandemic in nine

tropical Asian countries. Influenza Other Respir Viruses 2022;16:568-76.
https://doi.org/10.1111/irv.12953.

[13] Qiu Z, Cao Z, Zou M, Tang K, Zhang C, Tang J, et al. The effectiveness of govern-

mental nonpharmaceutical interventions against COVID-19 at controlling sea-

sonal influenza transmission: an ecological study. BMC Infect Dis 2022;22:331.

doi:10.1186/s12879-022-07317-2.

Siegers JY, Dhanasekaran V, Xie R, Deng Y-M, Patel S, leng V, et al. Genetic and

antigenic characterization of an influenza A(H3N2) outbreak in Cambodia and

the greater Mekong subregion during the COVID-19 pandemic, 2020. J Virol
2021;95:e0126721. doi:10.1128/JV1.01267-21.

Dhanasekaran V, Sullivan S, Edwards KM, Xie R, Khvorov A, Valkenburg SA,

et al. Human seasonal influenza under COVID-19 and the potential conse-

quences of influenza lineage elimination. Nat Commun 2022;13:1721. doi:10.
1038/s41467-022-29402-5.

Karlsson EA, Mook PAN, Vandemaele K, Fitzner J, Hammond A, Cozza V, et al.

Review of global influenza circulation, late 2019 to 2020, and the impact of the

COVID-19 pandemic on influenza circulation. In: Weekly Epidemiological Record

96. Geneva: World Health Organization; 2021. p. 241-64.

Koutsakos M, Wheatley AK, Laurie K, Kent SJ, Rockman S. Influenza lineage

extinction during the COVID-19 pandemic? Nat Rev Microbiol 2021;19:741-2.

doi:10.1038/s41579-021-00642-4.

[18] Flahault A, Dias-Ferrao V, Chaberty P, Esteves K, Valleron AJ, Lavanchy D.
FluNet as a tool for global monitoring of influenza on the Web. JAMA
1998;280:1330-2. doi:10.1001/jama.280.15.1330.

[19] World Health Organisation. Global Influenza Program, FluNet database, https:
/[www.who.int/tools/flunet; 2022 [accessed 08 April 2022].

[20] Ritchie H, Mathieu E, Rodés-Guirao L, Appel C, Giattino C, Ortiz-Ospina E,
et al. Coronavirus pandemic (COVID-19). Our World Data 2020. https://
ourworldindata.org/coronavirus [accessed 10 November 2022].

[21] United Nations Department of Economic and Social Affairs. World Population
Prospects 2017 - Volume I: Comprehensive Tables. New YorK: United Nations;
2021. https://doi.org/10.18356/9789210001014.

[22] United Nations, Department of Economic and Social Affairs, Population Divi-
sion. World Urbanization Prospects. 2018 revision, https://population.un.org/
wup/Download/; 2018 [accessed 30 April 2022].

[23] Hersbach H, Bell B, Berrisford P, Hirahara S, Horanyi A, Muifioz-Sabater ], et al.
The ERA5 global reanalysis. Q/R Meteorol Soc 2020;146:1999-2049. doi:10.
1002/qj.3803 [accessed 08 April 2022].

[24] Moore M, Gelfeld B, Okunogbe AT, Paul C. Identifying future disease hot spots:
infectious disease vulnerability index. RAND Health Q 2017;6(5). https://www.
rand.org/pubs/research_reports/RR1605.html.

[25] Dong E, Du H, Gardner L. An interactive web-based dashboard to track COVID-
19 in real time. Lancet Infect Dis 2020;20:533-4. doi:10.1016/S1473-3099(20)
30120-1.

[26] Google. COVID-19 community mobility report, https://www.google.com/
covid19/mobility?hl=en; 2021 [accessed 28 June 2021].

[27] International Air Traffic Association, https://www.iata.org/en/; 2021 [accessed
01 September 2022].

[28] Hale T, Angrist N, Goldszmidt R, Kira B, Petherick A, Phillips T, et al.
A global panel database of pandemic policies (Oxford COVID-19 Gov-
ernment Response Tracker). Nat Hum Behav 2021;5:529-38. doi:10.1038/
s41562-021-01079-8 [accessed 17 Febraury 2022].

[11]

[12]

[14]

[15]

[16]

[17]

139

International Journal of Infectious Diseases 128 (2023) 132-139

[29] Genuer R, Poggi J-M, VSURF T-MC An R package for variable selection using
random forests. R J 2015;7:19-33. https://hal.archives-ouvertes.fr/hal-01251924
[accessed 12 May 2022].

[30] Breiman L, Friedman JH, Olshen RA, Stone CJ. Classification and regression trees.
1st ed. New York: Chapman and Hall/CRC; 1984. doi:10.1201/9781315139470.

[31] R Core Team. R: a language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing, 2022, https://www.R-project.
org/.

[32] Therneau TM, Atkinson B, Ripley B. Rpart : recursive partitioning and regres-
sion trees, https://cran.r-project.org/web/packages/rpart/rpart.pdf; 2015 [ac-
cessed 01 July 2022].

[33] Tamerius JD, Shaman ], Alonso W], Bloom-Feshbach K, Uejio CK, Comrie A,

et al. Environmental predictors of seasonal influenza epidemics across tem-

perate and tropical climates. PLoS Pathog 2013;9:e1003194. doi:10.1371/journal.
ppat.1003194.

Mott JA, Fry AM, Kondor R, Wentworth DE, Olsen S]. Re-emergence of in-

fluenza virus circulation during 2020 in parts of tropical Asia: implications for

other countries. Influenza Other Respir Viruses 2021;15:415-18. doi:10.1111/irv.

12844.

[35] Pablos-Méndez A, Vega ], Aranguren FP, Tabish H, Raviglione MC. Covid-19 in
Latin America. BMJ 2020;370:m2939. doi:10.1136/bmj.m2939.

[36] Salyer S], Maeda ], Sembuche S, Kebede Y, Tshangela A, Moussif M, et al. The
first and second waves of the COVID-19 pandemic in Africa: a cross-sectional
study. Lancet 2021;397:1265-75. doi:10.1016/S0140-6736(21)00632-2.

[37] Jecker NS, Au DKS. Does zero-COVID neglect health disparities? | Med Ethics
2022;48:169-72. doi:10.1136/medethics-2021-107763.

[38] Pullano G, Di Domenico L, Sabbatini CE, Valdano E, Turbelin C, Debin M, et al.

Underdetection of COVID-19 cases in France threatens epidemic control. Nature

2020;590:134-9. doi:10.1038/s41586-020-03095-6.

Di Domenico L, Sabbatini CE, Boélle P-Y, Poletto C, Crépey P, Paireau ],

et al. Adherence and sustainability of interventions informing optimal control

against the COVID-19 pandemic. Commun Med (Lond) 2021;1:57. doi:10.1038/
s43856-021-00057-5.

Weitz ]S, Park SW, Eksin C, Dushoff J. Awareness-driven behavior changes can

shift the shape of epidemics away from peaks and toward plateaus, shoulders,

and oscillations. Proc Natl Acad Sci U S A 2020;117:32764-71. doi:10.1073/pnas.

2009911117.

Opatowski L, Baguelin M, Eggo RM. Influenza interaction with cocirculating

pathogens and its impact on surveillance, pathogenesis, and epidemic pro-

file: a key role for mathematical modelling. PLoS Pathog 2018;14:e1006770.
doi:10.1371/journal.ppat.1006770.

[42] Piret ], Boivin G. Viral interference between respiratory viruses. Emerg Infect
Dis 2022;28:273-81. doi:10.3201/eid2802.211727.

[43] Levin AT, Owusu-Boaitey N, Pugh S, Fosdick BK, Zwi AB, Malani A, et al. As-

sessing the burden of COVID-19 in developing countries: systematic review,

meta-analysis and public policy implications. BMJ Glob Health 2022;7:e008477.
doi:10.1136/bmjgh-2022-008477.

Gostic KM, Bridge R, Brady S, Viboud C, Worobey M, JO Lloyd-Smith. Childhood

immune imprinting to influenza A shapes birth year-specific risk during sea-

sonal HIN1 and H3N2 epidemics. PLoS Pathog 2019;15:e1008109. doi:10.1371/
journal.ppat.1008109.

Messacar K, Baker RE, Park SW, Nguyen-Tran H, Cataldi JR, Grenfell B.

Preparing for uncertainty: endemic paediatric viral illnesses after COVID-

19 pandemic disruption. Lancet 2022;400:1663-5. doi:10.1016/S0140-6736(22)

01277-6.

Emborg H-D, Vestergaard LS, Botnen AB, Nielsen ], Krause TG, Trebbien R.

A late sharp increase in influenza detections and low interim vaccine effec-

tiveness against the circulating A(H3N2) strain, Denmark, 2021/2 influenza

season up to 25 March 2022. Eurosurveillance 2022;27:2200278. doi:10.2807/
1560-7917.ES.2022.27.15.2200278.

Lee SS, Viboud C, Petersen E. Understanding the rebound of influenza in the

post COVID-19 pandemic period holds important clues for epidemiology and

control. Int J Infect Dis 2022;122:1002-4. doi:10.1016/].ijid.2022.08.002.

Paget ], Caini S, Del Riccio MD, van Waarden W, Meijer A. Has influenza

B/Yamagata become extinct and what implications might this have for

quadrivalent influenza vaccines? Euro Surveill 2022;27:2200753. doi:10.2807/

1560-7917.ES.2022.27.39.2200753.

Del Riccio MD, Lina B, Caini S, Staadegaard L, Wiegersma S, Kyn¢l J, et al. Let-

ter to the editor: increase of influenza vaccination coverage rates during the

COVID-19 pandemic and implications for the upcoming influenza season in

northern hemisphere countries and Australia. Euro Surveill 2021;26:2101143.

doi:10.2807/1560-7917.ES.2021.26.50.2101143.

[34]

[39]

[40]

[41]

(44]

[45]

[46]

(47]

(48]

[49]


https://doi.org/10.1073/pnas.2013182117
https://doi.org/10.2807/1560-7917.ES.2021.26.11.2100221
https://doi.org/10.1038/s41579-022-00807-9
https://doi.org/10.1371/journal.pone.0258391
https://doi.org/10.1016/j.lanepe.2021.100103
https://doi.org/10.1186/s12879-022-07317-2
https://doi.org/10.1128/JVI.01267-21
https://doi.org/10.1038/s41467-022-29402-5
http://refhub.elsevier.com/S1201-9712(22)00682-8/sbref0016
https://doi.org/10.1038/s41579-021-00642-4
https://doi.org/10.1001/jama.280.15.1330
https://www.who.int/tools/flunet
https://ourworldindata.org/coronavirus
https://population.un.org/wup/Download/
https://doi.org/10.1002/qj.3803 ignorespaces [accessed ignorespaces 08 ignorespaces April ignorespaces 2022]
https://www.rand.org/pubs/research_reports/RR1605.html
https://doi.org/10.1016/S1473-3099(20)30120-1
https://www.google.com/covid19/mobility?hl=en
https://www.iata.org/en/
https://doi.org/10.1038/s41562-021-01079-8 ignorespaces [accessed ignorespaces 17 ignorespaces Febraury ignorespaces 2022]
https://doi.org/10.1201/9781315139470
https://www.R-project.org/
https://cran.r-project.org/web/packages/rpart/rpart.pdf
https://doi.org/10.1371/journal.ppat.1003194
https://doi.org/10.1111/irv.12844
https://doi.org/10.1136/bmj.m2939
https://doi.org/10.1016/S0140-6736(21)00632-2
https://doi.org/10.1136/medethics-2021-107763
https://doi.org/10.1038/s41586-020-03095-6
https://doi.org/10.1038/s43856-021-00057-5
https://doi.org/10.1073/pnas.2009911117
https://doi.org/10.1371/journal.ppat.1006770
https://doi.org/10.3201/eid2802.211727
https://doi.org/10.1136/bmjgh-2022-008477
https://doi.org/10.1371/journal.ppat.1008109
https://doi.org/10.1016/S0140-6736(22)01277-6
https://doi.org/10.2807/1560-7917.ES.2022.27.15.2200278
https://doi.org/10.1016/j.ijid.2022.08.002
https://doi.org/10.2807/1560-7917.ES.2022.27.39.2200753
https://doi.org/10.2807/1560-7917.ES.2021.26.50.2101143

	Global patterns and drivers of influenza decline during the COVID-19 pandemic
	Introduction
	Material and methods
	Overview of the methods
	Influenza data and definition of influenza reduction
	Variables for prediction of influenza reduction
	Clustering and regression tree analysis
	Robustness and sensitivity analyses

	Results
	Decline of influenza in space and time
	Clustering and regression tree analysis
	Robustness and sensitivity analyses

	Discussion
	Declaration of competing interest
	Funding
	Ethical approval
	Author contributions
	Supplementary materials
	References


