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Background. Mortality is a critical measure of disease impact. The European Union (EU) countries share the same regulatory
framework but different implementation policies.

Methods. We extracted cumulative COVID-19 mortality data across the EU countries. We evaluated the 27 member states using
the location quotient (LQ) to adjust for the expected mortality in the whole EU region, where an LQ <1 signifies a more and an LQ
>1 a less favorable outcome. We categorized EU members into 3 distinct profiles based on their LQ estimates: favorable profile, LQ
<0.9; unfavorable profile, LQ >1.10; and average profile, LQ between 0.9 and 1.10. We compared LQ estimates and profiles with the
prevaccination era that ended in December 2020 with the COVID-19 vaccine rollout.

Results. Twelve member states had a favorable profile, 4 had an average profile, and 11 had an unfavorable profile. In quantitative
analysis, an improvement (negative LQ difference) was noted across countries with higher vaccination coverage (median, 71% fully
vaccinated vs 57% for countries with positive LQ differences). There was a significant negative association between the share of fully
vaccinated and LQ changes (p = -0.62, P < .001) and a significant 4-month lag effect. After COVID-19 vaccines became available, 4
countries improved their profile and 5 moved to a worse profile.

Conclusions.

There is significant variability in mortality and impact of COVID-19 between countries, even if they share the

same regulatory framework. Extending immunization coverage may lead the transition to a more favorable profile, and alter the

trajectory of COVID-19 mortality.
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The European Union (EU) is a coalition of 27 countries that
share close geographic, political, and commercial ties and op-
erate under the same regulatory framework to combat corona-
virus disease 2019 (COVID-19) [1, 2]. The ofticial approval of
COVID-19 vaccines by the end of December 2020 [2] initiated
country-based vaccination campaigns across member states
that led to 65% of the EU population being fully vaccinated
by 31 October 2021 [3]. This vaccination rollout drew a dis-
crete line between 2020 (the prevaccination period) and 2021
when immunization was added to the armamentarium against
COVID-19. The latter period is also characterized by the
emergence and dominance of the fast-spreading Delta variant
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(B.1.617.2) [4], which exhibits an elevated transmissibility com-
pared to the Alpha variant [5-7]. Its emergence has hindered
pandemic control, rendering the immunization coverage of the
population an absolute necessity [6, 8].

In this study, we used this setting of countries that share the
same regulatory framework but different implementation pol-
icies, to estimate the differences in cumulative COVID-19 mor-
tality and evaluate the effects of immunization coverage.

METHODS

We compiled aggregate data up to 31 October 2021, to ex-
tract confirmed COVID-19 reported deaths across the EU
region published in “Our World in Data” [3], and calculated
population-adjusted outcomes. For these calculations, we used
these open source, open access data available under the Creative
Commons license (CC BY 4.0), while the projected population
estimates across EU members were obtained from the European
Commission’s Eurostat official portal [9].

We divided country-specific estimates by the cumulative
COVID-19 EU mortality rate to adjust country-level outcomes
to overall EU outcome. This metric is a location quotient (LQ)
and can be used to classify regional variation of demographic
groups, occupations, clusters of events, and industries relative
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to a reference average [10]. If a country’s LQ is less than unity,
there are relatively fewer COVID-19 deaths than expected (a
more favorable outcome). If LQ is higher than unity, there are
relatively more COVID-19 deaths than expected (a less favor-
able outcome).

We reported LQ point estimates with their 95% precision es-
timates (confidence intervals) [11, 12]. If a precision estimate
includes 1, then the LQ does not differ from unity and COVID-
19 deaths do not differ from the expected EU mortality. To
further categorize mortality on an ordinal scale, we grouped
countries with an LQ <0.9 as “favorable profile,” those with an
LQ between 0.9 and 1.10 as “average profile;” and those with an
LQ >1.10 as “unfavorable profile”

To evaluate changes in classification and magnitude of effect
across EU countries compared to the prevaccination era, we
performed a quantitative and qualitative comparison between
to-date estimates and 2020 cumulative estimates (up to 31
December 2020). To assess the stability of classification at var-
ious instances, we used the nonparametric Kendall W for ranks.
The test evaluates the concordance between ordinal datasets ex-
pressed as a number between 0 and 1, with 1 denoting a per-
fect match and 0 a lack of agreement. The test allows multiple
comparisons of the same sample, requires no prior assumptions
on the distribution pattern, and weighs misclassification by the
distance of mismatched pairs [13].

To explore the potential association between current and
lagged values of vaccination coverage (the population share of
fully vaccinated) [3] with changes in LQ, we used Spearman cor-
relation coefficient [14]. Stata software versionl6 (StataCorp,
College Station, Texas) was used for data analysis and figures.

The study did not include factors necessitating patient
consent.

RESULTS

Cumulative COVID-19 Mortality Differs Across EU Countries
By 31 October 2021, there were approximately 797 000 con-
firmed COVID-19 deaths across the EU. Forty-six percent
were reported by the end of 2020, 68% by the end of winter
2020-2021, and 91% by the end of spring [3]. Based on LQ, we
classified EU countries into 3 discrete groups with regard to cu-
mulative COVID-19 deaths as follows (Figure 1). More specif-
ically, 11 countries (Poland, Lithuania, Italy, Belgium, Slovenia,
Croatia, Slovakia, Romania, Czechia, Hungary, and Bulgaria)
had LQs significantly higher than 1 and were included in the
unfavorable profile group. The range was between 1.14 (Poland)
and 1.95 (Bulgaria) and this means that through 31 October
2021, Poland had 14% more deaths than expected and Bulgaria
had 95% COVID-19 deaths more than expected.

The countries in the second group (Latvia, France, Portugal,
and Spain) were close to the EU mortality with an LQ of 0.90 to
1.10, comprising the average profile group, while the remaining

12 countries (Finland, Denmark, Cyprus, Malta, Netherlands,
Ireland, Estonia, Germany, Austria, Luxembourg, Sweden,
and Greece) had LQs significantly lower than unity to be in-
cluded in the favorable profile group (range, 0.12 [Finland] to
0.84 [Greece]). This means that up to 31 October 2021, Finland
had 88% fewer deaths than expected and Greece had 16% fewer
COVID-19 deaths than expected.

The direct comparison with the prevaccination period (es-
timates up to 31 December 2020, Figure 2) revealed that 9 of
27 EU countries changed group classification. Specifically, 4
countries improved their profile from average to favorable
(Luxembourg, Sweden) or unfavorable to average (France,
Spain). On the other hand, 5 countries moved to a less favorable
group (Slovakia and Lithuania from favorable to unfavorable,
Portugal and Latvia from favorable to average, and Romania
from average to unfavorable).

Notably, the LQ rankings for the past 6 months were resilient
to substantial change and the group classification was well pre-
served. The Kendall coefficient was 0.986 (P < .001) and indi-
cated a near-perfect concordance (98.6%) for monthly rankings
by 30 April through 31 October 2021. The Supplementary
Figure shows the timeline of LQ changes by monthly intervals,
based on the cumulative data on COVID-19 reported deaths
across the EU region.

Quantifying the Changes in Cumulative Mortality Through 2021

Figure 3 shows the quantitative changes in LQ estimates be-
tween the 2 periods with absolute differences (in percentage
points) on the y-axis and current LQ estimates on the x-axis.
The reference lines separate graphs into 4 quadrants. The coun-
tries on the right-upper quadrant have an unfavorable profile
that has worsened in 2021; for example, Slovakia, Bulgaria, and
Hungary had a >50-percentage-point increase. Those on the
right-lower quadrant have an unfavorable profile with improve-
ment in 2021 (eg, Belgium had the highest improvement by 78
percentage points). The countries on the left-upper quadrant
have a favorable profile that has worsened in 2021 (eg, Latvia
and Estonia had the highest increase by approximately 50 per-
centage points). Those on the left-lower quadrant have a favor-
able profile with improvement in 2021. Among them, Finland,
Denmark, and Malta remained in the favorable group and had
no change in LQ.

Vaccination Coverage Correlates With a Favorable Outcome

The changes in estimates were associated with vaccination
coverage (measured as the population share of fully vac-
cinated). Overall, countries with a negative change in LQ
(improvement) had median vaccination coverage of 71% (in-
terquartile range [IQR], 67%-75%) as opposed to a lower vac-
cination coverage of 57% (IQR, 44%-64%) for countries with
a positive change (worsening) in LQ (P = .005). Thus, there
was a significant negative association between the current
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by 31-Oct—2021
COVID-19/100 000

EU Deaths Population
Finland 1158 20.93
Denmark 2714 46.47
Cyprus 575 64.17
Malta 461 89.32
Netherlands 18 486 105.78
Ireland 5436 108.57
Estonia 1531 115.11
Germany 95 735 115.13
Austria 11357 127.14
Luxembourg 843 132.81
Sweden 15025 144.76
Greece 15938 149. 2
Latvia 3253 171.82
France 117 717 174.55
Portugal 18 157 176.31
Spain 87 368 184.34
Poland 76 999 203.49
Lithuania 5873 210.07
Ttaly 132 100 222.93
Belgium 25994 224.74
Slovenia 4745 224.99
Croatia 9220 228.42
Slovakia 13 034 238.73
Romania 47 751 248.88
Czechia 30 753 287.36
Hungary 30729 315.79
Bulgaria 23999 346.98
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Figure 1.

Less favorable

Cumulative coronavirus disease 2019 (COVID-19) mortality data and location quotient (LQ) estimates in ascending order across the 27 European Union (EU)

member countries. Most recent estimates (by 31 October 2021). An LQ <1 denotes fewer COVID-19 deaths than expected (a more favorable outcome), while an LQ >1 signifies
more COVID-19 deaths than expected (a more unfavorable outcome). We allowed LQ estimates close to 1 (between 0.90 and 1.10) to be considered an average profile for

group classification.

vaccination coverage and LQ changes (p = -0.62, P < .001).
With a 4-month lag, vaccination coverage had also a negative
association with LQ changes. Instead, vaccination coverage
before July 2021 lacked any significant association with LQ
changes (Figure 4).

Illustrative Examples

On Figure 5, we present informative examples on the patterns
of change in mortality rankings. A high vaccination coverage
(eg, Portugal, Denmark, Italy, Belgium) resulted in obliteration
of flares in COVID-19 deaths after July 2021, with the Delta
variant surge ongoing. This was juxtaposed with regions with
low vaccination coverage (eg, Latvia, Romania, Bulgaria) where
flares in COVID-19 deaths followed. A positive imbalance in
actual mortality adds to cumulative mortality in lower-coverage
regions, while high-coverage regions will improve rankings
through COVID-19 death aversion. Regions that combine

long-standing success to limit COVID-19 deaths retain an op-
timal profile with the adoption of vaccines (eg, Finland).

DISCUSSION

During an outbreak or a global pandemic, such as COVID-
19, cumulative mortality is an important index to measure the
burden of disease. The EU countries have several similarities,
including the same regulatory framework, providing the oppor-
tunity to evaluate the relative impact of vaccination programs.
We used the LQ to study the cumulative mortality in the EU
from the beginning of the pandemic and found that the share
of fully vaccinated had a direct impact on the relative mortality
rate within the EU.

The simple ranking of population-adjusted estimates is less
informative when “success” and “failure” need to be defined
at a regional level, unless a second adjustment is made for the
expected effect. The LQ is a spatiotemporal index of regional
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by 31—Dec—2020

COVID-19/100 000

EU Deaths Population
Finland 561 10.14
Cyprus 120 13.39
Estonia 229 17.22
Denmark 1298 22.23
Latvia 635 33.54
Slovakia 2138 39.16
Germany 33791 40.64
Malta 219 42.43
Ireland 2237 44.68
Greece 4838 45.29
Lithuania 1796 64.24
Netherlands 11 459 65.57
Portugal 6906 67.06
Austria 6222 69.65
Poland 28 554 75.46
Luxembourg 495 77.99
Romania 15 767 82.18
Sweden 8727 84.08
France 64 644 95.85
Croatia 3920 97.12
Hungary 9537 98.01
Spain 50 837 107.26
Czechia 11580 108.21
Bulgaria 7576 109.53
Italy 74 159 125.15
Slovenia 2697 127.88
Belgium 19 528 168.84

LQ (95% CI)
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Figure 2. Cumulative coronavirus disease 2019 (COVID-19) mortality data and location quotient (LQ) estimates in ascending order across the 27 European Union (EU)
member countries. Final 2020 estimates (by 31 December 2020). An LQ <1 denotes fewer COVID-19 deaths than expected (a more favorable outcome), while an LQ >1 signi-
fies more COVID-19 deaths than expected (a more unfavorable outcome). We allowed LQ estimates close to 1 (between 0.90 and 1.10) to be considered an average profile

for group classification.

variation that accounts for the expected effect [10, 12, 15] and,
as such, a useful aid to draw a line between areas with a more
favorable outcome over the ones with a less favorable outcome
and quantify the relative difference. For cumulative COVID-19
mortality, 12 EU countries had a favorable profile, 11 had an un-
favorable profile, and the remaining 4 were close to the expected
EU mortality, with <10% difference.

Cross-country differences in the diffusion and the lethality
of COVID-19 have been evident since the beginning of the
pandemic. Such outcomes depend on regional socioeco-
nomic factors, access and quality of healthcare, population
adherence to specific measures, population characteristics
(such as obesity and comorbidities), travel and spread of vari-
ants, and the administration’s performance (including the
success of a vaccination campaign) [16-18]. However, EU
countries share the same regulatory framework with different
country-level implementation and acceptance of vaccination

programs, providing a unique environment to study relative
mortality rates.

The lack of an effective vaccine through the end of 2020 re-
sulted in countries’ struggle with restriction measures and
healthcare administrative interventions as the only tools to mit-
igate multiple COVID-19 waves [19, 20]. Sociodemographic
and health status variables and the responses and measures
adopted in the first vs the subsequent waves varied across
countries and have been suggested to affect mortality [21-23].
The initiation of vaccine campaigns came to boost population
immunity [24, 25] and add another crucial moderator on the
course of COVID-19 and related mortality, given that vaccin-
ations do suppress COVID-19 mortality, a proven effect docu-
mented across Europe [26-28] and the United States [29, 30].
As a result, countries with low vaccination coverage were un-
likely to show relative improvement in COVID-19 mortality.
Our quantitative analysis supports that higher vaccination
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Figure 3. (Quantitative changes (d) of location quotient (LQ) in percentage points (y-axis) over 2021 estimates (x-axis). The reference lines for zero difference (horizontal)
and expected European Union mortality (vertical) create 4 quadrants: the right-upper quadrant for unfavorable profile, worsening in 2021 (LQ >1 and positive change); the
right-lower quadrant for an unfavorable profile with improvement in 2021 (LQ >1 and negative change); the left-upper quadrant for favorable profile, worsening in 2021 (LQ
<1 and positive change); the left-lower quadrant for a favorable profile with improvement in 2021 (LQ <1 and negative change). Country abbreviations: AUT, Austria; BEL,
Belgium; BGR, Bulgaria; CYP, Cyprus; CZE, Czechia; DEU, Germany; DNK, Denmark; ESP, Spain; EST, Estonia; FIN, Finland; FRA, France; GRC, Greece; HUN, Hungary; HRV,
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Slovenia; SWE, Sweden.

Date Spearman rho (95% CI)
by 31 May ° —0.16 (=.51, .25)

by 30 June g —0.19 (—.54, .22)

by 31 July*** _ —0.48 (.73, —.11)

by 31 August** —_—— —0.58 (—.79, —.25)
by 30 September* —_— —0.63 (—.82, —.32)
By 31 October* —_——— —0.62 (—.81, —.31)

T
-1

Figure 4. Association between the share of fully vaccinated (current and lagged values) and location quotient (LQ) change across European Union members. A significant
negative association appears after July 2021. That is, higher vaccination coverage will be followed by reductions in LQ, namely an improvement on cumulative mortality (vice
versa, a lower vaccination coverage will be followed by a growth in LQ and worsen cumulative mortality rankings). Spearman rank correlation coefficient (p) is a nonpara-
metric measure of association; +1 means a perfect positive correlation; —1 a perfect negative correlation. *P<.001; **P=.002; »*+P=02. All associations before June 2021
lack significance. Abbreviation: Cl, confidence interval.
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Population-adjusted daily confirmed coronavirus disease 2019 (COVID-19) deaths (7-day rolling average) for selected European Union regions. COVID-19 deaths

are suppressed across regions with high vaccination coverage after July 2021; deaths flare in regions with low vaccination coverage. Share (%) of fully vaccinated by the end

of abservation; vertical reference line marks July's end.

coverage is associated with reduction in LQ and improvement
on cumulative mortality, whereas lower vaccination coverage
results in growth in LQ and worse relative cumulative mortality.

Interestingly, as noted on Figure 4, the mortality benefit
comes within a 4-month lag, whereas no association between
vaccination coverage and LQ change was seen prior to July
2021. These findings underscore that in the EU region, the ef-
fects of vaccinations on cumulative mortality were not seen
clearly before late July 2021 when the share of fully vaccinated
reached 49% [3].

Our study showed that the group classification for most
countries did not change over time. This could be in part be-
cause the countries’ mortality profiles were primarily shaped
in the early and late 2020-early 2021 waves, as 91% of the cu-
mulative COVID-19 mortality across the EU was recorded by
the end of spring 2021 [3]. Imbalances in population immunity
may slowly change the mortality profiles in the short term and
countries with a high vaccination coverage will face at worst
moderate waves, whereas for countries with lower coverage
more severe waves are expected [31].

In this study, we analyze laboratory-confirmed, COVID-19
cumulative deaths, which is the standard practice across EU. We
present cumulative COVID-19 mortality data given that deaths
are a less biased indicator of disease burden. Instead, apart from
the epidemic activity, infection rates can vary across regions due
to differences in testing and tracing policies, which adds further
variability between country-level comparisons. Case detection
rates are relative to the extent of testing for a given time and
region and therefore less objective for country-level compari-
sons [3].

Regarding study limitations, the use of administrative data-
bases comes with certain inherent limitations. The adminis-
trative authorities are requested to code laboratory-confirmed
cases of COVID-19, collect them in national registration sta-
tistics, and report them to international sources. However, the
actual death toll may be higher due to restrictions in civil regis-
tries (eg, lags in death certificate processing), the exclusion of
those dying without testing positive (eg, due to restrictions in
testing), or those dying at home without confirmation. Thus,
the reported death rates are a conservative approximation of the
true mortality from COVID-19 [32, 33].

We acknowledge that the association between the level of
vaccination and the change in cumulative mortality rankings
provides a hypothesis of a causal link, and not a direct proof.
That is, association may not necessarily imply causation when
complex interactions are present, and spurious associations
may arise unless confounding factors are studied. Adjusting for
confounding factors such as age, obesity, and immunosuppres-
sion would add to the analysis but would require individual pa-
tient data, which are not available [3]. Furthermore, admission
and stay in the intensive care unit (ICU) is associated with high
mortality rates. Changes in ICU mortality are multifactorial,
not exclusively related to changes in care but also to the direct
effect of variants on severe disease and their indirect effect of
strain to the healthcare system [34, 35]. Improving practices
in caring for COVID-19 patients in the ICU may have led to
more favorable outcomes, though these associations are neither
straightforward nor guaranteed and some studies did not show
a dramatic improvement in mortality, regardless of changing
practices in ICU during the pandemic [36]. Overall, it is highly
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unlikely that improving ICU care would alter the course of the
pandemic in the same degree as an imperfect vaccine can avert
severe cases, hospitalizations, and deaths and have a bulk effect
on mortality [26-30, 37].

In conclusion, the lack of an effective vaccine until the end
of 2020 hindered efforts to control the COVID-19 surge and
shaped cumulative mortality across EU member countries. The
advent of vaccine approval and rollout, and the implementation
of massive vaccination campaigns across the EU, contributed to
changes in cumulative mortality rankings across EU member
countries, favoring those with higher vaccination coverage. Our
findings underscore that despite the homogeneity in approval
and distribution framework, regional differences in vaccination
coverage are a major driver to moderate mortality from COVID-
19. The paradigm extends to the country, subnational, and state
level and regional setting and reaffirms the urgent need to at-
tenuate the differences in vaccination toward high population
coverage. As the complete eradication of COVID-19 is unlikely,
a gradual waning of postvaccination and postinfection immu-
nity that will allow the virus to circulate globally and maintain a
level of activity is a realistic scenario for the long-term perspec-
tive [31]. Successful implementation of vaccination programs
can slow down changes in cumulative mortality profiles.
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