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Mortality associated with different influenza subtypes in France between 2015-2019

Background: High levels of excess mortality during periods of active influenza circulation in France were observed in the years preceding the COVID-19 pandemic. Some of the factors that affect the rates of influenza associated mortality are influenza vaccination coverage levels in different population groups and practices for testing for influenza and related use of antiviral medications for various illness episodes (including pneumonia hospitalizations) during periods of active influenza circulation in the community. Methods: Data on sentinel ILI surveillance and sentinel virological surveillance in France were combined in a framework of a previously developed regression model to estimate the number of deaths associated with the circulation of the major influenza subtypes (A/H3N2, A/H1N1, B/Yamagata and B/Victoria) in France between 2015-2019. Results: Between week 3, 2015 and week 2, 2020, there were on average 15403 (95% CI (12591,18229)) annual influenza-associated deaths, of which 60.3% (49.9%,71.9%) were associated with influenza A/H3N2, and 29.5% (13.3%,45.5%) were associated with influenza B/Yamagata. During weeks when levels of ILI consultation in mainland France were above 50 per 100,000 persons, 7.9% (6.5%,9.4%) of all deaths in France were influenza-associated. Conclusions: High rates of influenza-associated mortality in France prior to the COVID-19 pandemic suggest that boosting influenza vaccination coverage in different population groups and testing for influenza in respiratory illness episodes (including pneumonia hospitalizations) during periods of active influenza (particularly influenza A/H3N2) circulation in combination with the use of antiviral medications is needed to mitigate the impact of influenza epidemics.

Introduction

Prior to the COVID-19 pandemic, annual influenza epidemics resulted in high rates of influenzaassociated mortality in different countries [START_REF] Goldstein | Improving the estimation of influenza-related mortality over a seasonal baseline[END_REF][START_REF] Hansen | Mortality associated with influenza and respiratory syncytial virus in the US, 1999-2018[END_REF][START_REF] Pebody | Significant spike in excess mortality in England in winter 2014/15 -influenza the likely culprit[END_REF][START_REF] Rosano | Investigating the impact of influenza on excess mortality in all ages in Italy during recent seasons (2013/14-2016/17 seasons)[END_REF][START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF] (e.g. an estimated average annual rate of over 16 deaths per 100,000 individuals in the EU countries for the 2012-2013 through the 2017-2018 influenza seasons [START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF]). Only a fraction of influenza-associated mortality has respiratory diseases as an underlying cause of death [START_REF] Goldstein | Improving the estimation of influenza-related mortality over a seasonal baseline[END_REF][START_REF] Hansen | Mortality associated with influenza and respiratory syncytial virus in the US, 1999-2018[END_REF][START_REF] Quandelacy | Age-and Sex-related Risk Factors for Influenzaassociated Mortality in the United States Between 1997-2007[END_REF], with an additional significant contribution of influenza infections to mortality for circulatory and other non-respiratory causes [START_REF] Goldstein | Improving the estimation of influenza-related mortality over a seasonal baseline[END_REF][START_REF] Quandelacy | Age-and Sex-related Risk Factors for Influenzaassociated Mortality in the United States Between 1997-2007[END_REF][START_REF] Kwong | Acute Myocardial Infarction after Laboratory-Confirmed Influenza Infection[END_REF]. Despite the high rates of influenza-associated mortality, frequency of testing for influenza and related use of antiviral medications may be relatively low for various illness episodes (including pneumonia hospitalizations) during periods of active influenza circulation in the community. A US study found that frequency of testing for influenza in cases of community-acquired pneumonia (CAP) in the US had increased significantly between 2010-2015, whereas oseltamivir use on the first day of hospitalization in influenza-positive cases was associated with a relative risk of 0.75; 95% CI, 0.59-0.96 for 14-day in-hospital mortality [START_REF] Deshpande | Influenza Testing and Treatment Among Patients Hospitalized With Community-Acquired Pneumonia[END_REF]. Among the different influenza subtypes, influenza A/H3N2 was found to carry the greatest relative contribution to influenza-associated mortality [START_REF] Goldstein | Improving the estimation of influenza-related mortality over a seasonal baseline[END_REF][START_REF] Hansen | Mortality associated with influenza and respiratory syncytial virus in the US, 1999-2018[END_REF][START_REF] Pebody | Significant spike in excess mortality in England in winter 2014/15 -influenza the likely culprit[END_REF][START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF]. The older age distribution for cases of severe outcomes associated with influenza A/H3N2 infections compared to influenza A/H1N1/pdm infections [START_REF] Minney-Smith | Post-pandemic influenza A/H1N1pdm09 is associated with more severe outcomes than A/H3N2 and other respiratory viruses in adult hospitalisations[END_REF] is related to the first influenza infection experienced by individuals in different age groups [START_REF] Adalja | Original Antigenic Sin and Pandemic (H1N1) 2009[END_REF]. For cases of influenza-associated hospitalization, influenza A/H1N1pdm carries a much higher risk of pneumonia compared to influenza A/H3N2 [START_REF] Minney-Smith | Post-pandemic influenza A/H1N1pdm09 is associated with more severe outcomes than A/H3N2 and other respiratory viruses in adult hospitalisations[END_REF], though A/H1N1pdm hospitalizations have a significantly younger age distribution compared to A/H3N2 hospitalizations (Table 1 in ref. [START_REF] Minney-Smith | Post-pandemic influenza A/H1N1pdm09 is associated with more severe outcomes than A/H3N2 and other respiratory viruses in adult hospitalisations[END_REF]). This suggests that rates of influenza-associated pneumonia in non-elderly individuals can be high during A/H1N1 epidemics. Distribution of cases for influenza B/Yamagata is significantly older compared to influenza B/Victoria [START_REF] Caini | The epidemiological signature of influenza B virus and its B/Victoria and B/Yamagata lineages in the 21st century[END_REF], and epidemics associated with influenza B/Yamagata during select seasons were found to be associated with a significant influenza mortality burden [START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF], though levels of circulation of influenza B/Yamagata during the COVID-19 pandemic have been very low [START_REF] Koutsakos | Influenza lineage extinction during the COVID-19 pandemic?[END_REF].

Rates of excess mortality associated with influenza epidemics vary between countries (e.g. Figure 1 in [START_REF] Schmidt | All-cause versus cause-specific excess deaths for estimating influenza-associated mortality in Denmark, Spain, and the United States[END_REF]), with that variability being related to differences in the age distribution for the population, differences in influenza vaccination coverage (including vaccination coverage in risk groups and vaccination coverage in groups that play the largest role in the spread on influenza in the community, particularly children [START_REF] Baguelin | Assessing Optimal Target Populations for Influenza Vaccination Programmes: An Evidence Synthesis and Modelling Study[END_REF]) and other factors. In France, in the years preceding the COVID-19 pandemic, high levels of excess mortality were observed during periods of active influenza circulation (e.g. Figure 8 in [15]). Influenza vaccination coverage levels in different population groups in France are moderate-to-low [START_REF] Robert | Flu vaccine coverage for recommended populations in France[END_REF], and significantly lower than influenza vaccination coverage levels in the corresponding population groups in the US [START_REF]Flu Vaccination Coverage, United States, 2019-20 Influenza Season[END_REF]. Additionally, testing for influenza during respiratory illness episodes and the related use of antiviral medications in the US has increased in recent years [START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF]. The aim of this study is to better characterize mortality associated with the circulation of different influenza subtypes in France to inform efforts on influenza vaccination in different population groups, and on testing for influenza in respiratory illness episodes (including pneumonia hospitalizations) during periods of active influenza circulation, and the related use of antiviral medications. Additionally, very high rates of influenza-associated mortality in individuals aged over 75y during certain influenza seasons in France [15] suggest that additional efforts are needed to better protect those populations during influenza epidemics, both in nursing homes and in the general community.

Excess mortality in France is known to be related to elevated rates of influenza-like illness (ILI) consultations [START_REF] Lemaitre | Estimating the burden of influenza-related and associated hospitalizations and deaths in France: An eight-season data study, 2010-2018[END_REF][START_REF]Surveillance continue[END_REF] (see also Figure 1 in this paper). Additionally, the types of influenza strains circulating in France affect the rates of influenza-associated mortality. For example, the 2015-2016 epidemic in France was dominated by influenza A/H1N1 and B/Victoria (WHO FluNET viral surveillance data [START_REF]Influenza Virus Detections reported to FluNET[END_REF]) and had low levels of excess/influenza-associated mortality compared to the 2016-2017 epidemic, that was dominated by influenza A/H3N2 and had high levels of excess/influenza-associated mortality, particularly among individuals aged over 75y (Figure 8 in [15]), even though rates of ILI consultation were similar for those two seasons [START_REF]Surveillance continue[END_REF].

Lower levels of excess mortality associated with the circulation of influenza A/H1N1 and B/Victoria is related to the younger age distribution for cases of A/H1N1 and B/Victoria illness [START_REF] Minney-Smith | Post-pandemic influenza A/H1N1pdm09 is associated with more severe outcomes than A/H3N2 and other respiratory viruses in adult hospitalisations[END_REF][START_REF] Adalja | Original Antigenic Sin and Pandemic (H1N1) 2009[END_REF][START_REF] Caini | The epidemiological signature of influenza B virus and its B/Victoria and B/Yamagata lineages in the 21st century[END_REF] mentioned in the previous paragraph. Another factor that affects the age distribution of influenza cases and the relation between rates of ILI medical consultations in the population and rates of influenza-associated mortality is the antigenic novelty of influenza strains, with antigenically novel strains (e.g. during the 2014-2015 A/H3N2 epidemic [START_REF] Skowronski | A Perfect Storm: Impact of Genomic Variation and Serial Vaccination on Low Influenza Vaccine Effectiveness During the 2014-2015 Season[END_REF]) generally having a younger age distribution of cases of influenza infection. In our earlier work [START_REF] Goldstein | Improving the estimation of influenza-related mortality over a seasonal baseline[END_REF][START_REF] Quandelacy | Age-and Sex-related Risk Factors for Influenzaassociated Mortality in the United States Between 1997-2007[END_REF], we developed a method for combing data on syndromic surveillance with data on virologic surveillance to estimate rates of mortality associated with the major influenza subtypes in the US. Subsequently, this method was applied to the estimation of influenza-associated mortality in other countries [START_REF] Pebody | Significant spike in excess mortality in England in winter 2014/15 -influenza the likely culprit[END_REF][START_REF] Rosano | Investigating the impact of influenza on excess mortality in all ages in Italy during recent seasons (2013/14-2016/17 seasons)[END_REF][START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF], including the EU population [START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF]. Here, we apply this method to data on sentinel ILI surveillance in France [START_REF]Surveillance continue[END_REF], data on sentinel virological surveillance in France (available since 2015 [START_REF]Influenza Virus Detections reported to FluNET[END_REF]) and data on daily deaths in France since 2015 [START_REF]Nombre de décès quotidiens France[END_REF] to evaluate mortality associated with the major influenza subtypes in France between 2015-2019.

Methods

Data

Data on weekly numbers of ILI consultations in metropolitan France are available from the French sentinel surveillance [START_REF]Surveillance continue[END_REF]. Sentinel data on testing of respiratory specimens for the different influenza subtypes are available from WHO FluNET [START_REF]Influenza Virus Detections reported to FluNET[END_REF]. Data on the daily number of deaths in France starting 2015 are available from [START_REF]Nombre de décès quotidiens France[END_REF]. Data on population in France are available from [START_REF]Évolution et structure de la population[END_REF].

Statistical model

Not all ILI consultations in the sentinel data [START_REF]Surveillance continue[END_REF] correspond to influenza infections, and those that do, correspond to infection with different influenza subtypes. For each influenza subtype (e.g. A/H3N2), we define an indicator for the incidence of that subtype on week 𝑡 (e.g.

𝐴/𝐻3𝑁2(𝑡)) as

𝐴/𝐻3𝑁2(𝑡) = Rate of ILI consultations per 100,000 persons on week 𝑡 in [START_REF]Surveillance continue[END_REF] * Percent of respiratory specimens on week 𝑡 in [START_REF]Influenza Virus Detections reported to FluNET[END_REF] positive for influenza A/H3N2

(1)

We note that during weeks of active influenza circulation (high levels of ILI in [START_REF]Surveillance continue[END_REF]) between 2015-2019, over 60% of respiratory specimens in [START_REF]Influenza Virus Detections reported to FluNET[END_REF] were positive for influenza (for at least one influenza subtype, Figure 2). To relate the incidence indicators for the major influenza subtypes to weekly levels of all-cause mortality per 100,000 persons in France [START_REF]Nombre de décès quotidiens France[END_REF], we note that age distribution of influenza cases changes with the appearance of antigenically novel influenza strains, and this changes the relation between rates of influenza-associated ILI (incidence indicators in eq. 1) and rates of influenza-associated mortality. The relevant antigenic changes for our study period were (a) the appearance of an antigenically/genetically novel A/H3N2 strain during the 2014-2015 influenza season [START_REF] Skowronski | A Perfect Storm: Impact of Genomic Variation and Serial Vaccination on Low Influenza Vaccine Effectiveness During the 2014-2015 Season[END_REF]; the appearance of the novel influenza B/Yamagata strain during the 2017-2018 season [START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF]; the 2018-2019 A/H3N2 epidemic strains belonging to several clades and exhibiting different immunity profiles for different birth cohorts [START_REF] Kissling | Low 2018/19 vaccine effectiveness against influenza A(H3N2) among 15-64-year-olds in Europe: exploration by birth cohort[END_REF].

Correspondingly, for the model relating A/H3N2 circulation to associated mortality, we split the A/H3N2 incidence indicator into three: 𝐴/𝐻3𝑁2 ! , equaling the A/H3N2 incidence indicator for the period from Jan. 2015 to Sep. 2015, and equaling to 0 for later weeks; 𝐴/𝐻3𝑁2 " , equaling the A/H3N2 incidence indicator for the period from Oct. 2015 to Sep. 2018, and equaling to 0 for other weeks, and 𝐴/𝐻3𝑁2 # , equaling the A/H3N2 incidence indicator for the period from Oct.

2018 to Jan. 2020, and equaling to 0 for other weeks. Similarly, we split the B/Yamagata incidence indicator into two, corresponding to the periods before and starting the 2017-2018 B/Yamagata epidemic. Finally, we note that it takes 1-2 weeks between influenza illness and influenza-associated mortality [START_REF] Goldstein | Improving the estimation of influenza-related mortality over a seasonal baseline[END_REF]. Correspondingly, we relate the mortality rate 𝑀(𝑡) on week 𝑡 to the shifted incidence indicators, e.g.

𝐴/𝐻3𝑁2 $ (𝑡) = 𝑠 • 𝐴/𝐻3𝑁2(𝑡 -2) + (1 -𝑠) • 𝐴/𝐻3𝑁2(𝑡 -1)
where the parameter 𝑠 (common for all incidence indicators) is chosen to minimize the Rsquared for the model fit. The regression model that we use is:

𝑀(𝑡) = 𝛽 ! • 𝐴/𝐻1𝑁1 $ (𝑡) + 𝛽 " • 𝐴/𝐻3𝑁2 ! $ (𝑡) + 𝛽 # • 𝐴/𝐻3𝑁2 " $ (𝑡) + 𝛽 % • 𝐴/𝐻3𝑁2 # $ (𝑡) + 𝛽 & • 𝐵/𝑉𝑖𝑐𝑡𝑜𝑟𝑖𝑎 $ (𝑡) + 𝛽 ' • 𝐵/𝑌𝑎𝑚𝑎𝑔𝑎𝑡𝑎 ! $ (𝑡)+𝛽 ( • 𝐵/𝑌𝑎𝑚𝑎𝑔𝑎𝑡𝑎 " $ (𝑡) + 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 + 𝑇𝑟𝑒𝑛𝑑 (2) 
Here, Baseline represents weekly rates of mortality not associated with influenza circulation, and 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝑡) is modelled to have annual periodicity in week 𝑡. We use periodic cubic splines to model the baseline mortality rates whose shape is unknown [START_REF] Goldstein | Improving the estimation of influenza-related mortality over a seasonal baseline[END_REF][START_REF] Quandelacy | Age-and Sex-related Risk Factors for Influenzaassociated Mortality in the United States Between 1997-2007[END_REF]. The trend 𝑇𝑟𝑒𝑛𝑑(𝑡) is modelled as a quadratic polynomial in week 𝑡. Finally, to account for the autocorrelation in the noise, we use a bootstrap procedure (resampling the noise on different weeks) to estimate the confidence bounds for various quantities evaluated in the model [START_REF] Goldstein | Improving the estimation of influenza-related mortality over a seasonal baseline[END_REF].

Results

Figure 1 plots the weekly mortality rates per 100,000 persons in France between week 3, 2015week 2, 2020, as well as the weekly rates of ILI consultations in metropolitan France during that period. While periods of excess mortality generally correspond to higher ILI levels (Figure 1), the relation between influenza circulation and excess mortality depends not only on ILI levels but also on the circulating influenza strains. Figure 2 plots the weekly percent of respiratory specimens in the WHO Flunet Sentinel data [START_REF]Influenza Virus Detections reported to FluNET[END_REF] that were positive for each of the major influenza subtypes: A/H1N1, A/H3N2, B/Victoria and B/Yamagata. Figure 2 shows that the majority of samples in the WHO FluNet sentinel data were positive for at least one influenza subtype during periods of high ILI levels. Figures 2 and 1 also show significant spikes in mortality during periods when influenza A/H3N2 and B/Yamagata circulation levels were high. 

Discussion

In the period preceding the COVID-19 pandemic, influenza epidemics resulted in high rates of influenza-associated mortality in different countries including the US [START_REF] Hansen | Mortality associated with influenza and respiratory syncytial virus in the US, 1999-2018[END_REF], UK [START_REF] Pebody | Significant spike in excess mortality in England in winter 2014/15 -influenza the likely culprit[END_REF], and the EU countries [START_REF] Rosano | Investigating the impact of influenza on excess mortality in all ages in Italy during recent seasons (2013/14-2016/17 seasons)[END_REF][START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF]. Rates of excess mortality associated with influenza epidemics vary between countries (e.g. [START_REF] Schmidt | All-cause versus cause-specific excess deaths for estimating influenza-associated mortality in Denmark, Spain, and the United States[END_REF]), with some of the factors affecting that variability being influenza vaccination coverage levels in different populations groups and practices for testing for influenza and the use of antiviral medications during respiratory illness episodes. In France, high rates of excess mortality were found in the years preceding the COVID-19 pandemic [15]. In this paper we combined data on sentinel ILI surveillance [START_REF]Surveillance continue[END_REF] and sentinel virological surveillance [START_REF]Influenza Virus Detections reported to FluNET[END_REF] in France and used it in a previously developed regression model to estimate the number of deaths associated with the circulation of the major influenza subtypes (A/H3N2, A/H1N1, B/Yamagata and B/Victoria) in France between 2015-2019. We found that there were on average 15403 (95% CI (12591,18229)) annual influenza-associated deaths, of which 60.3% (49.9%,71.9%) were associated with influenza A/H3N2, and 29.5% (13.3%,45.5%) were associated with influenza B/Yamagata. During weeks when levels of ILI consultation in mainland France were above 50 per 100,000 persons, 7.9% (6.5%,9.4%) of all deaths in France were influenza-associated. Our results suggest that boosting influenza vaccination coverage in different population groups and testing for influenza in respiratory illness episodes during periods of active influenza (particularly influenza A/H3N2) circulation in combination with the use of antiviral medications is needed to mitigate the impact influenza epidemics in France.

Influenza vaccination coverage levels in different population groups in France are moderate-tolow [START_REF] Robert | Flu vaccine coverage for recommended populations in France[END_REF], and significantly lower compared to influenza vaccination coverage levels in the corresponding population groups in the US [START_REF]Flu Vaccination Coverage, United States, 2019-20 Influenza Season[END_REF]. This pertains to both influenza vaccination coverage in risk groups for influenza-associated complications, as well as to population groups that play an important role in spreading influenza infections in the community. In particular, studies have found that children experience higher than average influenza infection rates [START_REF] Monto | Jr Tecumseh study of illness. XIII. Influenza infection and disease, 1976-1981[END_REF] and play an important role in the spread of influenza in different countries [START_REF] Worby | On the relative role of different age groups in influenza epidemics[END_REF], including France [START_REF] Cauchemez | Estimating the impact of school closure on influenza transmission from Sentinel data[END_REF]. Another factor that has an effect on influenza-associated mortality is testing for influenza infection during respiratory illness episodes (including pneumonia hospitalizations) together with prompt use of antiviral medications [START_REF] Nielsen | European allcause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered?[END_REF]. Finally, influenza vaccine effectiveness in older individuals can be quite low, and types of influenza vaccines administered to older individuals play a role in preventing adverse outcomes associated with influenza infections. In the US, new ACIP recommendations stipulate that adults aged ≥65 years should preferentially receive any one of the following higher dose or adjuvanted influenza vaccines: quadrivalent high-dose inactivated influenza vaccine (HD-IIV4), quadrivalent recombinant influenza vaccine (RIV4), or quadrivalent adjuvanted inactivated influenza vaccine (aIIV4) [START_REF]Prevention and Control of Seasonal Influenza with Vaccines: Recommendations of the Advisory Committee on Immunization Practices -United States, 2022-23 Influenza Season[END_REF].

Our results have some limitations. Influenza surveillance data in France pertains to mainland

France [START_REF]Surveillance continue[END_REF], whereas we've used data on mortality for the whole of France. Additionally, sentinel data on testing for viral specimens [START_REF]Influenza Virus Detections reported to FluNET[END_REF] has a moderate sample size and may not represent all of France. We note that influenza epidemics exhibit a great deal of temporal synchrony [START_REF] Schanzer | The Geographic Synchrony of Seasonal Influenza A Waves across Canada and the United States[END_REF][START_REF] Morris | Analysis of multi-level spatial data reveals strong synchrony in seasonal influenza epidemics across Norway, Sweden, and Denmark[END_REF] which should help address the above limitations. Finally, despite the fact that we split some of the influenza subtype incidence indicators into several time periods, where might still be temporal variability in the relation between the incidence indicators used in this paper and rates of associated mortality. For example, while model fits are generally temporally consistent (Figure 3), the model fit for the mortality data for the 2017-2018 season is worse compared to other influenza seasons, which might be related to the fact that the influenza subtypes that circulated during that season (A/H1N1 and B/Yamagata) have different age distributions feeding into one ILI data stream.

Conclusions:

Our results suggest high rates of influenza-associated mortality in the years preceding the COVID-19 pandemic in France, with around 60% of it being associated with the circulation of influenza A/H3N2. These results, in combination with data on influenza vaccination coverage in France [START_REF] Robert | Flu vaccine coverage for recommended populations in France[END_REF] suggest that boosting influenza vaccination coverage in different population groups and testing for influenza in respiratory illness episodes (including pneumonia) during periods of active influenza (particularly influenza A/H3N2) circulation in combination with the use of antiviral medications is needed to mitigate the impact of influenza epidemics. Additionally, very high rates of influenza-associated mortality in individuals aged over 75y during certain influenza seasons in France [15] suggest that additional efforts are needed to better protect those populations during influenza epidemics, both in nursing homes and in the general community.
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