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Abstract (max 250 words)

Background
To understand the impact of the COVID-19 pandemic on mortality, this study investigates overall, sex- and age-specific excess all-cause mortality in 20 countries, during 2020.
Methods
Total, sex- and age-specific weekly all-cause mortality for 2015-2020 was collected from national vital statistics databases. Excess mortality for 2020 was calculated by comparing weekly 2020 observed mortality against expected mortality, estimated from historical data (2015-2019) accounting for seasonality, long- and short-term trends. Crude and age-standardized rates were analysed for total and sex-specific mortality.
Results
Austria, Brazil, Cyprus, England & Wales, France, Georgia, Israel, Italy, Northern Ireland, Peru, Scotland, Slovenia, Sweden, and the USA displayed substantial excess age-standardized mortality of varying duration during 2020, while Australia, Denmark, Estonia, Mauritius, Norway, and Ukraine did not. In sex-specific analyses, excess mortality was higher in males than females, except for Slovenia  (higher in females) and Cyprus (similar in both sexes). Lastly, for most countries substantial excess mortality was only detectable (Austria, Cyprus, Israel, and Slovenia) or was higher (Brazil, England & Wales, France, Georgia, Italy, Northern Ireland, Sweden, Peru and the USA) in the oldest age group investigated. Peru demonstrated substantial excess mortality even in the <45 age group.
Conclusions
This study highlights that excess all-cause mortality during 2020 is context dependent, with specific countries, sex- and age-groups being most affected. As the pandemic continues, tracking excess mortality is important to accurately estimate the true toll of COVID-19, while at the same time investigating the effects of changing contexts, different variants, testing, quarantine, and vaccination strategies. 
Keywords: COVID-19; SARS-CoV-2; all-cause mortality; excess mortality; pandemic; global impact; infection control

Key Messages
 
· This study highlights that, among the investigated countries, the excess mortality burden during the COVID-19 pandemic disproportionally affected specific countries such as Peru, the USA, Slovenia, England & Wales, Brazil, Italy, Northern Ireland and Georgia. 
· In sex-specific analyses, excess all-cause mortality was higher in males than in females for all countries, except for Slovenia where excess mortality was higher in females and for Cyprus where excess mortality was similar in both sexes. 
· For most countries substantial excess mortality was only detectable or was higher in the oldest age group investigated; Peru demonstrated substantial excess mortality even younger age groups. 
· Further understanding of the determinants of excess mortality is warranted, in order to strengthen health resilience in the countries and population groups impacted the most. 


Introduction
Two years following the first report of cases of a ‘viral pneumonia’ of unknown cause in Wuhan, China, the true toll of the COVID-19 pandemic remains largely underestimated and its determinants are only partially understood. 
Nationally published COVID-19 mortality estimates might underestimate the actual mortality burden attributed to the pandemic1 due to reasons including i) limited testing, which precluded deaths from being categorized as COVID-19 deaths2,3; ii) deaths attributed as COVID-19 deaths on the basis of someone testing positive, which led to over-counting in some jurisdictions; iii) a delay in the processing of death certificates, which created a lag in data4,5; and iv) the burden to the healthcare systems and delays in health seeking behaviour due to COVID-19-related anxiety, which exacerbated deaths due to other non-COVID related causes.  As an example, an indirect effect of the COVID-19 pandemic was the subversion of emergency room and hospital functioning to cope with the surge of COVID-positive patients, which may have resulted in lack of proper management of other potentially life-threatening conditions6.
 Still, in certain contexts, undercounting mortality related to COVID-19 could have been rapidly overturned as tests were more readily available and made mandatory for all hospital admissions, increasing the likelihood to misclassify unrelated deaths as COVID-19 deaths, leading to likely overestimation of the true COVID-19 related mortality. As a result, differences in testing and definitions make the reported number of COVID-19 deaths not comparable across populations7. 
One way to address the aforementioned methodological challenges and obtain more accurate estimates of the toll of the pandemic is to estimate the excess all-cause mortality experienced by countries, by comparing the observed to the expected number of deaths during a specified time window. The expected number of deaths can be predicted using historical data and time series analyses correcting for seasonality and other secular trends7. 
To date, most studies investigating excess mortality focused on single countries or world regions during the first months of the pandemic and have mostly relied on publicly available data which may lack completeness depending on the frequency of updates and the time window between the study period and data extraction4,8–17. Furthermore, despite differential incidence rates and comorbidities leading to increased probability to adverse outcomes and deaths between age and sex groups, very few studies on more than one country  investigated sex and age-specific excess mortality for the whole of 202018,19. 
In an attempt to better understand the impact of the COVID-19 pandemic on mortality, an international consortium, namely the C-MOR Consortium, consisting of over 50 institutions across 52 countries and six continents was formed7. The consortium sought to include countries worldwide without restriction and focused all analyses on data from national primary sources. The present study investigates overall, sex and age-specific excess all-cause mortality in 20 countries, during the whole of 2020. 


Methodology
Data acquisition
Mortality data, collected and provided by partners from 20 countries participating in the international consortium were used in this investigation (including Australia, Austria, Brazil, Cyprus, Denmark, Estonia, France, Georgia, Israel, Italy, Mauritius, Norway, Peru, Slovenia, Sweden, countries of the United Kingdom (UK; England & Wales, Scotland and Northern Ireland), Ukraine and the United States of America (USA)). Total, sex and age-specific weekly all-cause mortality for 2015-2020 was collected from national vital statistics databases, made either publicly available or with restricted access. All countries of the consortium were asked to provide data without restrictions as to the quality of the data-registration system of the country or to the age-groups available. However, collection of weekly mortality estimates was imperative to allow for a more detailed investigation into the timing of excess mortality for each country during 2020. A picture of excess mortality with sufficient granularity provides a more accurate representation of the experience of countries and is of paramount importance for the investigation of drivers and determinants of the excess mortality, such as timing of pandemic waves, seasonality, and government control measures. Depending on the country, all-cause mortality was reported by either ISO week, starting on Monday; Epi week, starting on Sunday; or other national counting week system. 
The national primary data sources used in this study and endorsed by the national partners were cross-checked against publicly available data for countries for which information was available. Any minor inconsistencies observed can be explained by retrospective addition of cases and/or delays in reporting of deaths. In addition, internal consistency and quality checks were performed on the data prior to analysis. Data were collected during June and July 2021, several months after the end of the study period, to account for reporting delays (ranging from a few days to a few weeks)4,5  and to allow enough time for data consolidation by reporting authorities toward better data quality20. The national data source and time unit used per country, as well as data availability exceptions for specific population groups, are summarized in Supplementary Table S1.
Statistical analysis
Total and sex-specific excess mortality for 2020 was calculated by comparing weekly 2020 crude (CMR) and age-standardized (ASMR) mortality rate (per 100,000 population) against a baseline mortality (expected weekly mortality rate in 2020) estimated based on historical data (2015-2019) accounting for seasonality, and long- and short-term trends21–23. For age-specific excess mortality, only CMR were used. 
For the calculation of mortality rates, total, age and sex-specific mid-year population estimates for the participating countries were obtained from the World bank24, except for the UK nations for which sub-level data from the Office for National Statistics25 was used, and for Cyprus for which Eurostat data26 was used to include only the population in the Republic of Cyprus government-controlled area.
Weekly ASMRs were calculated as a weighted average of the age specific crude death rates (CMR) provided by each country using the World Standard Population and the method and formula proposed by Klimkin et al. (2021)27, since weekly mortality counts by 5-year age groups were not available. The age groups in which each country provided all-cause mortality data are shown in Supplementary Table S2. This method is not as robust as standardization using detailed 5-year age groups. However, its results have been shown to only slightly deviate in a downward shift from the ASMR obtained using 5-year age groups, with very close (within 5%) agreement in years closer to 202027. ASMRs could not be estimated for Scotland due to the lack of age-specific all-cause mortality data (Supplementary Table S1). 
Expected weekly mortality rate for 2020 was modelled using Poisson regression assuming a quasi-Poisson distribution to account for over-dispersion in the weekly mortality rates as described elsewhere7. The residual variation was corrected for skewness by applying a 2/3 power transformation before the computation of the expected 95% confidence intervals21. Standard deviation of the residuals was derived from the expected interval [i.e. (upper expected 95% confidence interval – expected number of deaths) / 1.96]. The same model was applied to each country, for total population as well as for sex-specific and age-specific population groups, separately. Age groups <65 vs. 65+ years and/or <70 vs. 70+ years (depending on available data) were compared, to ensure a sufficient number of deaths in each age group for model robustness. For the countries that showed excess mortality in the younger age group (<65 or <70 years), the analysis was additionally performed for two age subgroups, namely <45 years and 45-64 years, or <50 and 50-69 years.
The regression models were built on complete weeks and any truncated weeks were excluded. Expected mortality rates were estimated for the corresponding complete weeks only. Truncated weeks are usually a result of the different death counts observed around Christmas and New Year28, and these included week 53 (applicable for Australia, Austria, Cyprus, England & Wales, Estonia, France, Georgia, Mauritius, Northern Ireland, Norway, Peru, Scotland, Slovenia, Sweden, and Ukraine), week 52 for England & Wales and Scotland, weeks 51-52 for Northern Ireland, and week 1 for Mauritius. For all countries, observed and expected weekly mortality rates for 2020 were each summed up to week 52, except for England & Wales and Scotland (up to week 51), N. Ireland (up to week 50), and Mauritius (weeks 2-52).
Then, the cumulative expected 2020 mortality rate was subtracted from the cumulative observed 2020 mortality rate to obtain an estimate of excess mortality for the whole of 2020. The statistical significance of excess mortality rate was determined using the 95% confidence intervals estimated by the model. 
The weekly results of the observed versus expected mortality rates are displayed graphically using z-scores [(number of observed deaths – expected mortality) / standard deviation of the residuals]. Z-scores ranging between -2 and +2 are considered ‘normal’, while a z-score  >4 is considered a substantial increase29,30. 
All analyses were performed in R Statistical Software, version 4.0.5 (The R Foundation for Statistical Computing, Vienna, Austria). 






Results 
The average weekly mortality rate per 100,000 varied widely between years and between countries (Supplementary Table S3). Figure 1 displays the difference in weekly mean of all-cause deaths between years 2015-2019 and year 2020 for each country, per 100,000 population (raw data in Supplementary Table S3).  All participating countries, except Australia and Norway, experienced a higher weekly mean of all-cause mortality rate in 2020 than during the previous five years. 
Weekly comparisons – Total population and by sex
Figure 2 shows the weekly ASMR z-score over time from week 1/2020 to week 52/2020, for the total population, for each country, with the exception of Scotland for which ASMR could not be estimated. Of the 19 included countries, Austria (weeks 45-51), Brazil (weeks 18-24, 29-30, 32-33, 35, 41 & 51-52), Cyprus (week 21), England & Wales (weeks 14-18, 20), France (weeks 13-16 & 44-47), Georgia (weeks 46-52), Israel (weeks 39-44), Italy (weeks 12-14 & 45-47 & 52), Northern Ireland (weeks 13 & 16), Peru (weeks 16-41 & 51-52), Slovenia (weeks 43-52), Sweden (weeks 14-21, 49 & 51-52), and the USA (weeks 14-20, 28-34, & 45-52) displayed substantial (>4 z-scores) excess mortality in 2020. In contrast, Australia, Denmark, Estonia, Mauritius, Norway, and Ukraine did not display substantial excess mortality for any week during 2020. Similar results were obtained when analysing CMRs; CMR analysis for Scotland highlighted substantial excess mortality in weeks 14-20 (Supplementary Figure S1).
Sex-specific weekly ASMR z-scores over 2020, are shown for each country in Figure 3, except for Northern Ireland and Scotland for which sex specific all-cause mortality and ASMR were not available, respectively (Supplementary Table S1). For most countries displaying substantial excess mortality, this was higher in males compared to females (Austria, Brazil, England & Wales, France, Georgia, Israel, Italy, Peru, and Sweden) for the majority of weeks. Only Slovenia experienced higher excess mortality in females compared to males. In Cyprus, there were no notable differences in excess mortality between sexes. Similar trends were observed using CMRs, with the exception of the USA for which CMRs were higher in females than in males; CMR analysis for Scotland showed higher excess mortality in males than in females (Supplementary Figure S2). 

Weekly comparisons – By age group
Figures 4 and 5 display weekly mortality rate z-score over time for ages <65 vs. 65+ and ages <70 vs. 70+ years old, respectively. Countries were included in each figure, or in both, according to the age breakdown of the data provided. Scotland was not included due to lack of age-specific all-cause mortality data (Supplementary Table S1). In Austria, Cyprus, Israel, and Slovenia, substantial excess mortality was only observed in the oldest age group, while for Brazil, England & Wales, France, Georgia, Italy, Northern Ireland, Sweden, Peru and the USA substantial excess mortality was observed in both age groups but was more pronounced in the oldest one (65+ and/or 70+ years). For Estonia, even though excess mortality was not substantial for either age group, it was more pronounced in the <70 age group than in the 70+ age group. 
Supplementary Figure S3, displays the observed z-scores against expected by more detailed age breakdowns for the countries observing excess mortality in the younger age groups. If substantial excess mortality was observed in the <65 years age group, this was further divided into <45 and 45-64 years (Figure S3a), while the <70 years age group was further broken down to <50 and 50-69 years (Figure S3b). For the USA, the available age groups were <15 and 15-64 years (Figure S3c). Most countries observed substantial excess mortality only in the older of the two age groups. In contrast, Peru demonstrated substantial excess mortality also in the <45 years old age group. . 

Excess mortality in 2020
Figure 6 and Supplementary Table S4 display the cumulative expected and observed all-cause mortality rates for the whole year (2020), using CMRs and ASMRs. The following countries demonstrated statistically significant excess cumulative ASMRs during 2020: Austria, Brazil, France, England & Wales, Estonia, Georgia, Italy, Israel, Northern Ireland, Peru, Slovenia, Sweden and the USA. Scotland also demonstrated excess CMR in 2020. On the other hand, Australia and Mauritius demonstrated statistically significant decreases in yearly all-cause mortality rate. Cyprus, Denmark, Norway and Ukraine, observed no statistically significant differences in all-cause mortality. Similar results were obtained with CMR, except for Estonia, where the increase in CMR is not significant, and of Ukraine, where the increase in CMR is significant in contrast to the increase in ASMR. 
Supplementary Tables S5 and S6, report the yearly cumulative mortality rate differences (observed-expected) by sex using CMRs and ASMRs, respectively. Sex-specific differences in all-cause ASMR for the whole year, were only observed for Norway and Ukraine (significant increase only in males), and for Mauritius (statistically significant decrease only in females). Supplementary Table S7, demonstrates the cumulative CMR differences (observed-expected) by age group. Age specific differences in all-cause mortality for the whole year were observed in France, Israel and Slovenia (significant increase only in the older age group; 65+ or 70+), in Estonia (significant increase only in the younger age group; <70), and in Ukraine (significant decrease in the younger age group and significant increase in the older age group; 70+).





Discussion
This study evaluated total, sex- and age-specific excess all-cause mortality in 20 countries during the year 2020.
The majority of investigated countries (Austria, Brazil, Cyprus, England & Wales, France, Georgia, Israel, Italy, Northern Ireland, Peru, Scotland, Slovenia, Sweden, and the USA) displayed significant excess mortality during at least one week of 2020. The duration of the significant excess mortality varied widely, between one and two weeks in Cyprus and Northern Ireland, six to eight weeks in Austria, England & Wales, Georgia, Israel, Italy, and Scotland, nine to 11 weeks in France, Slovenia, and Sweden, 15 weeks in Brazil, 28 weeks in Peru, and 37 weeks in the USA. On the contrary, Australia, Denmark, Estonia, Mauritius, Norway, and Ukraine did not observe significant excess all-cause mortality, compared to what was expected, for any week in 2020. These results are largely in agreement with results published elsewhere, despite the use of varying methodologies and data sources19,32–36, thus reinforcing our findings. 
More specifically, Schöley et al (2021), whilst comparing varying methodologies using data from the Short Term Mortality Fluctuations (STMF) database, also identified Slovenia as having a high excess of all cause deaths, Denmark and Norway with very little, and Austria and Sweden in the middle ranks of excess all cause mortality36. Using the same data, Islam et al. (2021) also identified the USA, Italy, and England and Wales as being the most affected countries in terms of excess deaths, and Slovenia, the USA, countries of the UK and Italy as most affected in terms of ASMRs. Karlinsky and Kobak (2021) used data from the World Mortality Dataset, until the end of 2020 or the first half of 2021, and also evidenced Peru, Brazil, the USA, Italy, and countries of the UK to be most affected and Australia to be the least affected in terms of excess absolute death numbers37. Nepomuceno et al (2021) identified Italy, the USA, Slovenia and countries of the UK as the most heavily affected in terms of CMRs and ASMRs using an array of different methodologies31. Lastly, in their investigation of Latin American countries, Lima et al. (2021) also identified Peru and Brazil as having experienced high excess all cause mortality38.
As expected, the countries with prolonged substantial excess mortality in the weekly comparison, also demonstrated statistically significant cumulative excess ASMR when comparing the sum of observed weekly mortality rates to the sum of expected weekly mortality rates for 2020, with the exception of Estonia. Despite having zero weeks with substantial (z-score >4) excess mortality, the statistically significant, but small in magnitude, excess yearly mortality observed by Estonia could be explained by the relatively stable mortality pattern of the country, which made even small increases in mortality show up as statistically significant. 
The observed pattern of weekly excess mortality in the investigated countries indicates that some countries experienced substantial excess mortality during the first half of the year but not later (Cyprus, England & Wales, Northern Ireland and Scotland) while others during the last trimester of 2020 but not earlier (Austria, Georgia, Israel, and Slovenia). For some countries, two distinct peaks in excess mortality were observed suggesting two pandemic mortality waves (France, Italy and Sweden), whereas for the most affected countries substantial excess mortality was prolonged throughout the year (Brazil, Peru and the USA). Similar peaks in excess mortality for the participating countries were observed elsewhere19,32–35. Variation in the timing, strictness and duration of governmental control measures could explain the excess mortality patterns in the participating countries7 along with other indicators shown to influence excess mortality such as health privatization, health expenditure, number of doctors and hospital beds, share of population covered by health insurance and test and trace capacity39.    
[bookmark: _GoBack]In sex-specific weekly analyses, excess ASMR was more pronounced in males than in females, with the exception of Slovenia (higher in females) and of Cyprus (similar in both sexes). In the yearly cumulative comparison, increases or decreases in all-cause mortality were similar between sex except for Norway (statistically significant increase only in males), for Mauritius (statistically significant decrease only in females), and for Ukraine (statistically significant increase in males and decrease in females). The male predominance in excess mortality observed in most countries, even following standardisation, was previously shown19,40,41, and is expected since male sex was identified as a risk factor for death by a global COVID-19 meta-analysis42. In fact, all-cause male mortality has been historically higher compared to female all-cause mortality43. Biological factors, such as a stronger immune response, and behavioural risk factors, such as smoking and other lifestyle habits, are some of the reasons why men are at a greater risk for death as a consequence of COVID-19 or of other common causes of death44. In Slovenia the excess mortality in females is probably explained by the observed higher case fatality ratio for COVID-19 among females than males45. Taken together, these results support the need for sex-specific investigations in excess mortality to better assess, and understand the determinants of, the true toll of the COVID-19 pandemic. 
Interestingly, in total and sex-specific analyses, similar results were obtained when analysing CMR instead of ASMRs, except for Estonia, where the increase in cumulative 2020 CMR is not significant, and of Ukraine, where the increase in CMR is significant in contrast to the increase in ASMR. Another exception is sex-specific excess mortality in USA, for which CMR was higher in females than in males whereas ASMR was higher in males than in females. These results suggest that the age pattern of mortality was different across time within countries but also between the sexes, supporting the use of ASMRs where possible30.
With respect to weekly age-specific analyses, for most countries excess mortality was only evident (Austria, Cyprus, Israel, and Slovenia) or was higher (Brazil, England & Wales, France, Georgia, Italy, Northern Ireland, Sweden, Peru and the USA) in the oldest age group investigated (65+ or 70+). This finding is expected since, in the absence of vaccination, age is one of the strongest predictors of all-cause and COVID-19 mortality46 and globally, the age dependency of COVID-19 (the factor by which the risk of COVID-19 mortality increases if age increased by 10 years) is strongly associated with all-cause mortality47. Interestingly, for Peru, excess cumulative mortality for the whole of 2020 was substantially high also in the age group <45. This result is supported by other studies showing that countries in the Americas have suffered the most potential years of life lost due to COVID-1940. Demographic, socioeconomic, racial, and pre-pandemic health status factors, such as comorbidity prevalence, can explain the increased risk of death from both COVID-19 and other causes in younger age groups in this country16,48–50. 
The comparison of the sum of observed deaths to the sum of expected deaths for the whole year (2020) yielded mostly similar results, with some surprising findings. In Estonia the significant increase in yearly deaths was only observed in the younger age group (<70). This result can be explained by an increased prevalence of comorbidities in the Estonian population under 70 years51 and by strict control measures taken that directly or indirectly protected the most vulnerable age groups, during 2020 52. 
Strengths and Limitations
To our knowledge, this is one of few studies investigating total, sex- and age-specific excess mortality for a diverse group of countries, relying on national and primary data sources. It compliments other studies that quantify the impacts of the COVID-19 pandemic through life-expectancy losses18,38. In addition, it is the first peer-reviewed publication of excess mortality results for Mauritius and Georgia.  Of the 20 countries included in the analysis, 17 (85.0%) were evaluated as having very high or high quality civil registration and vital statistics systems; only 2 (Georgia and Ukraine) and 1 (Peru) countries were evaluated as low and medium quality, respectively)53. Focusing on death registrations, all countries included in this investigation have a coverage of 90% and above, except for Peru (50-74%) 54. In addition, the model used for the estimation of excess mortality is one that has been shown to produce estimates with the least bias compared to other methods31,36. Furthermore, this investigation allowed for any delays in data reporting, ensuring a more accurate representation of the mortality experience of countries during 2020. Of note, as the analysis was carried out using data from 2020, results were not influenced by the effects of vaccination (scarcely available in any country before the end of 2020; highest population percentages fully vaccinated on December 31st 2020 were 0.6% and 0.01% for the UK and the USA, respectively46), nor by newer virus variants.  Therefore, the results serve as a useful comparator against which to investigate the effects of vaccinations and impact of new variants that defined the pandemic trajectory in subsequent years. However, our study also has some limitations such as the lack of data which would allow estimation of the direct and indirect contributions of COVID-19 to excess all-cause mortality. In addition, the unavailability of weekly mortality per 5-year age groups, precluded age-standardisation in a way that would make the age-standardized results comparable between countries. Therefore, the magnitude of excess mortality for 2020 should not be used as a measure of comparison of impact between countries; rather as an indicator of the COVID-19 impact on all-cause mortality in each country.  Lastly, even though the high quality of registration systems in the majority of the countries included in our investigation reinforces the validity of our results, it is important to acknowledge that for countries where the health system was overwhelmed with hospitalisations and mortality during 2020, quality could be compromised to a degree not amenable to allowing sufficient time to capture any delays in data reporting.




Conclusion
Our findings on excess mortality during 2020 show the asymmetric impacts of the pandemic, highlighting countries where the impact was more extensive or more limited. Overall, males carried a heavier burden with the exception of Slovenia where females displayed a higher excess mortality than males. In most countries, excess mortality was substantial and a public health concern in the oldest age groups, with some notable exceptions, namely Peru, where excess mortality was high also in younger age groups and Estonia where excess mortality for the whole year was higher in the 50-69 group compared to the 70+ group. 
These results, which show that excess mortality during the first year of the pandemic was context specific, prompt further investigation into the determinants of excess mortality in countries and in specific sex- and age-groups, which will further suggest steps to strengthen health resilience those most affected. Furthermore, as the pandemic continues, tracking excess mortality is of paramount importance in order to accurately estimate the true toll of COVID-19, while at the same time investigating the effects that different variants, vaccination strategies and further public health interventions had in the studied countries. 


Ethics approval: Ethical approval to conduct the study was obtained from the Cyprus National Bioethics Committee (16/6/2020, ΕΕΒΚ/ΕΠ/2020/01.127). 
Author Contributions 
Authors CAD, SA, AQ, EC, CC, GA, JMRL, CMB, LHM, NLM and JAC contributed to 1) the conception and design of the study, or acquisition of data, or analysis and interpretation of data, 2) the drafting of the article or revising it critically for important intellectual content, and 3) the final approval of the version to be submitted. Authors JG, NN, MC, GD, PK, LPG, AJLC, TPH, MCS, QH, NP, IZ, JC, BB, MB, IE, FS, WC, CM, OV, ZK, WT, MK, NC, AP and AC contributed to 1) the conception and design of the study, or acquisition of data, or analysis and interpretation of data, and 2) the final approval of the version to be submitted. 
Declaration of interests: No conflicts of interest exist.
Funding: This work was supported by the University of Nicosia Medical School (internal funding). The funding source did not have any involvement in study design; in the collection, analysis, and interpretation of data; in the writing of the report; and in the decision to submit the paper for publication.
Data sharing statement: The data underlying this study, beyond what is available in the article and in its online supplementary material, can be shared to facilitate methodologically sound proposals after signing a data access agreement. Proposals and data requests should be directed to demetriou.chri@unic.ac.cy.



References
1. 	Morgan D, Ino J, Paolantonio GD, Murtin F. Excess mortality: Measuring the direct and indirect impact of COVID-19 [Internet]. 2020. Available from: https://www.oecd-ilibrary.org/content/paper/c5dc0c50-en
2. 	Arons MM, Hatfield KM, Reddy SC, et al. Presymptomatic SARS-CoV-2 Infections and Transmission in a Skilled Nursing Facility. New England Journal of Medicine. Massachusetts Medical Society; 2020 May 28;382(22):2081–2090. 
3. 	Li R, Pei S, Chen B, et al. Substantial undocumented infection facilitates the rapid dissemination of novel coronavirus (SARS-CoV-2). Science. American Association for the Advancement of Science; 2020 May 1;368(6490):489–493. 
4. 	Felix-Cardoso J, Vasconcelos H, Rodrigues P, Cruz-Correia R. Excess mortality during COVID-19 in five European countries and a critique of mortality analysis data. medRxiv. Cold Spring Harbor Laboratory Press; 2020 May 2;2020.04.28.20083147. 
5. 	Quast T, Andel R, Gregory S, Storch EA. Years of life lost associated with COVID-19 deaths in the United States. Journal of Public Health. 2020 Nov 23;42(4):717–722. 
6. 	Sofi F, Dinu M, Reboldi G, et al. Worldwide differences of hospitalization for ST-segment elevation myocardial infarction during COVID-19: A systematic review and meta-analysis. Int J Cardiol. 2022 Jan 15;347:89–96. 
7. 	Achilleos S, Quattrocchi A, Gabel J, et al. Excess all-cause mortality and COVID-19-related mortality: a temporal analysis in 22 countries, from January until August 2020. International Journal of Epidemiology [Internet]. 2021 Jul 20 [cited 2021 Nov 22];(dyab123). Available from: https://doi.org/10.1093/ije/dyab123
8. 	Alicandro G, Remuzzi G, Vecchia CL. Italy’s first wave of the COVID-19 pandemic has ended: no excess mortality in May, 2020. The Lancet. Elsevier; 2020 Sep 12;396(10253):e27–e28. 
9. 	Blangiardo M, Cameletti M, Pirani M, Corsetti G, Battaglini M, Baio G. Estimating weekly excess mortality at sub-national level in Italy during the COVID-19 pandemic. PLOS ONE. Public Library of Science; 2020 Oct 9;15(10):e0240286. 
10. 	Brown PE, Greenwald ZR, Salinas LE, et al. Mortality from COVID in Colombia and Peru: Analyses of Mortality Data and Statistical Forecasts. medRxiv. Cold Spring Harbor Laboratory Press; 2020 Nov 16;2020.08.24.20181016. 
11. 	Chan EYS, Cheng D, Martin J. Impact of COVID-19 on excess mortality, life expectancy, and years of life lost in the United States. PLOS ONE. Public Library of Science; 2021 Sep 1;16(9):e0256835. 
12. 	Fouillet A, Pontais I, Caserio-Schönemann C. Excess all-cause mortality during the first wave of the COVID-19 epidemic in France, March to May 2020. Eurosurveillance. European Centre for Disease Prevention and Control; 2020 Aug 27;25(34):2001485. 
13. 	Freitas ARR, Medeiros NM de, Frutuoso LCV, et al. Tracking excess deaths associated with the COVID-19 epidemic as an epidemiological surveillance strategy-preliminary results of the evaluation of six Brazilian capitals. Revista da Sociedade Brasileira de Medicina Tropical [Internet]. SBMT; 2020 [cited 2020 Dec 18];53. Available from: http://www.scielo.br/scielo.php?script=sci_abstract&pid=S0037-86822020000100377&lng=en&nrm=iso&tlng=en
14. 	Michelozzi P, Donato F de’, Scortichini M, et al. Temporal dynamics in total excess mortality and COVID-19 deaths in Italian cities. BMC Public Health. 2020 Aug 27;20(1):1238. 
15. 	Modig K, Ahlbom A, Ebeling M. Excess mortality from COVID-19. Weekly excess death rates by age and sex for Sweden and its most affected region. Eur J Public Health [Internet]. [cited 2020 Nov 20]; Available from: https://academic.oup.com/eurpub/advance-article/doi/10.1093/eurpub/ckaa218/5968985
16. 	Santos AM dos, Souza BF de, Carvalho CA de, et al. Excess deaths from all causes and by COVID-19 in Brazil in 2020. Rev Saúde Pública. Faculdade de Saúde Pública da Universidade de São Paulo; 2021 Oct 29;55:71. 
17. 	Stang A, Standl F, Kowall B, et al. Excess mortality due to COVID-19 in Germany. Journal of Infection. Elsevier; 2020 Nov 1;81(5):797–801. 
18. 	Aburto JM, Schöley J, Kashnitsky I, et al. Quantifying impacts of the COVID-19 pandemic through life-expectancy losses: a population-level study of 29 countries. Int J Epidemiol. 2021 Sep 26;dyab207. 
19. 	Islam N, Shkolnikov VM, Acosta RJ, et al. Excess deaths associated with covid-19 pandemic in 2020: age and sex disaggregated time series analysis in 29 high income countries. BMJ. British Medical Journal Publishing Group; 2021 May 19;373:n1137. 
20. 	Covid-19 - Inserm-CépiDc [Internet]. cepidc.inserm.fr [cited 2022 Jun 15]. Available from: https://opendata.idf.inserm.fr/cepidc/covid-19/
21. 	Farrington CP, Andrews NJ, Beale AD, Catchpole MA. A Statistical Algorithm for the Early Detection of Outbreaks of Infectious Disease. Journal of the Royal Statistical Society Series A (Statistics in Society). [Wiley, Royal Statistical Society]; 1996;159(3):547–563. 
22. 	Serfling RE. Methods for current statistical analysis of excess pneumonia-influenza deaths. Public Health Rep. 1963 Jun;78(6):494–506. 
23. 	Nielsen J, Krause TG, Mølbak K. Influenza-associated mortality determined from all-cause mortality, Denmark 2010/11-2016/17: The FluMOMO model. Influenza and Other Respiratory Viruses. 2018;12(5):591–604. 
24. 	The World Bank ; Population, total | Data [Internet]. [cited 2020 Nov 20]. Available from: https://data.worldbank.org/indicator/SP.POP.TOTL
25. 	Office for National Statistics UK. National life tables: UK - Office for National Statistics [Internet]. 2020 [cited 2021 Feb 9]. Available from: https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/lifeexpectancies/datasets/nationallifetablesunitedkingdomreferencetables
26. 	European Commission. Eurostat - Population on 1 January [Internet]. [cited 2018 Jan 25]. Available from: http://ec.europa.eu/eurostat/web/population-demography-migration-projections/population-data/main-tables
27. 	Klimkin I, Shkolnikov VM, Jdanov DA. Calculation of week-specific age-standardized death rates from STMF data on mortality by broad age intervals [Internet]. 0 ed. Rostock: Max Planck Institute for Demographic Research; 2021 Mar p. WP-2021-004. Report No.: WP-2021-004. Available from: https://www.demogr.mpg.de/en/publications_databases_6118/publications_1904/mpidr_working_papers/calculation_of_week_specific_age_standardized_death_rates_from_stmf_data_on_mortality_by_broad_age_intervals_6967
28. 	Kontis V, Bennett JE, Rashid T, et al. Magnitude, demographics and dynamics of the effect of the first wave of the COVID-19 pandemic on all-cause mortality in 21 industrialized countries. Nature Medicine. Nature Publishing Group; 2020 Oct 14;1–10. 
29. 	Vestergaard LS, Nielsen J, Richter L, et al. Excess all-cause mortality during the COVID-19 pandemic in Europe – preliminary pooled estimates from the EuroMOMO network, March to April 2020. Euro Surveill [Internet]. 2020 Jul 2 [cited 2020 Nov 20];25(26). Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7346364/
30. 	Nielsen J, Vestergaard LS, Richter L, et al. European all-cause excess and influenza-attributable mortality in the 2017/18 season: should the burden of influenza B be reconsidered? Clinical Microbiology and Infection. Elsevier; 2019 Oct 1;25(10):1266–1276. 
31. 	Nepomuceno MR, Klimkin I, Jdanov DA, Alustiza-Galarza A, Shkolnikov VM. Sensitivity Analysis of Excess Mortality due to the COVID-19 Pandemic. Population and Development Review [Internet]. [cited 2022 Apr 29];n/a(n/a). Available from: https://onlinelibrary.wiley.com/doi/abs/10.1111/padr.12475
32. 	The Economist. Tracking covid-19 excess deaths across countries [Internet]. 2021 [cited 2021 Dec 2]. Available from: https://www.economist.com/graphic-detail/coronavirus-excess-deaths-tracker
33. 	Centres for Disease Control and Prevention. Excess Deaths Associated with COVID-19 [Internet]. National Center for Health Statistics 2021 [cited 2021 Dec 2]. Available from: https://www.cdc.gov/nchs/nvss/vsrr/covid19/excess_deaths.htm
34. 	EUROMOMO. Graphs and maps: Z-scores by country [Internet]. [cited 2021 Dec 2]. Available from: https://euromomo.eu/dev-404-page/
35. 	Our World in Data. Excess mortality: Raw number of deaths from all causes compared to projection based on previous years [Internet]. Our World in Data [cited 2021 Dec 2]. Available from: https://ourworldindata.org/grapher/excess-mortality-raw-death-count
36. 	Schöley J. Robustness and bias of European excess death estimates in 2020 under varying model specifications [Internet]. medRxiv; 2021 [cited 2022 Apr 29]. p. 2021.06.04.21258353. Available from: https://www.medrxiv.org/content/10.1101/2021.06.04.21258353v1
37. 	Karlinsky A, Kobak D. Tracking excess mortality across countries during the COVID-19 pandemic with the World Mortality Dataset. Elife. 2021 Jun 30;10:e69336. 
38. 	Lima EEC, Vilela EA, Peralta A, et al. Investigating regional excess mortality during 2020 COVID-19 pandemic in selected Latin American countries. Genus. 2021 Nov 3;77(1):30. 
39. 	Kapitsinis N. The underlying factors of excess mortality in 2020: a cross-country analysis of pre-pandemic healthcare conditions and strategies to cope with Covid-19. BMC Health Services Research. 2021 Nov 5;21(1):1197. 
40. 	Ugarte MP, Achilleos S, Quattrocchi A, et al. Premature mortality attributable to COVID-19: potential years of life lost in 17 countries around the world, January–August 2020. BMC Public Health. 2022 Jan 9;22(1):54. 
41. 	Arolas HP i, Acosta E, Casasnovas GL, et al. Global years of life lost to COVID-19 [Internet]. SocArXiv Center for Open Science; 2020 Jun. Report No.: gveaj. Available from: https://ideas.repec.org/p/osf/socarx/gveaj.html
42. 	Peckham H, Gruijter NM de, Raine C, et al. Male sex identified by global COVID-19 meta-analysis as a risk factor for death and ITU admission. Nat Commun. 2020 Dec 9;11(1):6317. 
43. 	Nielsen J, Nørgaard SK, Lanzieri G, Vestergaard LS, Moelbak K. Sex-differences in COVID-19 associated excess mortality is not exceptional for the COVID-19 pandemic. Sci Rep. 2021 Oct 21;11(1):20815. 
44. 	Bwire GM. Coronavirus: Why Men are More Vulnerable to Covid-19 Than Women? SN Compr Clin Med. 2020 Jun 4;1–3. 
45. 	Global Health 50/50. The Sex, Gender and COVID-19 Project [Internet]. [cited 2021 Dec 3]. Available from: https://globalhealth5050.org/the-sex-gender-and-covid-19-project/
46. 	Ritchie H, Mathieu E, Rodés-Guirao L, et al. Statistics and Research: Mortality Risk of COVID-19. Our World in Data [Internet]. 2020 Mar 5 [cited 2021 Dec 2]; Available from: https://ourworldindata.org/excess-mortality-covid
47. 	Bauer P, Brugger J, König F, Posch M. An international comparison of age and sex dependency of COVID-19 deaths in 2020: a descriptive analysis. Sci Rep. 2021 Sep 27;11(1):19143. 
48. 	Polyakova M, Udalova V, Kocks G, Genadek K, Finlay K, Finkelstein A. Racial Disparities in Excess All-Cause Mortality During the Early COVID-19 Pandemic Varied Substantially Across States: SEHSD Working Paper 2021-01. Washington (DC), USA: Social, Economic, and Housing Statistics Division, US Census Bureau; 2021. 
49. 	Stokes AC, Lundberg DJ, Elo IT, Hempstead K, Bor J, Preston SH. COVID-19 and excess mortality in the United States: A county-level analysis. PLOS Medicine. Public Library of Science; 2021 May 20;18(5):e1003571. 
50. 	Institute for Health Metrics and Evaluation (IHME). GBD Compare: Country profiles [Internet]. Seattle, WA: IHME, University of Washington 2021 [cited 2022 Feb 9]. Available from: https://www.healthdata.org/results/country-profiles
51. 	Jürisson M, Pisarev H, Uusküla A, et al. Physical-mental health comorbidity: A population-based cross-sectional study. PLoS One. 2021 Dec 2;16(12):e0260464. 
52. 	Hale T, Atav T, Hallas L, et al. Oxford COVID-19 Government Response Tracker [Internet]. Blavatnik School of Government; 2020. Available from: https://qap.ecdc.europa.eu/public/extensions/COVID-19/COVID-19.html#global-overview-tab
53. 	Mikkelsen L, Phillips DE, AbouZahr C, et al. A global assessment of civil registration and vital statistics systems: monitoring data quality and progress. The Lancet. Elsevier; 2015 Oct 3;386(10001):1395–1406. 
54. 	The Global Health Observatory, World Health Organisation. Coverage of death registration (%) [Internet]. Coverage of death registration (%) [cited 2022 May 9]. Available from: https://www.who.int/data/gho/indicator-metadata-registry/imr-details/coverage-of-death-registration-(-)



Figure 1 – Difference in weekly mean of observed death rates between 2020 and 2015-2019
Figure 2 – Weekly z-score of age-standardized all-cause mortality rate for total population 
Figure 3 – Weekly z-score of age-standardized all-cause mortality rate by sex
Figure 4 – Weekly z-score of all-cause mortality rate for age groups <65 and 65+
Figure 5 – Weekly z-score of all-cause mortality rate for age groups <70 and 70+
Figure 6 – Cumulative excess crude and age-standardized mortality rate, for 2020. 
Plot letters correspond to the age groups in which countries have provided data and therefore the age groups used for age standardization: (a) age groups <15, 15-44, 45-64, 65+; (b) age groups <19, 20-49, 50-69, 70+; (c) age groups <19, 20-49, 50-64, 65+; (d) age groups <15, 15--64, 65+; (e) age groups <19, 20-54, 55-69, 70+ (Supplementary Table S3). 
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