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Aim

To evaluate the effect of vaccination/booster administration dynamics on the reduction of excess mortality during COVID-19 infection waves in European countries.





Methods

We selected twenty-nine countries from the OurWorldInData project database according to their population size of more than one million and the availability of information on dominant SARS-CoV-2 variants during COVID-19 infection waves. After selection, we categorized countries according to their “faster” or “slower” vaccination rates. The first category included countries that reached 60% of vaccinated residents by October 2021 and 70% by January 2022. The second or “slower” category included all other countries. In the first or “faster” category, two groups, “boosters faster’’ and “boosters slower” were created. Pearson correlation analysis, linear regression, and chi-square test for categorical data were used to identify the association between vaccination rate and excess mortality. We chose time intervals corresponding to the dominance of viral variants: Wuhan, Alpha, Delta, and Omicron BA.1/2.





Results and discussion

The “faster” countries, as opposed to the “slower” ones, did better in protecting their residents from mortality during all periods of the SARS-CoV-2 pandemic and even before vaccination. Perhaps higher GDP per capita contributed to their better performance throughout the pandemic. During mass vaccination, when the Delta variant prevailed, the contrast in mortality rates between the “faster” and “slower” categories was strongest. The average excess mortality in the “slower” countries was nearly 5 times higher than in the “faster” countries, and the odds ratio (OR) was 4.9 (95% CI 4.4 to 5.4). Slower booster rates were associated with significantly higher mortality during periods dominated by Omicron BA.1 and BA.2, with an OR of 2.6 (CI 95%. 2.1 to 3.3). Among the European countries we analyzed, Denmark, Norway, and Ireland did best, with a pandemic mortality rate of 0.1% of the population or less. By comparison, Bulgaria, Serbia, and Russia had a much higher mortality rate of up to 1% of the population.





Conclusion

Thus, slow vaccination and booster administration was a major factor contributing to an order of magnitude higher excess mortality in “slower” European countries compared to more rapidly immunized countries.





Keywords: SARS-CoV-2, COVID-19, vaccination rate, excess mortality, booster administration, GDP, European countries



Graphical Abstract | 







Introduction

To deal with infectious waves caused by different variants of SARS-CoV-2, governments around the world have had to make many difficult decisions, including unpopular business closures, quarantines, and so on. An important tool in the fight against the pandemic was vaccination, which was also far from being always popular among the people of different countries and even among governments. Almost three years after the beginning of the pandemic, it is time to analyze how effective vaccination and booster administration have been during different waves of infections in various countries. One way to address this question is to compare excess mortality in different countries in which some infectious waves were synchronized, but vaccination rates varied widely. There are various vaccines that have been used to immunize populations in Europe to prevent hospitalizations and deaths from COVID-19. As shown in Supplementary Figure 1, approximately 70% of the doses administered in the EU in 2021 and 2022 are RNA vaccines produced by Pfizer or Moderna; the other 15% are non-replicating adenovirus vector vaccines produced by AstraZeneca and Johnson & Johnson. The origin of the remaining doses of vaccines administered in the EU and in other European countries according to the European vaccine tracker is unknown (1). Russia and China partially provided these vaccine portions for the EU and other European countries. For example, Russia supplied Hungary and Slovakia and predominantly vaccinated its own citizens with the adenovirus two-dose vector vaccine Sputnik V, which was not approved for use by WHO or EMA due to a lack of proper documentation (2, 3). China supplied several European countries with inactivated viral vaccines, which were approved by WHO (4). There are no studies comparing the efficacy of these vaccines back-to-back. However, many published studies have compared other vaccines used in Europe (5).

A meta-analysis of many studies shows similar effectiveness of the mRNA-based vaccines among themselves (6) and with the two-dose adenovirus-based vaccine produced by AstraZeneca (5, 7). Some studies show that the Sputnik V vaccine was just as effective (8). However, there is evidence that mRNA-based vaccines are more effective than the single-dose adenovirus vector-based vaccine produced by Johnson & Johnson (9). In addition, Lau ret al. (10) showed that virus-inactivated vaccines made in China had a shorter protection time compared with mRNA-based vaccines. It is also worth noting that several studies observed a significant reduction in the efficacy of all vaccines regarding protection against hospitalization or death caused by the Omicron virus variant compared with earlier virus variants (11–13).

In our analysis, we considered vaccination without analyzing which vaccine was predominantly used to vaccinate the country’s population. We believe that this is not a serious flaw in our study, since the vaccines used in Europe had similar efficacy. We have chosen to estimate excess all-cause mortality as a measure of the negative impact of the pandemic. This estimate can be made for countries that regularly publish all-cause mortality data. There are several models for estimating excess mortality that have been suggested for use during the COVID-19 pandemic (14–17). We worked with the first of these (14) for several reasons (see below), including because its estimates are available in a very user-friendly format from the OWID database, which was the source of most of the data we analyzed. At present, however, all important findings can be substantiated by employing different models.

By comparing excess mortality estimates and other characteristics of different countries, it is possible to determine which countries did better in reducing excess mortality during each infectious wave and to try to understand why. Our study is not the first one to address such questions. It is consistent with others that have analyzed international heterogeneous mortality socio-economic, regulatory, and biological consequences of the COVID-19 pandemic (15–19). In our work, however, we focused on European countries and tried to determine exactly how much vaccination contributed to reduction of mortality.

During the coronavirus pandemic, countries around the world consistently adopted various measures to reduce mortality from COVID-19. In our work, we attempted to separate the effect that these measures had before and during mass vaccination and the effect of vaccination itself on reducing excess mortality.

Both political and biological factors influence the magnitude of all-cause mortality during pandemic infection waves (15, 16, 18). All these factors can be divided into those that change slightly and those that change or may change more radically in population during a pandemic. The first category of these factors includes the age structure of the population, GDP per capita, health care structure, and so on. The second category includes factors such as 1) the rate (ratio) of lethality in SARS-CoV-2 infections, 2) COVID-19 prevention strategies that do not include vaccination, 3) vaccination rates, 4) vaccine type, 5) population accumulation of immunity from natural COVID-19 infections, 6) the length of immune protection a person receives from a vaccine or natural infection, and 7) immune escape from the virus. Each of these factors contributes to the excess number of deaths in each infectious wave. Estimating the weight of each factor in each infectious wave is not a straightforward task. It is even more difficult to assess the causal relationship between each factor and its effect on excess mortality.

Several studies have found a negative correlation between vaccination rates and excess mortality associated with COVID-19 (20–24). In theory, the mere fact that such a correlation exists cannot be proof of a causal relationship. Both high vaccination rates and low pandemic-associated mortality occur in higher-income communities or countries (25–27). This inverse relationship between income and mortality was demonstrated for the 1918-1920 influenza pandemic in Europe when individual countries were analyzed (26). A similar observation was made for the pandemic COVID-19 (2020–2021). The analysis was done at the level of individual counties and zip codes (25), and globally at the individual county level (27, 28) in the US.

High GDP per capita and high vaccination rates are factors in reducing excess pandemic mortality. This is not surprising, since countries with higher income levels have more resources to deal with pandemics. Thus, they likely had more effective protective measures before mass vaccination and had higher rates of vaccination as well. There is also a collinearity between GDP and vaccination rates; a strong correlation has been demonstrated in previously published studies as well (29). Therefore, it is important to analyze how each of the factors, namely slow rate of vaccination or low GDP per capita in the population, influenced the excess mortality rate.

In our study, we tried to assess exactly how national vaccination rates were related to the mortality peaks in Europe during the Delta wave and during the first Omicron wave. European countries are leveling off in terms of excess mortality associated with waves of infections in the second half of 2022. An increase in population immunity due to natural infections probably plays a major role in this process, especially in slower vaccinated countries. Along with this process, viral immune can escape, and antigenic drift of the virus occurs relatively quickly. Even the first Omicron variants that emerged, for example, such as B.1.1.529, were characterized by an unusually large number of mutations in their spike proteins, compared with the original strain of SARS-CoV-2 (30). As additional infections and booster immunizations occur, the level of protection of the population against the virus may increase, while at the same time it may decrease due to viral immune escape.





Materials and methods



Datasets of countries

We chose European countries for our work because waves of infection caused by different variants of SARS-CoV-2 were better synchronized in Europe compared to many other regions in the world. For our analysis, we selected countries that are located entirely in Europe, except for Russia, and those with a population of more than one million people. Another selection criterion was regular information updates about the coronavirus variants that were circulating in the country at any given time interval. As a result, we selected 29 countries and assigned each country a number, which we then used to refer to the country in the graphical representation of the data analysis. The countries and their assigned numbers for presentation/display in the Tables and Figures are listed in Figure 1 and Figure 2 legend. The names of the countries that fall into each category are shown in Supplementary Figure 1. Collected country characteristics for each analyzed time interval (explanation is below) were recorded in an Excel file, available as Table 1 in the Supplementary Material.




Figure 1 | Country characteristics: GDP, Mortality and Vaccination Rates. Countries are ranked in order of increasing GDP per capita in 2021 in all panels. Standard deviations and error bars are not shown. (A) Actual annual GDP values from the World bank database for 29 European countries. (B) Excess mortality estimates, and COVID-19 confirmed deaths from the OWID database (C) The percentage of people who received two doses of vaccine (primary series) at certain dates.







Data availability

Actual GDP per capita data were retrieved from the World Bank dataset (31). The time intervals when different variants of the coronavirus dominated were calculated from the information provided in the Our World in Data (OWID) project database.

Vaccination values were taken from the OWID database (32, 33) for each selected European country. We retrieved the percentage of fully vaccinated people for three dates: July 2, 2021, October 2, 2021, and January 2, 2022. For the countries included in our analysis, full vaccination usually means receiving a primary series: two doses for vaccines with a two-dose course and one dose for vaccines with a one-dose course. We also collected information on how many people in each country got booster doses of the vaccine by January 2, 2022. A booster dose refers to a third or fourth injection of the vaccine. The OWID database does not tell you whether the booster dose was given once or twice.

Mortality estimates were extracted from the OWID database, as numbers of confirmed COVID-19 deaths and excess deaths over various pandemic time intervals. The latter estimates were obtained using the Karlinsky-Kobak model. The model algorithm was created first by fitting a regression model for each country using historical mortality data for 2015-2019, second by using the resulting model to predict the number of deaths that can be expected in 2020-2022, and third by subtracting expected deaths from those reported for each country (14).





Classification and analysis of data

Categorization of countries was based on their vaccination rate and countries were identified as “faster”, or “slower”. The “faster” category included countries that had reached 60% of vaccinated residents by Oct. 2, 2021, and 70% by Jan.2, 2022. The “slower” category included remaining countries that had not reached these levels of vaccination during the relevant time intervals. In the “faster” category, a subcategory with a vaccination rate of 35% achieved as of January 2, 2022, or more, was created and named “boosters fast”. We show the names of the countries that fall into each category in Supplementary Figure 1.

Three time periods, labeled I, II, and III, were used to estimate mortality in our analysis and in the graphical presentation of the data. The first of the periods (I) is the time interval before the start of mass vaccination from February 2020 to June 2021. The second (II) period is July 2021 to January 2022, and the third (III) is February 2022 to May 2022, both of which correspond to the time when vaccination was in full swing.

Two virus variants, namely Wuhan and Alpha, dominated the first period in sequential order, Delta dominated the second time interval, and Omicron BA.1 and BA.2 dominated the third. The precise data collection time points of the Delta/Omicron dominance switch in January or February were defined individually for each country. For some countries, this switch occurred in January and for some in February 2022. Technically, using OWID available information, we determined the date when the Delta/Omicron balance in a country approached 50% and estimated excess mortality or mortality from COVID-19 in that country after three weeks from this date. We assumed that one week after the 50% point of presence in the country, Omicron dominates. Thus, we chose the time point at which Omicron dominates, and we assumed that the mortality is mainly due to the infection associated with this strain two weeks after the corresponding date. In other words, three weeks after the date when Delta and Omicron accounted for half of the infections, we assumed that deaths occurred mainly from Omicron infection.

Data analysis, including Pearson correlation analysis, linear regression fitting, and Odds Ratio calculations were performed using Excel and in-house software. We also verified our results of categorical Chi-Square test calculation by using online tools (34, 35).






Results



Comparative analysis of GDP, mortality, and vaccination rates in European countries

In this study, we were most interested in the relationship between COVID-19 mortality and vaccination rates. However, when examining this aspect, we need to consider that countries differ not only in vaccination rates but also in other characteristics that may be related to population survival in a pandemic. For example, one of the most important characteristics of a country is the actual GDP per capita. This parameter can correlate strongly with the level of health care and the effectiveness of pandemic mitigation strategies, which are directly related to the reduction of excess deaths.

European countries are extremely diverse by this criterion: their GDP per capita varies by orders of magnitude: from $9,200 in Serbia to more than $90,000 in Switzerland and Ireland (Figure 1A). We examined how the diversity of annual income is related to the diversity of other country characteristics of interest. COVID-19 mortality rates, the excess mortality rate during a pandemic, and the vaccination rate achieved in a country at different intervals are shown in Figures 1B, C. All countries are displayed (X-axis) in the order of national GDP per capita growth according to the order of the countries in Figure 1A.

Countries with relatively low GDP per capita (less than $15K) tend to have COVID-19 mortality rates that are significantly lower than the excess all-cause mortality estimates (Figure 1B). In addition, these same countries with lower GDPs have relatively low vaccination rates (Figure 1C). The discrepancy between COVID-19 deaths and excess deaths may indicate a problem of deficiencies in disease diagnosis. A similar discrepancy was observed in several other studies published previously (17, 36). Given the problem of possible underreporting of COVID-19 deaths in some countries, we decided to analyze the data solely using excess mortality estimates.

We found a significant negative correlation between excess mortality and a country’s actual GDP per capita. The correlation is much more pronounced for poorer countries - those with GDP per capita of less than 40K (R=-0.79, p<0.0001). For richer countries, the correlation is much weaker and does not reach the 95% level of significance (Figure 2A).




Figure 2 | Relationship between GDPs per capita and various characteristics of European countries obtained during different periods of the pandemic. All estimates of excess mortality in the scatter plots are per million population. Higher GDP per capita countries were defined in this study as those with a GDPs equal to or greater than the threshold of $40,000, lower GDPs per capita countries defined as those with a GDPs per capita below the threshold. Countries were numbered according to the alphabetical order of their names as follows: Austria 1, Belgium 2, Bulgaria 3, Croatia 4, Czechia 5, Denmark 6, Estonia 7, Finland 8, France 9, Germany 10, Greece 11, Hungary 12, Ireland 13, Italy 14, Latvia 15, Lithuania 16, Netherlands 17, Norway 18, Poland 19, Portugal 20, Romania 21, Russia 22, Serbia 23, Slovakia 24, Slovenia 25, Spain 26, Sweden 27, Switzerland 28, United Kingdom 29. (A) Excess mortality during the COVID-19 pandemic from February 1, 2020, to May 30, 2022, in relation to actual GDP per capita as of 2021. (B) Vaccination rates, as of October 2, versus actual GDP per capita. (C) Boosters administration rates, as of January 2, versus actual GDP per capita. (D) Life expectancy versus actual GDP per capita.



For countries with a GDP below 40K, we found a positive correlation of GDP per capita with vaccination rates (Figure 2B), as well as with boosters’ administration rates (Figure 2C). No such correlation was observed in countries with higher GDP (Figure 2B). In addition, a strong positive correlation between GDP and life expectancy was found (R=0.82, p<10-4) for countries with GDP below 40K (Figure 2D). The trend was less significant for higher-income countries (R=0.69, p<0.05). Greece and France compared favorably with countries of similar income levels on average with higher life expectancy. While Russia and Lithuania stand out negatively, people in these countries lived less on average than in countries with similar income levels. During the COVID-19 pandemic, Bulgaria lost the most lives per million population and had the lowest vaccination rate among close income countries. While Denmark had the highest vaccination rate and lost the fewest lives among the European countries we analyzed.





Estimates of excess mortality during waves of COVID-19 infection caused by different dominant virus variants

Coronavirus infection has spread in Europe in several waves caused by different variants of SARS-CoV-2. As reported smoothened weekly COVID-19 deaths, these waves are shown in Figure 3A. The first wave shows deaths caused by the ancestral Wuhan variant of the virus. The second large wave with several peaks represents deaths caused mainly by SARS-CoV-2 Alpha variant, which was dominant in Europe before the Delta variant emerged. The next large wave with two peaks shows deaths during the time interval when Delta and Omicron BA.1/2 variants dominated. Finally, the last visible comparatively small waves represent COVID-19 deaths that occurred during the time intervals when Omicron BA.5, BQ.1, and XBB 1.5 dominated.




Figure 3 | Mortality during COVID-19 pandemics in Europe (A) Visualization of infection waves as weekly averaged confirmed COVID-19 deaths in Europe during the pandemic through October 15, 2022. Different time intervals are highlighted in distinct colors. Information on excess mortality and dominant virus variants in each time interval was taken from the OWID database. The information is shown in more detail in the Supplementary Figure 1. (B) Excess mortality estimates for each European country for the COVID-19 pandemic period from February 2020 to May 2022. Estimates are from the OWID database and are derived from the Karlinsky-Kobak model. Each column represents three different time intervals, which are highlighted with the same colors as in “A”. (C) Karlinsky - Kobak model estimates of excess mortality values over the time from the beginning of the pandemic up to the summer of 2021 with the standard deviation intervals.



In Europe, as noted above, the Delta-driven wave and the Omicron BA.1 wave were very close to each other and appeared as one big wave with two peaks (Figure 3A). However, by analyzing individual data for each country, these waves caused by different dominant virus variants could often be distinguished from each other.

The overall estimates of excess mortality, which range from a few hundred to a few thousand per million people in each country, show a contrast in the impact of the pandemic on European countries (Figure 3B). At the extremes of the spectrum, illustrating this contrast, are countries that have lost less than one-tenth of their residents and countries that have lost nearly one percent of their citizens’ lives. Figure 3B shows that countries differ in excess mortality not only throughout the entire pandemic period, but also in each time interval corresponding to each infectious wave. Thus, we showed that some countries handled the pandemic better than others, and often a country’s success in reducing excess mortality was consistent across different waves of COVID-19 infections. For example, Denmark, Norway, and Ireland handled the pandemic best in all waves, while Bulgaria, Serbia, and Russia suffered the greatest losses of life.

The excess mortality estimates presented in Figure 3B were calculated using the algorithms of the Karlinsky-Kobak model (14). To avoid presenting too much detail in Figure 3B, we have provided estimates of the standard deviation (SD) of the model calculation separately in Figure 3C. This analysis was done solely to reflect the confidence intervals of the calculations at the time the model description was published. The negative excess mortality values for some countries can be explained by lockdowns and quarantine, which reduced the number of car accidents. Also, social distancing and mask-wearing, reduced the prevalence of influenza and other viral infections affecting national mortality.





Comparison of excess deaths that occurred early and late in the pandemic

COVID-19 vaccination began in late 2020, but by February 2021, only two percent of the population in Europe had been vaccinated. We compared the number of COVID-19-related casualties in European countries before and after mass vaccination began, which had a protective effect on the population and affected excess deaths. The beginning of July 2021 was chosen as the date to separate the two periods. By this date, most European countries had vaccinated over 8% but less than 40% of their fellow citizens. We present this information in more detail in Supplementary Figure 2.

Until July 2021, the Wuhan and Alpha virus variants prevailed in Europe, and after that month, the Delta variant, followed by Omicron. Thus, most of the excess deaths before July 2021 happened before vaccination protected people in masse. The periods we compared differ both in the level of vaccination and in the type of dominant viral variant. Wuhan and Alpha dominated for almost a year and a half and claimed a certain number of lives. Delta dominated for six months and claimed many more lives in some countries than previous variants of the virus over the same period. In other countries, though, Delta claimed far fewer lives. To address the question related to the differences in Delta associated mortality, we compared the number of deaths in each country before and after mass vaccination, when the Delta appeared. This analysis allowed us to understand how well countries protected their populations in the periods separated by July 2021 (Figure 4). Figure 4A shows that there is a significant correlation between the rates of excess mortality that occurred during the two periods of interest (R=0.82, p<<0.001).




Figure 4 | Relationship between estimates of excess deaths occurring earlier and later during the COVID-10 pandemic. (A) The relationship between deaths that occurred in the country during Delta domination relative to deaths whose culprits were pre-Delta virus variants (Alpha and Wuhan). (B) The ratio of excess death numbers that occurred in the two periods for the same countries versus to excess death numbers in the first period. The names of countries that fall into the “faster” vaccination category are shown in brown font. The names of countries tht fall into “slower” vaccination category are in blue. The percentage of the country population that got primary vaccines series by the time Delta variant arrived is shown after the name of the country.



Figure 4B shows the ratio of deaths between the two periods for each country relative to deaths during the first period. It illustrates how effectively countries have improved the protection of the lives of their citizens in the second period compared to the first. Portugal, Sweden, Italy, the Czech Republic, and Belgium reduced mortality by a factor of four or more, and all these countries with rapid vaccination rates. At the same time, countries with very low vaccination rates, such as Serbia. Bulgaria, Russia, and Lithuania had virtually no reduction in losses. Thus, some countries, after experiencing high mortality in the first period, radically changed their trajectory and protected their populations much better in the second period, when faced with a Delta variant of the virus. The results indicated that those with higher vaccination rates reduced mortality in the Delta wave more than those with lower vaccination rates.





Correlation analysis of excess mortality estimates versus vaccination rates

In the context of factors that may affect COVID-19-related mortality, we analyzed the effect of vaccination/boosters rates on estimated excess mortality over time. For each country, an excess mortality value was presented versus vaccination or booster administration rates achieved at specific time points (Figure 5).




Figure 5 | Excess mortality and vaccination rates in European countries estimated for different time intervals. (A) Delta associated excess mortality by country vs. vaccination rates. (B) Omicron BA.1/2 associated excess mortality by country vs. vaccination rates. (C) Omicron BA.1/2 associated excess mortality by country vs. boosters’ administration rate in the “faster” vaccination rate country category.



Analysis of the data showed that a higher vaccination rate in a country corresponded to a lower excess mortality rate. By sampling the data and linear interpolation between points, we found that the best linear trend of decreasing mortality as the vaccinated population in a country increased was in countries with vaccination rates below a certain threshold. This threshold is somewhere between 60 and 70% of the vaccinated population in the country. Thus, we found that for countries with vaccination rates below the threshold; the correlation is very strong and significant, while for countries with vaccination rates above the threshold, the correlation is weak, marginal (Figure 5A) or virtually not-detectable (Figure 5B). Low excess mortality, which was not significantly different between countries, was observed in all countries with vaccination rates above the threshold. This observation was accurate for the Delta-dominated period (Figure 5A) and for the Omicron BA.1/2 dominated period as well (Figure 5B). Such an analysis of the data allows us to divide more accurately the countries into two categories: those that vaccinated faster and those that vaccinated slower. The countries with higher vaccination rates reached some threshold level and equaled them in terms of excess mortality rates.

At the same time, for the Omicron BA.1 and BA.2 period, we found that in countries in the “faster” vaccination category, while mortality was practically independent of vaccination rate, it depended on booster rate (Figure 5C).

In summary, a significant negative linear relationship between excess mortality and vaccination rates was found only for “slower” countries. This was true both for the Delta dominant period (R=-0.8, p<0.01) and for the Omicron BA.1 and BA.2 dominant period (R=-0.5, p=0.045). We did not find significant relationships for countries in the “faster” category, likely because all countries in the “faster” category have relatively low mortality rates. However, an inverse linear relationship between mortality and the rate of booster administration was found for the “faster” countries during the Omicron-dominated period. The greater the percentage of the population that received booster doses, the lower the mortality rate (R=-0.8, p<<0.01).

Far more people died from COVID-19 in countries that were slow to vaccinate their populations compared to countries that did it faster. The same can be said for the speed at which countries provided additional doses of booster vaccine - the higher the speed, the fewer deaths.





Age characteristics and excess mortality

To examine how a country’s age characteristics were related to excess mortality we chose three features: the average age of the country’s population, the percentage of the elderly population (65+), and life expectancy. From the three characteristics listed, only life expectancy of the population is the most related to the quality of life and health care. The average age and the percentage of the elderly population (65+) are less dependent as they are strongly influenced by the percentage of young people in the country. The results of a correlation analysis of these three characteristics with excess mortality, which correspond to infection waves caused by Delta and Omicron BA.1/BA.2 virus variants, are presented in Figure 6.




Figure 6 | Excess mortality and the average age of the population in the country, the percentage of the elderly, and life expectancy in the country. (A) Excess mortality and the average age of the population in the country. (B) Excess mortality and the percentage of the elderly population (65+) in the country. (C) Relationship between excess mortality and life expectancy.



There is no significant correlation of excess mortality in a country with the average age of a population (Figure 6A) or with the percentage of the elderly population (Figure 6B). However, we do see a strong significant negative correlation between life expectancy and excess mortality (Figure 6C). The longer a life expectancy in a country, the lower the pandemic excess mortality for both the Delta wave and the Omicron wave.

We performed a similar correlation analysis using the same parameters separately for the categories of countries that vaccinated their populations faster and slower (Supplementary Figure 3). In this analysis, we found a trend with marginal significance for set of countries that vaccinated more rapidly, showing that the higher the average national age, the higher the excess mortality. However, we found no correlation between excess mortality in a country and the percentage of the elderly population, either when analyzing all countries together or when analyzing the categories of countries in which the populations were vaccinated at different rates (Supplementary Figure 3).





Analysis of GDP per capita and vaccination rate using regression models

In trying to establish a causal relationship between vaccination rates and reductions in excess mortality, we tried to understand what factors other than vaccination contribute to saving lives of the nation’s citizens. Considering that some of these factors may be related to GDP, this is not a straightforward task. We showed that the level of a country’s GDP itself is significantly correlated with the level of vaccination (Figure 2B), and this result is consistent with previously published data (19, 29).

To address this issue, a set of linear regression models with variable inputs was created. In all proposed models, mortality was used as the dependent variable, while GDP per capita and country vaccination or booster rates were treated as independent variables. The results of the linear regression analysis are described in detail in Table 2 in Supplementary Material and are presented in Figure 7 as columns showing the level of significance assigned to each parameter in that each model.




Figure 7 | Significance levels of input parameters in linear regression models predicting pandemic excess mortality. The regression models were created to predict excess mortality. Mortality was chosen as the dependent variable, while GDP per capita and the vaccine immunization rate of the country’s population were chosen as the independent variables. The models’ outputs are presented in Table 2 in Supplementary Material. Each figure column represents a negative natural logarithmic value of the significance level of the corresponding model input parameter. The pandemic periods, for which we built models, differed in the dominance of the viral variant. Wuhan and Alpha variants dominated Europe, before July 2021, afterwards the Delta variant dominated until January/February 2022 and later until May 2022 Omicron BA.½. (A) Input parameters are GDP and vaccination rates in the country, achieved in the respective time periods. Models 1-3 were created for the set of all 29 countries. (B) Input parameters are GDP and the level of boosters in the country reached by a certain time. Model 4 was created for the set of all 29 countries, and models 5 and 6 were created only for countries subsets with GDP per capita below or above 40K, respectively. There are 17 countries in the first subset and 12 in the second.



We found that to predict excess mortality, depending on the time interval when the deaths occur, either the levels of GDP or the vaccination rate or both may be significant as input parameters (Figure 7A). Model 1, which considers mainly COVID-19 mortality in the period before mass vaccination and before the dominance of the Delta variant, assigned a level of significance only to the GDP parameter. In contrast, Model 2, which considers mortality that occurred when the vaccination process was advanced and the Delta variant dominated, assigned significance levels to both input parameters: namely, GDP and vaccination. Finally, model 3, which analyzes mortality during the period of advanced vaccination, when the Omicron variant dominates, assigns significance levels only to the vaccination rate. It should be noted that the vaccination parameter appears to be much more significant in Model 2 compared to Model 3.

Thus, summarizing the results, we can conclude that the factors affecting mortality reduction related to the country’s income played the greatest role before mass vaccination began, but the least afterward. We can also conclude that the level of vaccination played a greater role in preventing Delta-induced deaths compared to Omicron-induced deaths.

We examined models in which GDP and the level of boosters achieved in a country by the time the Omicron virus variant emerged were considered as input parameters (Model 4-6, Figure 7B). The analysis of all countries in Model 4 showed that neither GDP nor booster administration are significant input parameters that can dramatically affect mortality during Omicron dominance. However, we found that GDP and vaccination rate can affect excess mortality in the Omicron wave when categories of countries with lower and higher GDP per capita are analyzed separately.

During the Omicron wave, the GDP parameter is most significant in determining high mortality for relatively low-income countries (Figure 7B, Model 5). In contrast, for countries with higher income, GDP is not significant, but the rate of booster administration is highly significant in the model (Figure 7B, Model 6). Because the level of booster administration in low-income countries is not quite high, it is difficult to expect an important role for this parameter in Model 5. This analysis demonstrated that the rate of booster administration was important for preventing deaths in high-income countries during the period when Omicron BA.1/BA.2 dominated. Thus, we showed that when mixing countries with different levels of GDP, models could not produce reliable results.





Comparison of COVID-19-related mortality in “faster” and “slower” countries during the dominance of different SARS-CoV-2 variants

Four epidemic waves caused by Wuhan, Alpha, Delta, and Omicron viruses BA.1, as well as BA.2, resulted in different excess mortality rates in different countries, as shown in Figure 3B. We were interested in knowing how the magnitude of excess mortality in different periods of the pandemic depended on which category a country was in, namely whether it was “faster” or “slower” in its vaccination.

To answer this question, the distributions of excess mortality values were visualized as box plots for both categories of countries for the three intervals of the pandemic (Figure 8A). The first interval (I) included the time prior to mass vaccination where viral variants Wuhan and Alpha (pre-Delta strains) dominated. The second (II) and third (III) periods correspond to the time when vaccination was in full swing, where Delta dominated in the second interval and Omicron BA 1/BA.2. in the third. We then assessed the mean values in each data category and their ratios. A comparison of these averages and their ratios showed how mortality during each pandemic period was related to the category of country in which the individual lived (Figure 8B). A low probability of dying during a pandemic was associated with better protection against all-cause mortality provided by the countries in the corresponding category.




Figure 8 | Analysis of COVID-19 associated excess deaths averaged for country categories. (A) Distribution of excess mortality values in two categories of countries at three different time intervals of the pandemic, visualized as boxplots. (B) Odds ratio of dying in each time interval depending on the country category. (C) Odds ratio of dying in later infection waves versus the previous infection waves depending on the country category.



The “faster” countries, compared to the “slower” ones, were much better at protecting their residents throughout the pandemic. However, the difference in protection effectiveness depended on the time interval. For example, the odds of dying in the first pre-Delta time interval were nearly three times higher for residents of countries that failed to provide prompt vaccination in the future compared with those that did (OR 2.7 (95% CI 2.5-3)). The contrast in the odds of dying between these same categories of countries became much more pronounced, reaching almost fivefold in the second time interval, when vaccination was advanced, and the Delta variant dominated (OR 4.9 (95% CI 4.4-5.4)). However, the contrast halved in the third time interval, when people died mostly from the Omicron variant to an OR of 2.5 (95% CI 2.1- 2.9). For the same wave of Omicron infections, there was more than a twofold difference in mortality for the “boosters slower” versus “boosters faster” subcategory with an OR of 2.6 (95% CI2.1-3.3).





Analysis of excess mortality during successive waves of COVID-19 infections

To evaluate the dynamics of mortality-change in transitions between different COVID-19 pandemic waves, we measured odds ratios between mortality in the late and early infectious waves for “faster” and “slower” vaccinated countries separately. We visualized the excess mortality distributions as box plots and estimated the odds ratios of mortality between Delta and pre-Delta, or Omicron and Delta waves and (Figures 8A, B).

The comparative analysis of the odds ratio in Figure 8C demonstrated that the first transition was much more pronounced for the “faster” countries compared to the “slower”. Mortality during the Delta wave was less than half of pre-Delta mortality in the “faster” category (OR 0.4 (95% CI 0.36-0.46)) and more than half in the “slower” category (OR 0.7 (95% CI 0.68-0.76). In other words, during the transition to the Delta wave, mortality rates declined strongly in the “faster” countries and weakly in the “slower” ones. In contrast, the transition between Delta and Omicron waves was more pronounced for the “slower” countries. In this category, Omicron-associated mortality was only one fifth of that of the Delta wave (OR 0.22 (95% CI 0.2-0.25)). In contrast, in the “faster” category, Omicron accounted for just under half of the Delta deaths (0.43 (95% CI 0.36-0.53)). Nevertheless, the odds ratios of pre-Delta versus Omicron deaths represent similar values in both categories of countries (Figure 8C).

Thus, we can summarize that the degree of mortality reduction during the transition from infection waves caused by pre-Delta virus variants to the Omicron variant was independent of the rate of vaccination in the countries. However, the trajectory of this decrease depended on this rate. We have seen a sharp decline between pre-Delta and Delta mortality for the “faster” countries. At the same time, we observed a strong mortality reduction between Delta and Omicron waves for the “slower” countries. The difference in trajectories led to the major difference in mortality between the two categories of countries during the Delta infection wave. The ability of rapid vaccination to save lives was best exemplified by the Delta wave, and the ability of rapid booster administration to save lives was best exemplified by the first Omicron wave.






Discussion



Estimates of excess mortality versus COVID-19 confirmed deaths

The underreporting of COVID-19 deaths in some countries is a well-known phenomenon, which was thoroughly discussed in previously published studies (14). The global worldwide estimate is 18 million excess deaths between early 2020 and the end of 2021, while reported COVID-19 deaths over the same period are about 6 million, three times less (37).There are several reasons for the discrepancy between reported and excess COVID-19 deaths. For example, medical reporting systems may not list COVID-19 as a cause of death if a person has not been tested for SARS-CoV-2, and thus deaths caused by the virus may be missed in official counts in countries with low testing rates. Early in the pandemic, before widespread testing, many COVID-19 deaths among the elderly were not related to the disease, causing a significant underreporting in some countries (16).

Thus, our study found that in some countries there is a disparity between excess mortality and deaths directly related to COVID-19 which is not unexpected. The existence of this discrepancy, and the fact that it occurs primarily in countries with relatively low GDP per capita, is consistent with what has already been found and published (14, 17). In summary, all these findings underscore the fact that excess mortality is a more reliable indicator of pandemic deaths than COVID-19 direct mortality, which has been diagnosed as a direct result of COVID-19.





Low GDP, low vaccination rates and high pandemic-associated mortality

Our study showed that countries with low GDP per capita have higher mortality rates. A negative correlation between excess mortality and GDP per capita has been observed before. It has been seen for Spanish flu (26) and for COVID-19 pandemic (27, 28). Even at the single-country level, the excess mortality associated with COVID-19 is inversely correlated with the average family income that existed in the area of residence (25). Thus, our observations are consistent with those found earlier in published studies. Not surprisingly, richer countries have more resources to deal with the pandemic-induced problems, so they do a better job of reducing excess mortality overall.

Also not surprisingly, our analysis demonstrated a positive correlation between GDPs per capita and vaccination rates. The data showed that countries with relatively low incomes were slower to vaccinate their citizens and ended up with lower vaccinated populations. Similar observations have been described in detail in the research publications (19, 29). It has also previously been observed that low vaccination rates in countries coincide with underreporting of COVID-19 mortality (18). In this context, the results of our analysis of European countries, which show a discrepancy between COVID-19 and excess mortality as well as low rates of vaccination in countries with low GDP, are consistent with previous findings.





Age, life expectancy and excess mortality

COVID-19 is more dangerous for elderly people, and deaths occur primarily in the older population (38). In our analysis, however, we found only a weak relationship between the average age of people in a country and excess mortality (Figure 6A). The correlation did not reach statistical significance and was detected only in those countries where vaccination was faster (Supplementary Figure 3, lower left panel). We also didn’t find any correlation between percentage 65+ people in a country and excess mortality (Figure 6B; Supplementary Figure 3, middle panels.) This may indicate that the level of medical care and vaccination rate play a greater role in saving lives than the average age of the population or percentage of elderly population in a country. This conclusion is also supported by the strong negative correlation between life expectancy and excess mortality (Figure 6C). The higher the life expectancy, the fewer lives the country lost during the pandemic. This is true for both the Delta wave and the Omicron wave.





Finding a causal relationship between COVID-19 pandemic mortality and rates of vaccination and booster

Analysis of pandemic mortality across countries allows us to examine the effectiveness of vaccines and boosters during different periods of the pandemic when different variants of the coronavirus were prevalent. In addition, such analyses allow an assessment of how well vaccination worked against the background of immunity triggered by natural infections. The significant and strong negative correlations we observed between national vaccination rates and excess mortality seemed to answer the question of vaccination effectiveness in reducing COVID-19 mortality in an obvious way. However, a closer analysis of the data showed that other factors, namely public health effectiveness, quality of healthcare, and the efficacy of pandemic mitigation strategies, must also be considered to assess the impact of vaccination on saving lives. Isolation of the impact of these factors is not a straightforward task. They are all linked and act synergistically.

In our work, we analyzed the data to distinguish the contribution of these listed factors from the vaccination rate factor. In doing so, we assumed that annual actual GDP per capita largely determines the amount of funding available to national governments to implement all life-saving strategies, including those not related to vaccination rates.

Our analysis shows that “faster” countries that achieved higher vaccination rates had lower pre-vaccination excess mortality compared to countries with low vaccination rates. However, the difference between “faster” and “slower” countries became much more pronounced when mass vaccination was in full swing. From this we conclude that although countries differed in the effectiveness of COVID-19 mortality control measures before vaccination, vaccination made these differences much more pronounced. Thus, vaccines greatly improved the effectiveness of pandemic control measures.

In this study, we found the existence of a certain threshold level of vaccination, namely 60-70% of the country’s population. Countries that reach this threshold quickly differ little in their mortality rates in comparison to the slower vaccinating countries, where the difference was significant. However, during Omicron dominance, despite the threshold reached, the countries that reached it, still differed in terms of excess mortality, and the magnitude of this excess mortality correlated inversely with the level of booster vaccinations. The immuno-compromising characteristics of Omicron likely contributed to diminished protective effect of the vaccination.

Our work pointed to the great importance of rapid administration of boosters before January 2022. Mortality in countries with rapid booster administration was significantly lower than in countries with the same per capita GDP, the same vaccination rate, but lower booster rates. The results of our data analysis are consistent with the observation that additional booster doses of both mRNA- and adenovirus-vector-based vaccines significantly increase the protective efficacy of vaccine against severe disease (13).





The transition from one infectious wave to another and the associated change in mortality in “faster” and “slower” countries

In our work, we have shown that the overall rate of COVID-19 related deaths varies across countries and depends on many factors, including the level of vaccination. However, even before vaccination, countries in the category where the population would subsequently be vaccinated more quickly had lower excess mortality rates. Apparently, this is due to the fact that these countries have on average, higher GDP per capita and, accordingly, more capacity to mitigate the epidemic consequences. At the same time, during the period of mass vaccination, and especially during the period of dominance of the Delta variant, the ability to reduce mortality increased sharply in the category of countries that were rapidly vaccinating their population. The contrast in terms of excess mortality between rapidly or slowly vaccinating countries became particularly strong. Accordingly, the inverse correlation between the number of vaccinated people in the country and excess mortality became particularly pronounced during the Delta infection wave. This correlation weakened in the next infectious wave, namely, the Omicron-dominated wave. In fact, the difference between fast and slow vaccinating countries became the same as it was before mass vaccination began. There are several explanations for this phenomenon. First, the time has passed since the vaccination and the immune vaccine defense has weakened. Second, Omicron has a more pronounced ability to resist immune defenses, and finally, immune defenses increased after natural infections in countries with low vaccination rates.

It is worth noting that booster vaccinations played a hugely positive role in reducing mortality during the Omicron BA.1/BA.2 dominated period. In countries with comparable levels of GDP per capita and similar rates of primary series vaccination, excess mortality was largely determined by the level of booster vaccination administration during the Omicron-dominated period. This observation tells us that even though Omicron antigenically is very different from the ancestral SARS-CoV-2 strain, for which the vaccines were produced, booster vaccination effectively prevented excess mortality in the first waves of Omicron, caused by BA.1 and BA.2 virus variants.

Our work revealed an interesting pattern, namely that the degree of reduction in excess mortality when comparing the pre-Delta to Omicron waves was independent of the rate of vaccination. In Figure 7C, we showed that Omicron mortality is about one-sixth that of pre-Delta mortality in both the “faster” and “slower” categories. However, mortality decreases equally only in the transition from the pre-Delta wave to the Omicron one. As for the intermediate transitions, they are very different in the two categories of countries. The most pronounced reduction in excess mortality occurs in the transition to Delta in the category of countries with rapid vaccination and in the transition to the Omicron wave in the category of countries with slower vaccination rates.

A possible explanation is that rapidly vaccinated countries developed immunity faster, mostly in the pre-Delta pandemic phase, and slow-vaccinated countries developed hybrid (vaccine plus disease) immunity in later phases, likely during the Delta wave of infection. Thus, immunity, which saves from death, developed more rapidly in some countries, mainly due to vaccination, and more slowly in others, because of the hybrid influence of vaccine administration and natural infections. Despite all this, however, the minimum number of deaths in the first wave of Omicron was in countries with the highest rates of booster vaccination. Our results demonstrated that booster protection can still have a significant impact and reduce excess mortality despite high levels of immunity in the populations of countries in both categories.





Hybrid immunity

Excess mortality during the Omicron BA.1/BA.2 waves is approximately one-sixth that of pre-Delta mortality in both “fast” and “slow” countries (Figure 7C). We believe that this finding indicates that by the time the Omicron variant appeared, the general immunity of the population had already developed and could be comparable between countries from both categories. The protective shield of established immunity significantly reduced the number of deaths during the Omicron wave compared to previous periods. It has been shown that prior SARS-CoV-2 infection and booster vaccinations provide strong protection from Omicron caused ICU admission or deaths (39–41). Therefore, we can assume that the immunity protective shield was formed as a result of vaccination or COVID-19 disease and, importantly, sometimes as a combination of both, in the same person, namely as a results of hybrid immunity. The latter is particularly important and has recently been shown to be able to protect more effectively than natural immunity acquired by people from vaccine alone or disease alone (42–44). It is likely that the percentage of people with hybrid immunity increased significantly in subsequent waves of Omicron variants and thereby strengthened population immunity. The existence and maintenance of population immunity can probably explain, at least in part, the absence of large infectious waves in the second half of 2022 in most countries.

Many studies have compared immunity from vaccines, natural and breakthrough infections and have shown that hybrid immunity protects better against SARS-CoV-2 variants compared to immunity from vaccine alone or COVID-19 alone (42–44). When vaccinating previously infected individuals, just one dose of vaccine enhances both B- and T-cell response to various variants of the virus (45). In individuals previously infected with COVID-19, vaccination induces the production of cross-variant neutralizing antibodies (46).

In some countries, especially in China, the formation of hybrid immunity, in particular its component derived from natural immunity against the disease, has been severely delayed. This is primarily due to a three-year policy of rigorous testing, contact tracing combined with strict quarantines and even lockdowns, commonly referred to as the “zero covid” policy. This policy was introduced in China in January 2020 and continued until December 2022 (10, 47).

Vaccine immunity is gradually lost, and the rate of loss of protective effectiveness depends on the type of vaccine. China used types of vaccines based on an inactivated virus. A comparison of these vaccines and mRNA-based vaccines used in many European countries and Hong Kong during the Omicron BA.2 outbreak in March 2022 showed that vaccines based on an inactivated virus protected people for a shorter period of time than mRNA based vaccines (10).

In addition, the percentage of the booster-vaccinated population among the elderly, who are particularly at risk for fatal or severe COVID-19, was relatively small in China. Some scientists familiar with the epidemiological situation in China have advised urgently increasing this percentage (47). Thus, the abrupt cancellation of China’s zero-covid policy in late 2022 led to a dramatic outbreak of disease, leading to a significant increase in hospitalizations in December and January. Already in the first week of January, the number of hospitalizations, according to the WHO, doubled and mortality rates also rose sharply (48).

Natural immunity to COVID-19 in Hong Kong in January 2023 was probably better than in mainland China because the island survived a severe outbreak of Omicron BA.2 in March 2022. Some experts estimated that about 40% of Hong Kong’s population was infected during the outbreak (OurworldInData (32),). It is worth noting that the vaccination situation in Hong Kong is better than in mainland China because almost half of the population received the mRNA vaccine, which has a longer protection period than the inactivated virus-based vaccines used in China (10). Considering these data, it can be assumed that the situation in mainland China can only be worse than in Hong Kong. The daily mortality rate on the mainland seems to be reaching a higher level than on the island, where there were nine deaths per million people in January 2023. However, using Hong Kong data, even conservative estimates for China’s population of 1.4 billion predict a daily death rate of 12600.

Hybrid immunity has probably developed faster in countries that do not have such radical policies as China. It has been shown that regardless of the vaccine used, hybrid immunity induces a stronger humoral response than vaccination (44). Hybrid immunity may also provide greater protection than immunity induced by vaccination alone against the Omicron variant (49). We assume that some infectious background of continuing circulating SARS-CoV-2 variants along with booster vaccinations will maintain hybrid immunity in most countries going forward. As a result, we can expect that in 2023 most of the world, and especially the European countries considered in this study, will avoid major infectious outbreaks such as the one that occurred in China in January of this year.






Conclusions

	Slow vaccination and slow booster administration have been associated with high excess mortality from COVID-19 in European countries. In contrast, high vaccination rates provided robust protection against virus-associated mortality. Vaccine protection peaked in the Delta wave but became weaker in the Omicron wave.

	However, additional booster vaccination was very effective in preventing excess mortality caused by the Omicron BA.1/BA.2 infectious wave.

	The main trend found in this study was that the European countries that vaccinated their populations faster were mostly the same countries that had higher GDP per capita. They also provided better protection against COVID-19-related deaths even before vaccination campaigns began.

	Although a small number of countries protected their populations from COVID-19 deaths poorly before vaccination campaigns began, they did much better afterwards by ensuring fast vaccination of their citizens.

	The excess mortality during the COVID-19 pandemic correlates not only with a county’s vaccination rate, but also with its per capita GDP. The latter parameter likely reflects and is related to the quality of healthcare in the country, the availability of mass COVID-19 testing, and funding for other pandemic mitigation strategies.







Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

OM - Data curation, Formal analysis, Investigation, Figures design, Writing. SS - Conceptualization, Methodology, Writing. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the Intramural Research Program of the National Library of Medicine, National Institutes of Health (SAS).





Conflict of interest

OM was employed by the company Sendai Viralytics.

The remaining author declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1151311/full#supplementary-material

Supplementary Figure 1 | Share of people that completed the primary series vaccination at a given date and distribution of different vaccine types in EU.

Supplementary Figure 2 | SARS-CoV-2 sequences share by variant.

Supplementary Figure 3 | Relationships between national excess mortality in countries and their age characteristics. The correlation coefficient values corresponding to statistical significance (p<0.05) are shown in white on a light brown background for the Delta period and in dark green for the Omicron period.




References

1. VaccineTracker. European Centre for disease prevention and control, COVID-19 vaccine tracker. Available at: https://vaccinetrackerecdceuropaeu/public/extensions/COVID-19/vaccine-trackerhtml#distribution-tab (Accessed November 24, 20222).

2. Webster, P. Russian COVID-19 vaccine in jeopardy after Ukraine invasion. Nat Med (2022). doi: 10.1038/d41591-022-00042-y

3. Euronews. Slovakia Is second EU country to roll out russia’s Sputnik V COVID-19 vaccine (2021). Available at: https://www.euronews.com/my-europe/2021/06/07/slovakia-is-second-eu-country-to-roll-out-russia-s-sputnik-v-covid-19-vaccine.

4. WHO. The sinovac-CoronaVac COVID-19 vaccine: what you need to know (2021). Available at: https://www.who.int/news-room/feature-stories/detail/the-sinovac-covid-19-vaccine-what-you-need-to-know.

5. Harder, T, Kulper-Schiek, W, Reda, S, Treskova-Schwarzbach, M, Koch, J, Vygen-Bonnet, S, et al. Effectiveness of COVID-19 vaccines against SARS-CoV-2 infection with the delta (B.1.617.2) variant: second interim results of a living systematic review and meta-analysis, 1 January to 25 august 2021. Euro Surveill (2021) 26(41):2100920. doi: 10.2807/1560-7917.ES.2021.26.41.2100920

6. Nanduri, S, Pilishvili, T, Derado, G, Soe, MM, Dollard, P, Wu, H, et al. Effectiveness of pfizer-BioNTech and moderna vaccines in preventing SARS-CoV-2 infection among nursing home residents before and during widespread circulation of the SARS-CoV-2 B.1.617.2 (Delta) variant - national healthcare safety network, march 1-august 1, 2021. MMWR Morb Mortal Wkly Rep (2021) 70(34):1163–6. doi: 10.15585/mmwr.mm7034e3

7. Zeng, B, Gao, L, Zhou, Q, Yu, K, and Sun, F. Effectiveness of COVID-19 vaccines against SARS-CoV-2 variants of concern: a systematic review and meta-analysis. BMC Med (2022) 20(1):200. doi: 10.1186/s12916-022-02397-y

8. Matveeva, O, and Ershov, A. Retrospective cohort study of the effectiveness of the Sputnik V and EpiVacCorona vaccines against the SARS-CoV-2 delta variant in Moscow (June-July 2021). Vaccines (Basel) (2022) 10(7):984. doi: 10.3390/vaccines10070984

9. Risk, M, Shen, C, Hayek, SS, Holevinski, L, Schiopu, E, Freed, G, et al. Comparative effectiveness of coronavirus disease 2019 (COVID-19) vaccines against the delta variant. Clin Infect Dis (2022) 75(1):e623–e9. doi: 10.1093/cid/ciac106

10. Lau, JJ, Cheng, SM, Leung, K, Lee, CK, Hachim, A, Tsang, LC, et al. Population-based sero-epidemiological estimates of real-world vaccine effectiveness against omicron infection in an infection-naive population, Hong Kong, January to July 2022. medRxiv (2022). doi: 10.1101/2022.11.01.22281746

11. Andrews, N, Stowe, J, Kirsebom, F, Toffa, S, Rickeard, T, Gallagher, E, et al. Covid-19 vaccine effectiveness against the omicron (B. 1.1.529) Variant. N Engl J Med (2022) 386(16):1532–46. doi: 10.1056/NEJMoa2119451

12. Ranzani, OT, Hitchings, MDT, de Melo, RL, de Franca, GVA, Fernandes, CFR, Lind, ML, et al. Effectiveness of an inactivated covid-19 vaccine with homologous and heterologous boosters against omicron in Brazil. Nat Commun (2022) 13(1):5536. doi: 10.1038/s41467-022-33169-0

13. Bacci, S, Nicolay, N, Howard, J, Kissling, E, Nardone, A, and Rose, A. Interim analysis of COVID-19 vaccine effectiveness against severe acute respiratory infection due to SARS-CoV-2 in individuals aged 20 years and older. European Centre for Disease Prevention and Control (2022). Available at: https://www.ecdc.europa.eu/en/publications-data/interim-analysis-covid-19-vaccine-effectiveness-against-severe-acute-respiratory.

14. Karlinsky, A, and Kobak, D. Tracking excess mortality across countries during the COVID-19 pandemic with the world mortality dataset. Elife (2021) 10:e69336. doi: 10.7554/eLife.69336.sa2

15. Kontis, V, Bennett, JE, Rashid, T, Parks, RM, Pearson-Stuttard, J, Guillot, M, 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. Nat Med (2020) 26(12):1919–28. doi: 10.1038/s41591-020-1112-0

16. Collaborators C-EM. Estimating excess mortality due to the COVID-19 pandemic: a systematic analysis of COVID-19-related mortality, 2020-21. Lancet (2022) 399(10334):1513–36. doi: 10.1016/S0140-6736(21)02796-3

17. Msemburi, W, Karlinsky, A, Knutson, V, Aleshin-Guendel, S, Chatterji, S, and Wakefield, J. The WHO estimates of excess mortality associated with the COVID-19 pandemic. Nature (2023) 613(7942):130–7. doi: 10.1038/s41586-022-05522-2

18. Sobieszek, A, Lipniacka, M, and Lipniacki, T. Vaccine hesitancy strongly correlates with COVID-19 deaths underreporting. medRxiv (2022). doi: 10.1101/2022.02.27.22271579

19. Watson, OJ, Barnsley, G, Toor, J, Hogan, AB, Winskill, P, and Ghani, AC. Global impact of the first year of COVID-19 vaccination: a mathematical modelling study. Lancet Infect Dis (2022) 22(9):1293–302. doi: 10.1016/S1473-3099(22)00320-6

20. Zeng, S, Pelzer, KM, Gibbons, RD, Peek, ME, and Parker, WF. Association of zip code vaccination rate with COVID-19 mortality in Chicago, Illinois. JAMA Netw Open (2022) 5(5):e2214753. doi: 10.1001/jamanetworkopen.2022.14753

21. Huang, C, Yang, L, Pan, J, Xu, X, and Peng, R. Correlation between vaccine coverage and the COVID-19 pandemic throughout the world: based on real-world data. J Med Virol (2022) 94(5):2181–7. doi: 10.1002/jmv.27609

22. Bilinski, A, Thompson, K, and Emanuel, E. COVID-19 and excess all-cause mortality in the US and 20 comparison countries, June 2021-march 2022. JAMA (2023) 329(1):92–4. doi: 10.1001/jama.2022.21795

23. Barro, RJ. Vaccination rates and COVID outcomes across U. S. states. Econ Hum Biol (2022) 47:101201. doi: 10.1016/j.ehb.2022.101201

24. Shioda, K, Chen, Y, Collins, MH, and Lopman, BA. Population-level relative effectiveness of the COVID-19 vaccines and the contribution of naturally acquired immunity. J Infect Dis (2022) 227(6):773–9. doi: 10.1101/2022.10.04.22280689

25. Stokes, AC, Lundberg, DJ, Elo, IT, Hempstead, K, Bor, J, and Preston, SH. COVID-19 and excess mortality in the united states: a county-level analysis. PloS Med (2021) 18(5):e1003571. doi: 10.1371/journal.pmed.1003571

26. Murray, CJ, Lopez, AD, Chin, B, Feehan, D, and Hill, KH. Estimation of potential global pandemic influenza mortality on the basis of vital registry data from the 1918-20 pandemic: a quantitative analysis. Lancet (2006) 368(9554):2211–8. doi: 10.1016/S0140-6736(06)69895-4

27. Urashima, M, Tanaka, E, Ishihara, H, and Akutsu, T. Association between life expectancy at age 60 years before the COVID-19 pandemic and excess mortality during the pandemic in aging countries. JAMA Netw Open (2022) 5(10):e2237528. doi: 10.1001/jamanetworkopen.2022.37528

28. Shang, W, Wang, Y, Yuan, J, Guo, Z, Liu, J, and Liu, M. Global excess mortality during COVID-19 pandemic: a systematic review and meta-analysis. Vaccines (Basel) (2022) 10(10):1702. doi: 10.3390/vaccines10101702

29. Basak, P, Abir, T, Al Mamun, A, Zainol, NR, Khanam, M, Haque, MR, et al. A global study on the correlates of gross domestic product (GDP) and COVID-19 vaccine distribution. Vaccines (Basel) (2022) 10(2):266. doi: 10.3390/vaccines10020266

30. Shuai, H, Chan, JF, Hu, B, Chai, Y, Yuen, TT, Yin, F, et al. Attenuated replication and pathogenicity of SARS-CoV-2 B.1.1.529 omicron. Nature (2022) 603(7902):693–9. doi: 10.1038/s41586-022-04442-5

31. TheWorldBank. GDP Per capita (Current US$) for 2021 world bank open data . Available at: https://data.worldbank.org/indicator/NY.GDP.PCAP.CD (Accessed July 31, 2022).

32. Ritchie, H, Mathieu, E, Rodés-Guirao, L, Appel, C, Giattino, C, Ortiz-Ospina, E, et al. Coronavirus pandemic (COVID-19) (2022). Available at: https://ourworldindata.org/coronavirus.

33. Ritchie, H, Mathieu, E, Rodés-Guirao, L, Appel, C, Giattino, C, Ortiz-Ospina, E, et al. Coronavirus pandemic (COVID-19), Excess mortality during COVID-19 (2022). Available at: https://ourworldindata.org/excess-mortality-covid#how-is-excess-mortality-measured.

34.On line mantel-haenszel chi-square test for stratified 2 by 2 tables (2022). Available at: https://epitoolsausvetcomau/mantelhaenszel (Accessed September 25, 2022).

35.On line chi-square test calculator up to 5X5 (2022). Available at: https://wwwsocscistatisticscom/tests/chisquare2/default2aspx (Accessed November 24, 2022).

36. Sanmarchi, F, Golinelli, D, Lenzi, J, Esposito, F, Capodici, A, Reno, C, et al. Exploring the gap between excess mortality and COVID-19 deaths in 67 countries. JAMA Netw Open (2021) 4(7):e2117359. doi: 10.1001/jamanetworkopen.2021.17359

37. Wang, H, Paulson, KR, Pease, SA, Watson, S, Comfort, H, Zheng, P, et al. Estimating excess mortality due to the COVID-19 pandemic: a systematic analysis of COVID-19-related mortality, 2020-21. Lancet (2022) 399(10334):1513–36. doi: 10.1016/S0140-6736(21)02796-3

38. Wong, MK, Brooks, DJ, Ikejezie, J, Gacic-Dobo, M, Dumolard, L, Nedelec, Y, et al. COVID-19 mortality and progress toward vaccinating older adults - world health organization, worldwide, 2020-2022. MMWR Morb Mortal Wkly Rep (2023) 72(5):113–8. doi: 10.15585/mmwr.mm7205a1

39. Wang, X, Zein, J, Ji, X, and Lin, DY. Impact of vaccination, prior infection and therapy on omicron infection and mortality. J Infect Dis (2022) 227(8):970–6. doi: 10.1101/2022.03.24.22272901

40. Lin, DY, Gu, Y, Xu, Y, Wheeler, B, Young, H, Sunny, SK, et al. Association of primary and booster vaccination and prior infection with SARS-CoV-2 infection and severe COVID-19 outcomes. JAMA (2022) 328(14):1415–26. doi: 10.1001/jama.2022.17876

41. Taylor, CA, Whitaker, M, Anglin, O, Milucky, J, Patel, K, Pham, H, et al. COVID-19-Associated hospitalizations among adults during SARS-CoV-2 delta and omicron variant predominance, by Race/Ethnicity and vaccination status - COVID-NET, 14 states, July 2021-January 2022. MMWR Morb Mortal Wkly Rep (2022) 71(12):466–73. doi: 10.15585/mmwr.mm7112e2

42. Crotty, S. Hybrid immunity. Science (2021) 372(6549):1392–3. doi: 10.1126/science.abj2258

43. Chin, ET, Leidner, D, Lamson, L, Lucas, K, Studdert, DM, Goldhaber-Fiebert, JD, et al. Protection against omicron from vaccination and previous infection in a prison system. N Engl J Med (2022) 387(19):1770–82. doi: 10.1056/NEJMoa2207082

44. Huang, L, Lai, FTT, Yan, VKC, Cheng, FWT, Cheung, CL, Chui, CSL, et al. Comparing hybrid and regular COVID-19 vaccine-induced immunity against the omicron epidemic. NPJ Vaccines (2022) 7(1):162. doi: 10.1038/s41541-022-00594-7

45. Reynolds, CJ, Pade, C, Gibbons, JM, Butler, DK, Otter, AD, Menacho, K, et al. Prior SARS-CoV-2 infection rescues b and T cell responses to variants after first vaccine dose. Science (2021) 372(6549):1418–23. doi: 10.1126/science.abh1282

46. Stamatatos, L, Czartoski, J, Wan, Y-H, Homad, LJ, Rubin, V, Glantz, H, et al. mRNA vaccination boosts cross-variant neutralizing antibodies elicited by SARS-CoV-2 infection. Science (2021) 372(6549):1413–8. doi: 10.1126/science.abg9175

47. Leung, K, Leung, GM, and Wu, JT. Modelling the adjustment of COVID-19 response and exit from dynamic zero-COVID in China. medRxiv (2022). doi: 10.1101/2022.12.14.22283460

48. Reuters. China Reports big jump in COVID hospitalisations - WHO. Reuters (2023).

49. Ntziora, F, Kostaki, EG, Karapanou, A, Mylona, M, Tseti, I, Sipsas, NV, et al. Protection of vaccination versus hybrid immunity against infection with COVID-19 omicron variants among health-care workers. Vaccine (2022) 40(50):7195–200. doi: 10.1016/j.vaccine.2022.09.042




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Matveeva and Shabalina. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1151311-g008.jpg
Excess mortality per million people

Vaccination

Slower

Faster

Bulgaria, Serbia, Russia,

Croatia, Slovenia, Latvia,
Estonia, Switzerland,
Greece, Netherlands

Lithuania, Czechia, Slovakia,
Romania, Poland, Hungary,

Italy, Portugal, Spain,
United Kingdom, Belgium,
Austria, France, Sweden,
Germany, Ireland,
Denmark, Finland, Norway

5000
4000
3000
2000
1000

26 %

*+.I_ﬁ —

42% |53

Average vaccination rates by country category

35%

Boosters

Slower

Faster

Finland, Norway, Italy,
Portugal, Spain, France

Austria, Ireland, Belgium,
Denmark, Germany, UK,
Sweden

500
450
400
350
300
250
200
150
100

50

=

0
L 3 555

Average booster rate by country category

43%

’ [ () Feb. 2020 - June 2021

Prior to mass vaccination, pre-Delta (Wuhan and alpha)

I (1) July 2021 — Jan./Feb. 2022

Advanced mass vaccination, Delta
(I11) Jan./Feb. 2022 - May 2022  Advanced vaccination and booster administration, Omicron BA 1/2

Vaccination

Mortality Odds Ratios - Slower vs. Faster

Boosters

Mortality Odds Ratio - Slower vs. Faster

0 1
(1) Feb. 2020 - June. 2021

(1) July 2021 — Jan./Feb. 2022

(I11) Jan./Feb. 2022 - May 2022

2 3 4 5 6 0 1 2 3 4
L 2
Pre-Delta (Wuhan and Alpha)
—O— (Ill) Jan./Feb. 2022 - May 2022 —&A——
Delta Omicron BA.1/2
+
L Omicron BA.1/2

Mortality Odds Ratios -deaths of the later infection wave vs. of the earlier one

Countries with -

|

0

0.2

0.4

0.6

0.8

-faster vaccination
rate

-slower vaccination
rate

Omicron vs. pre-Delta

Omicron vs. Delta

Omicron vs. Delta

L 4

Delta vs.

+
+

pre-Delta

Omicron vs. pre-Delta H’

Delta vs. pre-Delta

o

k






OEBPS/Images/fimmu-14-1151311-g001.jpg
I
puepiozyns E|
Aemson [
swewusq [
uspams I
spuepayieN [Tl
pue|ur [
eunsny (|
wnisieq |
Auewsss |
an [
souesy |
Aey |

ureds [
eyuanols [
euois3 [
elyoszd [
|esnyogd [
eluenyy [
epenols [

eine [

200210 [
Asesuny [

puejod [

eneony [

euewoy [

eissny [

euesing [

eiquss [

@ Actual annual Gross Domestic Product per capita for 2021

o
@

$100,000 1
$80,000
$60,000
$40,000
$20,000

da

(G}

A $120,000

p—

-
Kemion

|

uapams |
SpuepayioN me
puejud

eusny "y
Ez_m_wmﬂ
Auewuso"m

|

aouesy =

Ajey

ureds
CIDE—|
.|

e1y057) m—
|e8nyiogd "

BIUBNY) —
NenO]S mumm—
eIne] m—

By — |
Aesun) " —
CE——— |
ene0)) mm—
BIUBWOY ——
eISSNY —

W COVID-19 deaths per million people

Between February 2020 and May 2022 - m excess mortality

=
o B
£ 3
£

mh

15000
10000
5000
0

sy1eap anne|nwiny

B

puepszums

ey <pm—

sewusg T
uspamg e
spuepayiaN T
puejuy T
eusny S
winjgjog TE—
Auewiag SE—
|

oouey T
|
Ujedg E—

LU —

N - byJan. 2, 2022

eluoysy -——— |
elyoszd T
|e8niog T——
B |

—
[—— |

emey T
sovsip M
faeBuny T—

puejog "
eneony ™
ewuewioy ==

—
eissny

epjenols

- by Oct. 2, 2021

Fully vaccinated -

euesing =g

e

— T T
T T T BT, ST}
X o R B m

EE[SUERIER]

o






OEBPS/Images/fimmu-14-1151311-g003.jpg
<

Daily COVID-19 deaths in Europe

Omicron BA 1/2 BA.4/5

Delta

Alpha

Wuhan

9|doad uoijjiw sad syieaq

10/1/2022

6/1/2022

2/1/2022

10/1/2020 1/2021 6/1/2021 10/1/2021

6/1/2020

2/1/2020

Vaccination m——

Prior to vaccination

~1%

-

“||\l||||um......

10000

~0.03%
=

' Omicron BA.1/BA.2
B Wuhan and Alpha
fifnnns

@ Delta

0
0

8000
00
4000
00

31doad uoyjiw Jad Ayijeniow ssax3

O The pandemic period from January 2020 to the date shown on each country label on the x-axis

o

o

é
o

&
t

L

@

5000

1500
o

&

&

Te-unr-0z
Te-unf-0z
Te-heN-TE
Tz-unr-g
Te-unr-gt
Te-unr-0z
Te-unr-gx
Tz-unr-g
Te-unr-0z
TZ-unr-€1
Te-unr-gt
Te-unr-gt
Te-unr-g
TZ-unf-0g
TT-he-€T
Te-unr-2z
Te-hen-z
Te-adv-t
Tz-Ae-0g
Tz-Aen-gT
Te-unr-g1
TE-unr-gt
T2-AeN-08
Tz-AeN-9T
TT-dy-5T
Te-unr-0z
Tz-1dv-0¢8
TT-ARN-TE

TZ-unr-0z

a|doad uoljiw Jad Ayjeiow ssaax3






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comparison of vaccination and booster rates and their impact on excess mortality during the COVID-19 pandemic in European countries

      

        		

          Aim

        



        		

          Methods

        



        		

          Results and discussion

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Datasets of countries

          



          		

            Data availability

          



          		

            Classification and analysis of data

          



        



        



        		

          Results

        

          		

            Comparative analysis of GDP, mortality, and vaccination rates in European countries

          



          		

            Estimates of excess mortality during waves of COVID-19 infection caused by different dominant virus variants

          



          		

            Comparison of excess deaths that occurred early and late in the pandemic

          



          		

            Correlation analysis of excess mortality estimates versus vaccination rates

          



          		

            Age characteristics and excess mortality

          



          		

            Analysis of GDP per capita and vaccination rate using regression models

          



          		

            Comparison of COVID-19-related mortality in “faster” and “slower” countries during the dominance of different SARS-CoV-2 variants

          



          		

            Analysis of excess mortality during successive waves of COVID-19 infections

          



        



        



        		

          Discussion

        

          		

            Estimates of excess mortality versus COVID-19 confirmed deaths

          



          		

            Low GDP, low vaccination rates and high pandemic-associated mortality

          



          		

            Age, life expectancy and excess mortality

          



          		

            Finding a causal relationship between COVID-19 pandemic mortality and rates of vaccination and booster

          



          		

            The transition from one infectious wave to another and the associated change in mortality in “faster” and “slower” countries

          



          		

            Hybrid immunity

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1151311-g006.jpg
Excess mortality per million people

@ Delta variant associated mortality

@ Omicron BA.1/BA.2 variant associated mortality

4500
°
°
®

3000 -

e °

%

1500 - ______0_ _e -

00 ° -
0 "_-"-o'._ ’b -" $ - .'o_-_!

38 40 46 48

Average age (years)

o]

Excess mortality per million people

@ Delta variant associated mortality

4500

@ Omicron BA.1/BA.2 variant associated mortality

3000 -

1500 +

o

-

°

".’""0"""::“1"!3'"'

—-—-e_-2_
. -

13

15

17 19 23
Percentage of people 65 years old and above

(]

Excess mortality per million people

@ Delta variant associated mortality

@ Omicron BA.1/BA.2 variant associated mortality

4500
@3
» R=-0.92
&« < p<<0.001
~ @23
3000 - >
le
\.\ ~ @4
15 ~
1505 R=-0.66 24.\ -~
b IS
p<<0.001 o, % ° i
12
o @ 10 1 ;8
& - — - o~ ! . 25.
o - o= = - 12 27 23
0 ‘ | e . 20 ‘
70 72 74 76 78 84

Life expectancy (years)






OEBPS/Images/fimmu-14-1151311-g007.jpg
A . All countries (29)

1.

W GDP per capita O Vaccination rate

5w 1 =
o T Model 1
© 2 1
S £
22 g Model 2
€5
2z 6 Model 3 o
v g Significant
£9 3
| g 0 Non-significant
U = - —— =
= Priortodelta [ delta |
©
o_? % Beginning- advanced - mass vaccination

booster administration

B All countries (29)

mGDP

O Boosters administration rate

Model 4

Significant
Non-significant

Lower GDP per capita Higher GDP per capita
(17 countries)

(12 countries)

Model 5 Model 6

Significant

Non-significant

P-value — the significance of the parameter in the model






OEBPS/Images/fimmu-14-1151311-g004.jpg
=
(]
=
©
=
(5]
o
g

o~
7 (]
© o
e N
= Lo
T 9
&
S
c c
> &
5 =

f
&
- N

o
2 =
QR
]
ES
£
]
°
=
<
Q
[
2
©
A

ratio

5000

4000

3000

2000

1000

Delta asoiciated mortality

Ratio of deaths occurred at each period

e Lower GDP per capita countries X Higher GDP per capita countries

R=0.82, p<<0.01 i
Bulgaria,19 %
.
Russia,29%
Serbia, 42 %
Ll
— -
Romania,28% Lithuania,61% e
/ Finland,65% —— e " -
- Norway,67% VI2A5% e Croatia, 40% -
' Greece,59% - Slovakia 44%
Denmark,75% 9 ¢ Estonia,54% ’ o Puland 3%
j’/ Ireland 7%  Netherlands 5% & Hangary,58%
Ge'"‘a"\fr“% o UK %%Slovenla 52% ® Czechia,56%
% Spaln 79%
x'rrance ea@\( |g.um S Portugal,82% 'talv.68%
- T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Sweden,65% - Ausma 629% - Switzerland,58%

Wauhan and alpha associated mortality per million people

Portugal,82%
5 4
A Sweden,65% A Italy,68%
Belgium,73%
4 4 A Spain,79% A Czechia,56%
France,66%
A
3 UK,66%
A A A Slovenia,52%
Switzerland,58%
Poland,52%
2 4 A AA Slovakia,44%
Denmark75% oM Austria,62% Hungary,59% Lithuania,61% Serbia, 42%
Netherlands,65% Romania,28% Russia,29% A
| Germany,65% A A A
1 Latvia,46% > i
A Greece,59% A Croatia,40% Bulgaria, 19 %
| lreland,75% Estonia,54%
Finland,65%
0 T T T T
0 NeETE 1000 2000 3000 4000 5000

Pre Delta associated mortality per million people





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1151311-g002.jpg
® - Lower GDP per capita countries X- Higher GDP per capita countries

A R=-0.79 R=-0.53 B R=0.70
p=0.0001 P=0.07 p=0.001
10000 90 3 T
c Bulgaria ortuga o . Denmark 13
5 29 ’ = 80 " 9 s X 1
% 8000 -, Russia & ~ @ X é}, secscssccascse
= ©- Lithuania N 70 4 7 b )??7 X
g 6000 Q ® o1y )
= ~ 60 + Switzerland
T 4000 & 504 s »
s B 40
E 2000 Greece . % 1
26 | ™,
g Portugal ,5 ~ 3 30 4 ©- Bulgaria
« 0 T i "Denmark' é 20
0 20000 40000 60000 80000 100000 ‘g 0 20000 40000 60000 80000 100000
]
S .
Actual GDP per capita 2021 ($) B Actual GDP per capita 2021 (5)
R=0.49 R=0.82 R=69
c p=0.05 D p=5.2*105 P=0.013
. 85
& X 27 S
T X 2 S Greece
3 M || S
= i Ko B6E e
% n u 2 --?u‘.----..,_._..'.'. :1'; 80 4
5 ® uX o 18 =
‘e 4 X 1 Xas &
E % I
3 RS g 754
g ¢
5 :
2 5 ©— Russia
0 20000 40000 60000 80000 100000 0 20000 40000 60000 80000 100000
Actual GDP per capita 2021 ($) Actual GDP per capita 2021 ($)






OEBPS/Images/fimmu-14-1151311-g005.jpg
Delta driven deaths in 29 countries

A
Vaccination rate
Slower _A Faster m——
@ 4000 I
=
9] ~ @ Russia
= “ ” . “ "
= e @ serbia Slower” = Countries = “Faster
§ 3000 - ..
E @ Romania ™ ~ @ Lithuania R=-0.38
5 .\ \. Latvia p=0.19
o 2000 4 Croatia ~  _ Estonia
? ~ \‘ Greece Germany
= R=-0.8 ® Slovakia g ~ ) United Kingdom
= S Palard Hungary Finland
9 1000 - = G ~ Austri Spain
£ =0.0002 Czechia ustria Italy Belgium
2 p: ® .Netherland?. ‘_ ] -‘ Ireland &Ponugal
9 Slovenia @ Switzerland - - )
= 0 Norway 'Denmark
“ ' ’ ' ¥ Sweden France ' i
20 30 40 50 60 70 80
Vaccination level as of Oct. 2, 2021 (%)
B Omicron BA.1/2 driven deaths in 29 countries
Vaccination rate
o) — 5
2 1000 | Slower .A. Faster
S - w
= @ Bulgaria Serbia “Slower” <= Countries = “Faster”
S 800 4 ~ ’ :
= ~ @ Russia 8 Lithuania No correlation
E b ~ Greece
g 600 4 S & ]
= o ~ \. Croatia Finland
= 400 A Romania ~ @ Latvia o
5 ~ o Switzerland Norway a.y
£ R=-0.5 ._Estonia™ reland pory ga)
@ Slovakia ~ France i
2 200 0 Nt s beigom /g7
g 1 p=0.048 Slovenla‘ etherians Austria @l ‘ )
Q Hun ary .. Germany Spain
= 0 Poland & Czechia us .‘5"‘9"9" Denmark
T T T T T
20 30 40 50 60 70 70 80 90

Vaccination level as of Jan. 2, 2021 (%)

Excess mortality per million people

600

400

200 -

Omicron BA.1/2 driven deaths in 13 “Faster” countries

Boosters rate
le—————— Slower _A__ Faster
“Boosters slower” 4= Countries = “Boosters faster”

@ Finland
1 Italy

S-o - Norway ‘

R=-0.8 ~e- - -~ Austria

p=0.001 PortugaI/. S~a - o [ Ireland

Spain Fravge Belgium—' T ~e- o  United Kingdom
Germany  Denmark <o @ Sweden
T T T . T T T

20 25 30 35 40 45 50 55 60

Booster administration rate (%)






OEBPS/Images/fimmu.2023.1151311_cover.jpg
& frontiers | Frontiers in Immunology

Comparison of vaccination and booster
rates and their impact on excess mortality
during the COVID-19 pandemic in European
countries





OEBPS/Images/fimmu-14-1151311-g009.jpg
Excess mortality in Europe
Countries with-

-slower vaccination rate -faster vaccination rate

-
- -

2.7:1

—
2430

Slow

\\\\\

< mortality decrease =2 Fast

®

YO D)
20

2022

e,

N
o

HE EEEEEEEEEEEEEEEEEEEEEEEER N EEENR
[

Fast '

< mortality decrease =2 Slow

18

®

1
[

O

)

Slower boosters A Faster boosters

PR

-~ r .
y . e

V4 [ ]

s \J o A
T 0.0

‘IIIIIIIIIIIIIIIIIIIIIIIIIIII

98





