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Abstract

Background: Despite widespread vaccination efforts, significant excess mortality continued in various countries following the COVID-19 pan-
demic. This study aims to estimate excess mortality during 2022 in 21 countries and regions, and to examine the relationship of governmental
control measures and vaccination rates with excess mortality during 2021-2 at an ecological level.

Methods: Excess mortality for 2022 was estimated by analysing weekly mortality data from January 2020 to December 2022 across 21 countries
and regions participating in the C-MOR consortium. This was achieved by comparing the observed age-standardized mortality rates per 100 000 popu-
lation to a baseline derived from historical data (2015-19). Governmental control measures and vaccination efforts were investigated for their associa-
tion with weekly excess mortality during 2021-2 in multilevel models with country as a random effect.

Results: All 21 countries experienced excess mortality in 2022, ranging from 8.6 (Peru) to 116.2 (Georgia) per 100 000 population, noting that
rates were not directly comparable across countries. Many countries had higher excess mortality in 2022 compared with previous years.
Mauritius showed a significant excess mortality for the first time in 2022. The proportion of COVID-19 deaths relative to total deaths decreased
in 2022 for most countries, except Australia. Governmental control measures and vaccinations were associated with reduced excess mortality
in 2021 and 2022, respectively.

Conclusion: The study reveals sustained excess mortality throughout 2022. Excess deaths were mainly non-COVID-19-related, likely due to dis-
placed mortality or to broader long-term impacts of the pandemic response. Governmental control policies and vaccination efforts were associated
with lower excess mortality. These findings provide critical insights into pandemic mortality dynamics and emphasize the need for continued vigilance

and adaptive public health strategies.

Keywords: COVID-19, excess mortality, vaccination, governmental control measures, indirect mortality, all-cause mortality.

Key Messages

highlighting continued pandemic-related health impacts.

term impacts of the pandemic response.

pandemic years.

* The findings reveal significant excess mortality in 2022 across most countries, with notable variations by region and demographic group,
* Excess deaths during 2022 were mainly non-COVID-19-related and could be partly attributed to displaced mortality or to broader long-

* Governmental control policies in 2021 and vaccination efforts in 2022 were associated with lower excess mortality during these

Introduction

Over 4 years since COVID-19 emerged and despite rapid vac-
cine development,' the long-term pandemic mortality impact
and its determining factors remain only partially understood.?

Calculating excess all-cause mortality by comparing ob-
served and expected deaths during a specified time period?
provides valuable insights into the direct and indirect impacts
of the COVID-19 pandemic, including mortality associated
with overwhelmed healthcare systems and other pandemic
adverse effects.®> While many studies have focused on specific
countries or regions to examine excess mortality,4-7 they of-
ten relied on provisional public data, the consistency of which
was affected by the frequency of updates.®’

Understanding how government responses and vaccination
efforts influenced the global pandemic toll is crucial.*°
Vaccines have played a pivotal role in reducing COVID-19
mortality and preventing healthcare system overload by de-
creasing infections and severe cases.11-13 However, over-
whelmed healthcare systems and strict measures reduced
healthcare access and worsened health outcomes, while
pandemic-related lifestyle and mental health implications
possibly contributed to excess deaths during and after the
pandemic.'* Further, a study of 31 European countries found
that those with successful protective measures during the
pandemic experienced higher mortality rates after restrictions
were lifted—a phenomenon termed the reverse harvesting ef-
fect.'"> The widespread relaxation of restrictions, economic

reopening, and increased vaccination rates in 2022 altered
healthcare systems, thus affecting excess-mortality patterns
and warranting close examination of this period.

Building on previous estimates of excess all-cause mortality
in 24 countries for 2020-1,'° this study examines excess mor-
tality in 2022 (total, sex-specific, and age-specific) by analy-
sing weekly mortality data across 2020-2 from 21 C-MOR
consortium countries.®'® We also analysed the relationship
between government control measures, with a focus on vacci-
nation, and excess mortality during 2021-2. These findings
aim to aid policymakers in addressing ongoing healthcare
challenges from the COVID-19 pandemic and in improving
responses to similar future public health emergencies.

Methods

Data acquisition

Data availability was the sole criterion for inclusion in the
study and 21 C-MOR consortium countries and/or regions
provided mortality data for this ecological study. The partici-
pating countries or regions were Australia, Austria, Brazil,
Belgium, Cyprus, Denmark, England and Wales, Estonia,
France, Georgia, Greece, Israel, Italy, Mauritius, Northern
Ireland, Norway, Peru, Poland, Slovenia, Spain, Sweden, and
the USA. Total, sex-specific, and age-specific weekly all-cause
mortality data for 2015-22 were obtained from national vital
statistics databases (Supplementary Table S1). Data were
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compiled in mid-2023 to account for reporting delays™'” and

allow reporting authorities sufficient time to consolidate and
enhance the quality of the data.'®

Moreover, weekly COVID-19 deaths were obtained for
each country for all three of the years of 2020-2 from na-
tional vital statistics databases. For the countries that were
unable to provide COVID-19 deaths, data were acquired
from the online database “Our World In Data.”"’

Data on total vaccinations by manufacturer for each coun-
try in 2021 and 2022 were obtained from “Our World In
Data.”"? Vaccine doses per 100 000 population, including
primary and booster doses, were calculated weekly. For other
infection control measures, data on eight governmental pol-
icy measures under “Closure and Containment” were
sourced from the Oxford COVID-19 Government Response
Tracker.”® These measures were ordinal categorical variables,
with weekly values estimated as the mode of daily indicators.
Additionally, the weekly average stringency index of govern-
ment measures>® and COVID-19 incidence per 100 000 pop-
ulation were analysed for their association with excess
mortality. Descriptions and sources of these variables are
available in Supplementary Tables S2 and S3.

Statistical analysis

The same methodology as previously used'® was employed for
calculating mortality rates and estimating excess mortality,.
Crude mortality rates (CMRs) were first calculated for the total
population and sex-specific by using population estimates from
the World Bank,?! the UK Office for National Statistics,”* and
Eurostat.”> Age-specific mortality rates (ASpMRs) and weekly
(directly) age-standardized mortality rates (ASMRs) were then
calculated by using the aggregated age groups provided by each
country. These age groups are detailed in Supplementary Table
S4 followed by the equations used for the calculation of CMRs,
ASpMRs, and ASMRs.

Total and sex-specific weekly excess mortality for 2022
was calculated by comparing the observed weekly 2022
ASMR (per 100 000 population) against the expected weekly
ASMR in 2022, estimated based on a time-series regression
analysis of historical data (2015- 19) as previously de-
scribed.®1%24-26 Likewise, age-specific weekly excess mor-
tality for 2022 was calculated by comparing the observed
weekly 2022 CMR (per 100 000 population) against the
expected weekly CMR in 2022, estimated based on historical
data (2015-19).

The regression models were built on complete weeks; trun-
cated weeks—usually as a result of the different death counts
observed around Christmas and New Year’’—were ex-
cluded, as shown in Supplementary Table S5. Sex-specific ex-
cess mortality for 2022 could not be calculated for Northern
Ireland due to the lack of sex-specific all-cause mortality data
and thus Northern Ireland was not included in this analysis.
Also, sex-specific weekly all-cause mortality for Peru was col-
lected from 2017 to 2022.

The weekly comparison of observed and expected mortal-
ity rates is visually depicted by using z-scores. Z-scores rang-
ing from -2 to +2 are considered “normal,” whereas a
z-score of >4 is considered a substantial increase.***’

To estimate the excess mortality for 2022, the cumulative
expected mortality rate was subtracted from the observed
rate. By using a time-series regression model, 95% confidence
intervals (Cls) were calculated. The 95% ClIs were also esti-
mated by using the time-series regression model. The

P-score—defined as the ratio of the cumulative excess to the
cumulative expected mortality, expressed as a percentage—
was calculated for 2022, for the total population, by sex, and
for age groups <65, 65+, <70 and 70+years.

To understand the relationship between the weekly number
of vaccine doses (primary and booster), governmental control
measures, and weekly excess mortality, multilevel models were
employed, as detailed in the Supplementary Methods.

All analyses were performed by using R Statistical
Software, version 2024.04.2 4+ 764 (The R Foundation for
Statistical Computing, Vienna, Austria).

Results
Weekly comparisons—total population and by sex
and age group in 2020-2

Weekly excess-mortality results between 2020 and 2022 are
presented in the Supplementary Results section, Supplementary
Figures S2-S5, and Supplementary Table S6. Briefly, in 2022,
all countries showed a substantial increase in the ASMR for the
total population, ranging from 1 to 10weeks. The excess-
mortality duration among the countries varied between
1-12 weeks and between 1 and 8 weeks, for males and females,
respectively. Lastly, excess mortality was higher in the older age
groups investigated (65+ and 70+years).

Cumulative excess mortality in 2022

Figure 1 illustrates the cumulative excess all-cause mortality
for 2020, 2021, and 2022. Supplementary Table S7 shows
the cumulative observed and expected all-cause ASMRs for
2022, while Supplementary Table S8 shows the difference be-
tween the cumulative observed and expected all-cause
ASMRs for 2020 and 2021. Supplementary Table S9 pro-
vides data for all three of the years 2020, 2021, and 2022
combined. It is important to note that countries report aggre-
gated mortality data in different age groups, so calculated
ASMRs are not directly comparable.

All participating countries presented substantial excess cu-
mulative mortality in 2022. Notably, Australia, Austria,
Cyprus, Denmark, Israel, Italy, Norway, Spain, and Sweden
experienced a higher excess mortality in 2022 than in 2021,
whereas Australia, Cyprus, Denmark, Israel, Mauritius, and
Norway experienced the highest excess mortality in 2022.
Additionally, all countries except Mauritius demonstrated a
substantial increase in yearly all-cause mortality across the
3 years combined.

Supplementary Table S10 details the yearly cumulative
mortality rate differences by sex for 2022. In 2022, all coun-
tries showed significant excess cumulative mortality for both
males and females. Figure 2 (2021 and 2022) and
Supplementary Table S11 show the male-to-female cumula-
tive excess ASMR ratios. Generally, males were more af-
fected, with females being more affected than males in
Cyprus in 2022 and in Australia, Denmark, and Mauritius
in 2021.

Supplementary Table S12 demonstrates the cumulative
CMR differences (observed—expected) by age group for the
year 2022. Age-specific excess all-cause mortality was higher
in the older age groups of 65+ and 70+years than in those in
the younger age groups for both years.

Figure 3 and Supplementary Table S13 illustrate variations
in the reporting and categorization of COVID-19 deaths and
overall crude mortality. Despite the total number of deaths
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Figure 1. Cumulative excess age-standardized mortality rate for total population for 2020, 2021, and 2022. 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+vyears; (B) age
groups <20, 20-49, 50-69, 70+ years; (C) age groups <45, 45-64, 65+years; (D) age groups <15, 15-64, 65+years. The magnitude of excess mortality
is not directly comparable between countries reporting mortality data in different age groups.
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Figure 2. Male-to-female cumulative excess age-standardized mortality rate ratios for 2021 and 2022. The 2021 rate ratio for Belgium is 13.4, which is
beyond the x-axis limit and therefore is not depicted. Values of >1 denote a higher excess mortality in males compared with females.

appearing similar across the 3 years (2020-2), in some coun-
tries, there was a noticeable increase in reported COVID-19
deaths in 2021 with a simultaneous decrease in non-COVID-
19 deaths during the same year, suggesting a possible overde-
tection of cases and overreporting of deaths as COVID-19

deaths. This is not surprising given the test availability and
meticulous testing procedures, particularly in hospitals,
which increased the likelihood of COVID-19 detection and
deaths being coded as COVID-19 deaths. Additionally, the
data indicate that, in many countries, non-COVID-19 death
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Figure 3. Country-specific overall CMRs for 2020-2, separated as other causes of death vs COVID-19 deaths. The lighter-colored portion of each bar
illustrates COVID-19 deaths. Vertical lines show country-specific baseline (expected) mortality calculated as the average of crude all-cause death rates

between years 2015 and 2019.

rates returned to or surpassed the 2020 levels in 2022, which
may reflect changes in detection and reporting practices dur-
ing 2022.

Impact of vaccination and other governmental
policies on excess mortality

We developed year-specific multilevel models to examine the
influence of total vaccinations on excess mortality. These
models also examined the weekly incidence of reported
COVID-19 cases, overall stringency of governmental control
measures, and weekly non-COVID-19 mortality. The
random-effect estimates for each country introduced varia-
tion in the model, with intraclass correlation coefficients of
0.63 for 2021 and 0.55 for 2022. In both mixed models,
non-COVID-19 mortality was most strongly associated with
excess mortality, negatively for 2021 (B0 =-2.21,
P <0.001) and positively for 2022(f,0,, =1.24, P <0.001).
Total vaccinations per 100 population were independently
negatively associated with excess mortality in 2022 (85022 =—
0.49, P=0.005). The stringency of control measures was
negatively associated with excess mortality in 2021, but
weakly positively in 2022 (f021 =-0.62, P <0.001, and
ﬂzozz = 016, P= 0031) (Table 1)

Supplementary Figures S6-10 and Supplementary Table
S14 with its description show the results of regression analy-
ses to examine the relationship between the number of vac-
cine doses administered and excess mortality, for various
vaccines, in the years 2021 and 2022. Briefly, only Pfizer/
BioNTech (2021: p=-0.00200, P<0.001 and 2022:
f=-0.00162, P <0.001) and Moderna (2021: f=-0.00326,
P=0.023 and 2022: p=-0.00152, P=0.0778) vaccines
showed negative relationships with cumulative excess mortal-
ity in both 2021 and 2022.

With respect to governmental policies, Supplementary
Figures S11-S18 show the percentage of weeks in each year
(2020-2) for which a specific stringency level of each policy
was applied in each country. For most policies, higher strin-
gency levels were more common in previous years than
in 2022.

The relationship between each governmental policy mea-
sure (3-week lag) and excess mortality, accounting for total
vaccinations and non-COVID-19 mortality, are shown in
Figure 4 (unadjusted models are presented in Supplementary
Figure §19). In 2021, all policy measures—with the exception
of the strictest levels of school closing, restrictions on gather-
ings, closing of public transport, and stay-at-home require-
ments—were negatively associated with excess mortality. On
the other hand, in 2022, most measures were positively asso-
ciated with excess mortality, with the exception of the lowest
stringency levels for school closing, public transport closing,
and international travel controls.

Discussion
Patterns of excess mortality

All countries except Mauritius showed significant excess cumu-
lative total and sex-specific mortality rates for 2022 and over
the combined period of 2020-2. This trend aligns with the on-
going impact of COVID-19 also evidenced elsewhere,'>3%31
The excess mortality in 2022 may be partly due to the “reverse
harvesting effect,” in which vulnerable individuals, protected
during the pandemic, were more likely to die after protective
measures were lifted.'> Variability in death certificate comple-
tion and coding®! may have attributed these deaths to COVID-
19 or other infectious diseases or underlying conditions.>*
Australian data support this explanation, showing substantial
excess mortality from COVID-19 in 2022 after the lifting of
strict protection measures.>?

On the other hand, excess mortality in 2022 can be partly at-
tributed to the indirect effects of the pandemic. Overburdened
healthcare systems, care access disruptions, and adverse lifestyle
and mental health impacts'*34-37 contributed to excess mor-
tality even post pandemic. For instance, Brazil and Peru experi-
enced significant excess mortality in 2022, reflecting ongoing
challenges in managing health impacts despite vaccination
efforts.38-40 Sex- and age-group-specific results are discussed
along with the relevant tables (Supplementary Tables S10-512).

The interplay between COVID-19 deaths and excess mor-
tality highlights differences in national responses and
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Table 1. Multilevel model results on the association between pandemic-related variables and weekly excess mortality (z-scores) during 2021 and 2022

2021° 2022*
Predictors Estimates CI P Estimates CI P
(Intercept) 2.04 0.94 to0 3.15 <0.001 1.91 1.13t02.68 <0.001
Weekly incidence of COVID-19 (3-wk lag) 0.57 0.39t0 0.75 <0.001 -0.04 -0.23t0 0.15 0.664
Total vaccinations per 100 population (3-week lag) 0.02 -0.19 t0 0.22 0.869 -0.49 -0.83 t0o -0.15 0.005
Stringency of control measures (3-week lag) -0.62 -0.83t0-0.40  <0.001 0.16 0.02 to 0.31 0.031
Weekly non-COVID-19 mortality (per 100 000 population) -2.21 -2.84t0-1.57 <0.001 1.24 0.79 to 1.69 <0.001
Random effects 2021 2022
o 3.74 2.51
ICC 0.63 0.55
Ndata$loca(ion 20 20
Observations 1028 988
Marginal R*/Conditional R? 0.311/0.743 0.287/0.677

* Kazakhstan and Peru were excluded from this analysis due to a completeness of vital registration systems of <90%, which affects the excess-

mortality estimates.

healthcare outcomes. While most countries maintained a con-
sistent total number of deaths over the 3 years, Brazil,
Georgia, and Poland experienced significant increases in total
deaths in 2021, largely due to COVID-19, suggesting a po-
tentially inadequate response to the pandemic. In 2022,
deaths in these countries returned to 2020 or lower levels, po-
tentially indicating a “harvesting effect” after the 2021 peak.

Impact of vaccination

While acknowledging a potential residual risk of ecological
fallacy, the findings from this study underscore the impor-
tance of vaccination in mitigating excess mortality during the
COVID-19 pandemic. During 2021, the multilevel models on
age-standardized excess mortality, which accounted for
cross-country variability, did not evidence a mitigating effect
of vaccination efforts on weekly excess mortality. This find-
ing may be attributed to the still insufficient coverage of a
substantial percentage of the population in many countries,
the prioritization of older and more vulnerable populations,
and the prevalence of the more virulent Delta strain during
2021, all of which may have overshadowed the benefit of
vaccines in reducing excess mortality in 2021 within coun-
tries. In addition, our data evidenced a strong, negative, sig-
nificant correlation between vaccination rates and the
stringency index in 2021 (r=-0.6719; P <0.0001), as,
within countries, there was a relaxing of control measures as
vaccination coverage increased. Therefore, vaccination bene-
fits may have been offset by the rollback of control measures.
However, the population-level effectiveness of COVID-19
vaccination is evident in studies that have shown an increas-
ing share of deaths among 0- to 69-year-olds during the first
months of vaccinations in countries that prioritized vaccina-
tion among the elderly.*' Also, cross-country comparisons
evidenced a negative association between mRNA vaccine cov-
erage and excess mortality in 2021. During 2021, large num-
bers of vaccinations with Pfizer/BioNTech and Moderna
vaccines can be considered as indicative of a successful pan-
demic response by countries with better healthcare system ac-
cess and quality (with few exceptions, such as the UK and
Austria, who invested in AstraZeneca as the first vaccine to
come to market). Over and above vaccine effectiveness, this
phenomenon, observed also elsewhere,'® is also a likely ex-
planation for the negative relationship seen between total
mRNA vaccinations and cumulative mortality across coun-
tries in 2021. On the contrary, in 2022, the mitigating effect
of total vaccinations on excess mortality was obvious at both

the weekly level (multilevel model) and the yearly cumulative
level across countries. This finding aligns with studies show-
ing the high effectiveness of Pfizer/BioNTech and Moderna
vaccines in reducing COVID-19-related infection severity,
hospitalizations, and mortality.*>*3

The results on Johnson and Johnson, Oxford/AstraZeneca,
and the other vaccines are discussed along with the relevant
figures and Supplementary Table S14.

Role of health policies

Control measures became less stringent each year during the
pandemic. Government policies had a nuanced role in
addressing excess mortality, with varying impacts in 2021
and 2022. In 2021, most policy measures corresponded with
a reduction in excess mortality, indicating their effectiveness
in curbing virus transmission and mortality. This aligns with
studies showing that stronger containment measures reduced
COVID-19 deaths globally.*** Interestingly, in our study,
the greatest reductions in excess mortality were often seen
with less stringent measures, such as recommendations and
partial restrictions, rather than strict requirements. This
could be partly explained by the fact that countries with less
strict measures had more Intensive Care Unit (ICU) capacity
or that countries with vulnerable populations (i.e. a larger
percentage of older individuals) responded with stricter meas-
ures to protect their population. However, it could also sug-
gest that community engagement and empowering
individuals to protect themselves and vulnerable populations
are effective strategies, especially within the context of public
health capacity.*®

In 2022, the association of most measures with excess mor-
tality was weakened or reversed. This may reflect reverse cau-
sation, i.e. when countries struggled with excess mortality,
they kept measures in place, while effective pandemic
responses and high vaccination rates were accompanied by
the lifting of restrictions. On the other hand, the association
of some control measures with reduced mortality in 2022
should be interpreted with caution. The fast spread of the
Omicron variant in 2022 and the prevalence of viral antibod-
ies in the population as measured in seroprevalence studies*”
were associated with a reduction in excess mortality in 2022.
As the Delta variant was becoming increasingly rarer, meas-
ures of moderate stringency replaced stricter control meas-
ures. Thus, the observed associations between some measures
of low to moderate stringency and reduced excess mortality
may be better attributed to the less virulent Omicron variant
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C1 School closing: level 1vs.0 -
C1 School closing: level 2vs.0 —
C1 School closing: level 3vs.0 —

C2 Workplace Closing: level 1vs.0 —
C2 Workplace Closing: level 2vs.0 —
C2 Workplace Closing: level 3vs.0

C3 Cancel Public Events: level 1vs.0 -
C3 Cancel Public Events: level 2vs.0 —
C4 Gathering Restrictions: level 1vs.0 —
C4 Gathering Restrictions: level 2vs.0 —

C4 Gathering Restrictions: level 3vs.0

C4 Gathering Restrictions: level 4vs.0 —

C5 Close Public Transport: level 1vs.0 —

C5 Close Public Transport: level 2vs.0 —

C6 Stay at Home Requirements: level 1vs.0 —
C6 Stay at Home Requirements: level 2vs.0
C6 Stay at Home Reguirements: level 3vs.0 —
C7 Internal Movement Restrictions: level 1vs.0
C7 Internal Movement Restrictions: level 2vs.0 —
C8 Internal Movement Restrictions: level 1vs.0 —
C8 International Travel Controls: level 2vs.0 -
C8International Travel Controls: level 3vs.0 —

Figure 4. Multilevel model results on the relationship between individual governmental control policies (3-week lag) and excess mortality z-score in

(A) 2021 and (B) 2022. Multilevel models included country as a random effect and categorical governmental control measures as fixed effects, adjusting
for total vaccinations and non-COVID-19 mortality. A separate model was built for each governmental control measure. Each point represents the
regressioncoefficient for each control measure level and whiskers represent the 95% Cls. Lack of regression coefficients for particular control measure
levels indicates that that level was not implemented in the respective year analysed.

and the increased seroprevalence rather than the meas-
ures themselves.

Future public health and research implications

These results emphasize the importance of robust vaccination
campaigns and the need for long-term evaluation of vaccine
effectiveness. Equitable access to vaccines during global
emergencies is crucial and can be supported by international
partnerships. Importantly, our results suggest that, until
health systems adapt or vaccination coverage is sufficient,
government policies can mitigate future epidemics. However,
instead of blanket measures of maximum stringency, involv-
ing communities and using adaptable public health strategies
based on vaccination and infection rates are likely to be more
effective. Future research studies should continue to explore

the underlying factors contributing to excess mortality, in-
cluding socioeconomic determinants, healthcare capacity,
and public health policies, as well as vaccination strategies.

Strengths and limitations

This study presents a robust analysis of excess mortality
across 21 countries or regions, leveraging data from national
vital statistics databases spanning the years 2015-22.
However, this study has several limitations, including vari-
ability in mortality data reporting and categorization among
countries,’! inconsistent age groupings affecting data compa-
rability, potential reporting delays, and variations in data
quality, especially from developing countries. Additionally,
vaccination data may not accurately depict individual cover-
age, and missing demographic and variant prevalence data
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could limit understanding of excess-mortality determinants.
Finally, the possibility of ecological fallacy means that
population-level correlations might not reflect individual
experiences, prompting cautious interpretation of the results.
Further study strengths are discussed in the Supplementary
Material, along with a more detailed explanation of the study
limitations.

Conclusion

This ecological investigation of excess all-cause mortality
highlights the lasting effect of the pandemic on all-cause mor-
tality, both direct and indirect. Even though ASMRs are not
directly comparable between countries, our findings reveal
significant variations in excess mortality across countries and
demographic groups, underscoring the global health inequi-
ties in health resilience and care access. Lastly, despite the po-
tential ecological fallacy risk, the non-stringency-dependent
effectiveness of control measures and the effectiveness of vac-
cinations in mitigating excess mortality during 2021 and
2022, respectively, highlight the need for vigilant and adap-
tive public health strategies to manage future public
health challenges.
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