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Abstract

Across European countries, there have been large differences in COVID-19 case
fatality risk (CFR) estimates, and considerable variation in these estimates over time.
CFR estimates vary depending on both the method used for estimation and country-
specific characteristics. While crude methods simply use cumulative total numbers
of cases and deaths, the CFR can be influenced by the demographic characteristics
of the cases, the case detection rates, the time lags between the reporting of
infections and deaths and infrastructure characteristics, such as healthcare capacities.
We use publicly available weekly data for 11 European countries on the COVID-
19 case and death numbers by age group for the year 2020. Moreover, we use
data on national weekly test rates to adjust the case numbers, and to investigate
the effects of different time lags between the reporting of cases and deaths on
the estimation of CFRs. Finally, we describe the association between case fatality
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rates and the demand for hospital and intensive care unit beds for COVID-19
cases, while taking into account national bed capacities. The crude CFR estimates
differ considerably across the investigated countries. In the crude international CFR
time series, the differences are smaller when adjusting for the demographics of the
cases. Differences in testing policies significantly affect the CFR estimates as well.
However, the question of precisely how these testing procedures should be adjusted
requires further investigation. Lag adjustments of CFRs do not lead to improvements
in estimates of COVID-19 CFRs, and no connection between hospital capacities and
CFRs can be found for the countries included in our study.

Keywords: COVID-19 pandemic; epidemiological surveillance; case fatality risk;
demographics; vulnerable populations; testing policy; healthcare; public health

1 Introduction and background

Countries’ COVID-19 case fatality risk (CFR) estimates vary considerably. Crude
CFR estimates – i.e., the cumulative number of deaths divided by the cumulative
number of cases – are known to be biased (Lipsitch et al., 2015). The main sources
of bias are shown in Table 1. A distinction must be made between factors that
might influence actual lethality, such as healthcare capacity, and those that bias the
estimates of the CFR, such as an underassessment of the number of cases. One
asterisk denotes factors that may affect the actual CFR, whereas two asterisks refer
to factors that simply bias the CFR estimate.

Differences in CFRs across countries might be explained by differences in
the demographic characteristics of infected cases, such as age, comorbidities or
underlying risk factors; as well as differences in the underlying population structures
of the respective countries (Dudel et al., 2020). There is evidence that being older
and having comorbidities – such as hypertension, diabetes, cardiovascular disease
or chronic lung disease – are major risk factors for severe COVID-19 infection
outcomes (Fernández Villalobos et al., 2021; Jordan et al., 2020; Wu et al., 2020;
Zhou et al., 2020). The higher susceptibility to disease and the higher prevalence of
comorbidities among the elderly (Fernández Villalobos et al., 2021; Vanella et al.,
2020) have an impact on the morbidity and mortality of this subpopulation (Gornyk
et al., 2021). Thus, CFRs tend to be higher in countries with an older population than
in countries with a younger age structure, including during the COVID-19 pandemic
(Cai, 2020; Dudel et al., 2020; European Centre for Disease Prevention and Control,
2020a; Shim et al., 2020; Wu et al., 2020; Wu and McGoogan, 2020; Xie et al.,
2020; Yang et al., 2020; Zhang et al., 2020).

Differences in the surveillance systems and testing capacities of countries lead to
huge variations across countries in the numbers of tests performed (European Centre
for Disease Prevention and Control, 2020b, 2021b; Fang et al., 2020; Pan et al.,
2020; Rajgor et al., 2020; World Health Organization, 2020b). Thus, the degree of
underassessment of infections differs between countries (Lau et al., 2020; Li et al.,
2020). Furthermore, surveillance and testing capacities influence the probability of
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Table 1:
Sources of bias of case fatality risk estimates

Factor Description Impact on CFR estimates Literature

Population
structure∗

Age, comorbidities
and underlying risk
factors

Higher CFRs due to an
older population with a
higher load of
comorbidities

Cai (2020); European Centre for
Disease Prevention and Control
(2020a); Gianicolo et al. (2020);
Shim et al. (2020); Wu et al.
(2020); Wu and McGoogan
(2020); Xie et al. (2020); Yang
et al. (2020); Zhang et al. (2020)

Surveillance
and testing∗∗

Surveillance system
and different testing
capacities

Overestimation of CFRs
due to a poor surveillance
system and low testing
capacities, as fewer
currently infected persons
in relation to deaths are
counted

European Centre for Disease
Prevention and Control (2020b);
Lau et al. (2020); Li et al. (2020);
Lipsitch et al. (2015); Rajgor
et al. (2020); Reich et al. (2012);
World Health Organization
(2020a)

Methods and
capacities for
recording deaths

Underestimation of CFRs
due to low capacities and
poor quality methods for
recording deaths from the
disease, resulting in a
smaller numerator of deaths
to current reported
infections

Gordis (2014)

Overestimation of CFRs if
all deaths are counted
regardless of whether the
patient died of the target
disease or another cause
given the same number of
infections

Gordis (2014)

Time lag∗∗ Deaths occur with a
time delay after
infections

Underestimation of CFRs
due to a time lag of several
days between case
registrations and deaths,
resulting in a smaller
numerator of current deaths
to current infections

Gianicolo et al. (2020); Wilson
et al. (2020)

Healthcare
system∗

Healthcare system
capacity measured
as the number of
intensive care beds
per 100,000
inhabitants

Higher CFRs due to low
healthcare capacities and
excessive demand for
intensive care beds during
the pandemic, resulting in
more deaths, and, therefore,
a higher numerator of
deaths to current infections

Eriksson et al. (2017); European
Centre for Disease Prevention
and Control (2020a); Eurostat
(2019); Ji et al. (2020);
Legido-Quigley et al. (2020);
Rajgor et al. (2020); Rhodes et al.
(2012)

Note: ∗Factors that may influence the actual CFR; ∗∗factors that bias the CFR estimates.
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detecting infections early, and of applying countermeasures in response. Countries
may also differ in their capacities and methods for recording deaths caused by
COVID-19. While some countries perform post-mortem screening of all deaths,
other countries only perform post-mortem screening in cases considered clinically
suspicious (Onder et al., 2020). Moreover, during the pandemic, countries have
changed their testing strategies and the number of tests they perform multiple
times (European Centre for Disease Prevention and Control, 2021b; Robert Koch
Institut, 2020a, 2020b), which limits the representativeness of case time series on
the country level.

There is a time lag between the reporting of an infection in an individual and
his or her eventual death. The distribution of such time lags may differ between
countries. These delays are not reflected in crude CFR estimates (Wilson et al.,
2020). More robust estimates could be obtained by dividing cumulative deaths by
cumulative recoveries. However, even these estimates are not reliable due to the low
numbers of recoveries during the early stages of the pandemic, when a large relative
increase in infection numbers and the incomplete reporting of recoveries were
observed (Lipsitch, 2020). Therefore, some authors have proposed investigating the
cumulative deaths in relation to lags of varying numbers of days for the cumulative
infection numbers (Lipsitch, 2020; Wilson et al., 2020). However, due to the high
transmission rates of the virus in the early stages of an epidemic, the estimates
depend strongly on the lags, and both an underestimation and an overestimation of
the true CFR can occur (Spychalski et al., 2020).

Furthermore, CFRs may be influenced by the healthcare system capacities of
the affected countries. Previous studies have shown that healthcare capacities differ
substantially across countries, and even between regions within countries (Eriksson
et al., 2017; European Centre for Disease Prevention and Control, 2020a; Eurostat,
2019; Ji et al., 2020; Legido-Quigley et al., 2020; OECD, 2021a; Rajgor et al., 2020;
Rhodes et al., 2012). When a country’s healthcare system is overwhelmed by the
pandemic, it may have higher CFRs.

While all of the factors mentioned above may help to explain the differences
in the CFRs in the affected countries at different time points during the COVID-
19 pandemic, how much of the differences in CFR estimates during the pandemic
are explained by each of these factors is unclear. This paper aims to quantify the
effects of demographics, testing levels, delays in death after infection and demand
for hospital beds on weekly COVID-19 CFR estimates. The countries were selected
for the study based on whether they have a population of over eight million, and
provide age-specific data on COVID-associated deaths and infections, either on their
national health services web pages or in the COVerAGE database provided by the
Max Planck Institute for Demographic Research. This selection process resulted
in a sample of 11 European Union (EU) and Schengen area countries,1 which are
examined during the year 2020 using a comparative perspective. The study shows

1 Belgium, France, Germany, Greece, Italy, the Netherlands, Portugal, Spain, Sweden, Switzerland
and the United Kingdom.
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that these countries had different levels in the COVID-19 CFR time series, and, as
we will see in the next section, that they accounted for a large share of the COVID-
19 disease burden in Europe over the study period.

In the following, we will show the time series of the crude CFRs for all
study countries over the year 2020. We will then present the data used in our
study and our methodological approach. In a sequential approach, we will check
whether adjustments of the crude CFRs to account for differences in demographics,
testing, delays and the burden on the national health system as represented by
hospitalisations can provide a more realistic picture of the actual fatality risks across
countries and over time. We will consider the cross-national and intertemporal
variations of the CFRs as a goodness-of-fit measure. In the following section, we
will present the results of our investigation. We will end our contribution with a
discussion and an outlook.

2 Data and methods

The crude CFR of country j on day δ is estimated by dividing the cumulative number
of official COVID-19 deaths Dijδ for each age group i by the cumulative number of
COVID-19 cases N̂ijδ, both until day δ and for each age group i:

ĈFR. jδ =
D. jδ

N̂. jδ
. (1)

The hat underlines that the cases are the reported COVID-19 infections, which are
a subset of all infections N. jδ. The crude CFR ignores all of the factors presented in
the previous section. Figure 1 shows the development of the crude CFR estimates of
the 11 study countries as percentages between 2 March and 31 December 2020, as
provided by Dong et al. (2020). Figure 1(a) displays the estimates for the countries
of central and northern Europe, whereas Figure 1(b) provides the estimates for the
Mediterranean countries. The horizontal line marks the mean of the daily CFR
estimates over the study period and all 11 study countries (6.67%). The peak for
the French data illustrates the data inconsistencies, which will be explained below.

All curves increase until late spring or early summer 2020, and then decrease
again until the end of the study period, with some countries, such as Belgium and
Greece, experiencing slight increases in their crude CFRs during the last weeks of
the year. We observe significant differences between the curves. Our study aims to
help explain these geographical and temporal differences, and to develop adjusted
case fatality measures. The French and the Spanish lines in the right panel follow
a rather jagged course. For France in particular, a sharp increase until early April
can be observed, followed by a sharp decrease on 12 April, which is due to an
almost doubling of the case numbers in the Johns Hopkins University (JHU) data
on that date following the addition of French Ehpad data on cases reported for
nursing homes (Johns Hopkins University, 2021; Ministère des Solidarités et de
la Santé, 2021). Therefore, we find that there was a significant undercounting of
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Figure 1:
Crude case fatality risk estimates due to COVID-19 between 2 March and 31
December 2020 (the horizontal line represents the mean of the daily CFR estimates
over all dates and countries)
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cases in France before that date that resulted in an overestimation of CFRs during
that period. The tub-shaped line for Spain between mid-May and mid-June may
be explained by a change in the reporting of the Spanish COVID-19 data during
that time. Between mid-May and early July, Spanish authorities developed a new
strategy for tracking and reporting COVID-19 data (Instituto de Salud Carlos III,
2020b) that resulted in less detailed reports, which may, in turn, have led to the
case data during that period being unrepresentative. While the crude CFR estimates
had largely converged by the end of the year, there were still differences between
the study countries. Sequentially, we will investigate how the cross-country and
temporal variations can be explained by the abovementioned factors and mitigated
by adjustments to the crude CFR. Since the variance is not an appropriate measure
for comparing our different models, as it depends on the level of the variables,
we compare our adjustments using the coefficient of variation (cv) of the different
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iterations, which is defined as the ratio of the standard deviation and the mean of a
certain variable (Brown, 1998):

cv(X) =
sd(X)
E(X)

. (2)

2.1 Step I: Adjustment to demographics

In a first step, we investigate the effect of demographics on the CFR estimates. To
do so, we gathered weekly data on cumulative age-specific case and death numbers
from various sources for the study countries between early March and the end of
2020. The data for Germany have been downloaded from the Robert Koch Institute
(RKI)’s Github database (Robert Koch Institut, 2021). For Italy, the data have been
collected from early press releases and then regular reports published by the Istituto
Superiore di Sanità (ISS) (2020a, 2020b, 2020c, 2020d). For the United Kingdom
(UK), we downloaded data as provided from the website of the UK’s national health
authority (Public Health England, 2021a). For France, we found, after comparing
different sources, that a combination of national reports from Santé publique France
(2020a, 2020b) until calendar week 32 and data from the new COVerAGE database
(Riffe et al., 2021a, 2021b) for the following period provided the best coverage of
the age-specific case and death data, as we have observed significant irregularities
and missing data for France. All of the data for the remaining seven countries came
from the latter database. In our comparison of crude and age-adjusted CFRs, we use
the European Standard Population (European Union, 2013) for standardisation. We
use the following notation: for each country j, d.jk is the number of deaths over all
age groups observed during week k. Similarly, n̂. jk is the number of observed new
cases over all age groups during week k. Summing up the deaths up to week w,
we obtain the total cumulative number of deaths in country j over all ages D.jw =∑w

k=1 d.jk. Similarly, summing up the cumulative number of cases up to week w, we
obtain N̂.jk =

∑w
k=1 n̂.jk, the total cumulative number of cases for country j and up to

week w.
While the numbers of cases and deaths in week k, for each country j and age group

i, are observed (respectively, N̂ijk and Dijk), the number of new infections in age
group i, country j and week k (denoted by nijk) is latent (unknown). The number of
cumulative infections in this group up to week w is Nijk =

∑w
k=1 nijk. Our first aim is

to identify the role of the age structure of the cases in the overall CFRs, and to derive
age-specific and age-standardised CFR estimates for all study countries. Based on
the cumulative age-specific case numbers N̂ijk of the 11 European countries, we
calculate age-specific CFR estimates

CFRijk =
Dijk

N̂ijk
. (3)
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Multiplying these estimates with population weights derived from the European
Standard Population, we obtain age-adjusted CFR estimates

CFRage
jk =

∑
i

wi × CFRijk. (4)

2.2 Step II: Adjustment of age-specific cases to the level of
surveillance

In the second step, we investigate the impact of the surveillance of cases, as
represented by time series data of weekly national tests provided by the European
Centre for Disease Prevention and Control (ECDC) (2021b). As the ECDC does not
provide corresponding test data for Switzerland and the UK, we obtained these data
for these two countries from their respective national health services (Federal Office
of Public Health, 2021; Public Health England, 2021b). However, age-specific data
on testing for the first year of the pandemic were not available in time series form.
Since symptoms vary by age (Davies et al., 2020), the detection rates of cases are
age-specific. We deal with this data restriction indirectly by conducting principal
component analysis (PCA). PCA is a data reduction technique that transforms the
original, correlated variables into linear combinations that are uncorrelated, and are
referred to as principal components (PCs) (Vanella, 2018). Working with PCs allows
us to cover indirectly simultaneous trends and sensitivities of the case numbers to
the testing strategy. As we lack age-specific data on testing for the first year of
the pandemic, we cannot directly estimate the sensitivities of the age-specific case
numbers to the testing strategy on a population level. Therefore, our approach is
to approximate the different sensitivities of the age-specific case numbers to the
testing strategy indirectly by estimating the sensitivity of the country-specific PCs
to adjustments in the test numbers (irrespective of the age groups). We assume
that the case numbers are influenced by the test numbers, but to differing degrees
depending on age, as both the symptoms and the detection rates of infections vary
by age (Gornyk et al., 2021). According to that hypothesis, n̂ijk are functions of the
weekly test numbers of the corresponding age group and week in the same country
tijk, say n̂ijk = f (tijk). This could be quantified by fitting a generalised linear model.
However, since we do not know tijk, but only the overall test numbers tjk, we cannot
derive age-specific models. To approximate the connection between random testing
(irrespective of age) and age-specific case numbers, PCA is used. We perform PCA
for each country separately on all square root transformed age-specific case time
series2 as follows:

Pz jk =
∑

i

λzij

√
n̂ijk, (5)

2 The root transformation ensures that our model cannot predict negative case numbers, along with a
reduction of heteroskedasticity in our data.
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with

• Pz jk: zth PC of country j in week k
• λzij: Loading of transformed weekly new cases in age group i on zth PC of

country j.

PCA allows us to cover the common trends in the case numbers across all age groups
with a small number of indices that are linear combinations of the original variables.

Figure 2 illustrates the loadings of the first PC for each country. Except in the
Netherlands, the loadings have a similar bathtub shape, with smaller loadings,
in terms of absolute values, for the children and the elderly age groups and
larger loadings for the working-age population. For the Netherlands, we observe a
monotonously decreasing trend by age. Large absolute loadings represent a high
correlation between the PCs and the corresponding age groups, and vice versa.
There is an inverse relationship between the PCs and age-specific case numbers,
which is represented by the negative signs of the loadings. Hence, increases in these

Figure 2:
Loadings of first principal components of square roots of age-specific weekly case
numbers by country
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PCs are associated with decreasing weekly case numbers of the corresponding age
groups, and vice versa.3 For all countries, the respective first PCs4 explain 93–99%
of the variance in the square roots of age-specific weekly new case numbers over
the year 2020, and are therefore sufficient to explain the major age-specific trends
in case numbers.

We see that decreases in the PCs5 are associated with increases in case numbers
to varying degrees for different age groups. Looking at the example of Greece, we
see (absolute) smaller loadings in the 0–17 and 64 and older age groups, and larger
loadings for the 18–64 age group. Therefore, a decrease in that PC is associated,
ceteris paribus, with more distinct increases in the case numbers among individuals
aged 18–64 than among the younger and the elderly populations. As P1jk is a
linear combination of the age-specific case numbers according to (5), we can
quantify some connection P1jk = g(tjk), which is used to investigate the statistical
association of P1jk to the overall weekly test numbers in country j. PCs account
for the differences in detection rates indirectly, as we first quantify the test number
coefficient in a regression of P1jk on the tests. After deriving the coefficient of tjk
in P1jk = g(tjk) by the maximum likelihood, we can then predict the expected value
of P1jk based on a given number of tests. By plugging in the predicted values of
all Pz jk in (5), while holding all Pz jk with z , 1 fixed, we have a system of linear
equations, which, given that we predict all Pz jk after test adjustment and know all
λzij from singular value decomposition, we can derive predicted age-specific case
numbers n̂ijk from (5) after test adjustment without having access to age-specific
test numbers.

The impact of testing on the case numbers and the detection rates of infections
is investigated in a causal regression, as described above. However, it is important
to separate increases in case numbers due to increases in infection numbers from
those caused by more testing, and, hence, higher detection rates. Increases in test
rates might be caused by a shift in the political agenda, such as a move to increase
the number of random tests in order to detect more asymptomatic infections, or a
response to higher numbers of infections that includes more testing of suspected
cases (e.g., of individuals who have come into contact with confirmed cases). We
investigate this connection through regression analysis as follows: for each country,
the first PC is regressed on the first lag of official COVID-19 cases together with the
weekly tests:

P1jk = αj + βjn̂.jk−1 + γjtjk, (6)

with

• P1jk : value of PC1 for country j in week k

3 For the Netherlands, increases of PC1 are associated with increases in case numbers because the
loadings are positive.
4 The total number of PCs for each country equals the number of age groups; e.g., the number of PCs
for Belgium, France, Italy and Sweden is 10.
5 Or increases for the case of the Netherlands.
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• αj, βj, γj: country-specific parameters estimated via ordinary least squares
• tjk: number of tests conducted in country j during week k.

The kth residual from (6) shall be named εjk.
The model assumes that the observed cases are affected by the number of tests

performed in the current week, which is, however, affected by both politically
driven decisions and concrete increases in infection activity in the previous week.
Therefore, n̂.jk−1 serves as a control variable in the analysis that includes increases
in both the numbers of infections and the share of positive tests. By using
this approach, we mitigate potential bias in our interpretation of the connection
between contemporaneous increases in both test and case numbers. After fitting
country-specific models following (6), we adjust the observed case numbers for
underestimation, and, thus, underdetection, by holding the control variable n̂.jk−1 as
observed and adjusting the test variable tjk to a specific value. This enables us to
predict the number of cases we would, ceteris paribus, have expected to find given a
fixed number of random tests each week that are not connected to observed positive
cases. That value is in essence arbitrary. However, it appears plausible to set country-
specific constants to account for the population size of each country. According to
the ECDC (European Centre for Disease Prevention and Control, 2021b), among
the study countries, the maximum outcome of the tests performed was around 5.7%
of the estimated population, found for Portugal in calendar week 47. Therefore, we
set our maximum of hypothetical weekly test numbers to t̃j = max(tPT) · B j

BPT
, with

max(tPT) being the maximum outcome of the weekly tests performed in Portugal,
BPT being the population estimate for Portugal and B j being the population estimate
for country j. Let us define P̃1jk as the hypothetical value we would have observed
for P1jk for a test number fixed at t̃ j. The prediction of P̃1jk is then:

E[P̃1jk] := E[P1jk|tjk = t̃j] = α̂ j + β̂jn̂.jk−1 + γ̂j t̃jk, (7)

where α̂j, β̂j and γ̂j are country-specific parameter estimates derived by OLS
regression according to (6). As infection time series are not stationary, but instead
move in waves of peaks and troughs, a simple adjustment according to (7) would not
include these seasonal patterns in the development of infections. To incorporate this
seasonality into our adjustment, we add the residuals extracted from (6), and adjust
our prediction from (7) to infection trends above or below expectations caused by
the wave-like development of infections. We assume that the observed derivations
from the case numbers expected from our model under the observed test and the
previous case numbers would carry over, even under a specified number of tests.
The adjustment of the PCs is therefore

P̃1jk = α̂j + β̂jn̂. jk−1 + γ̂j t̃j + εjk, (8)

For each country, the remaining PCs are unchanged. Let P̃ j be the matrix of test-
adjusted PCs for country j. We then derive the square roots of the test-adjusted
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weekly case numbers for country j by

M̃i j = P̃j × Λ
−1
j , (9)

with

• M̃i j : the matrix of the square roots6 of the test-adjusted age-specific weekly
case numbers of country j,
• Λ−1

j : the inverse of the loadings matrix of country j.

Finally, we compute the squares for all elements of (9), which are then test-adjusted
case numbers, say ñijk = (mijk)2, with mijk being the element in the ith row and the
kth column of the matrix M̃ij.

We will then compute the test-adjusted age-specific CFRs by

C̃FRijk =
Dijk

Ñijk
, (10)

with Ñijk being the sum of the weekly test-adjusted age-specific case numbers up to
week k in country j. Using this, we derive the age- and test-adjusted CFR estimates
over time, similar to (3):

CFRage,test
jk =

∑
i

wi × C̃FRijk. (11)

2.3 Step III: Investigate bias in CFRs due to delays between the
reporting of cases and deaths

In the third step, we investigate the effects of different lags between case reports
and deaths on the CFR estimates. The unknown distribution of the time lag of ∆

weeks between the reporting of a case and death is considered. Verity et al. (2020)
estimated the average time from infection to death to be about 14 days. For instance,
the age-specific and lag-adjusted CFR of age group i, in country j, in week k, based
on a lag of the cases of ∆ weeks is

^
CFRijk−∆ =

Dijk

N̂ijk−∆

. (12)

The age- and lag-adjusted CFR7 is then similar to (4):

CFRage,lag
jk,∆ =

∑
i

wi ×
^

CFRijk−∆. (13)

6 The initial use of square roots ensures the non-negativity of the predicted case numbers, since we
eventually take the squares of the square roots of the cases we predict from PCA.
7 In the next section, we will explain why we do not include testing here.
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We compare this measure for the pandemic over the study period and for all
countries with ∆ = 0, 1, 2, 3; with ∆ = 0 being the case of the age-adjusted CFR,
as in (4). We will provide the results in Section 3.3.

2.4 Step IV: Investigation of the effects of healthcare system
capacity and occupancy on CFRs

For our investigation of the impact of healthcare system capacity on CFRs, we
use estimates of the available intensive care unit (ICU) beds per 1,000 inhabitants
provided by the OECD (2021a), and the weekly means of daily ICU bed occu-
pancies I.jk provided by the ECDC (European Centre for Disease Prevention and
Control, 2021a) for seven of our study countries. For the countries for which these
data are not available, we instead use hospital beds per 1,000 inhabitants together
with weekly counts of new cases. Hospital admissions due to COVID-19 for the
previous γweeks are addressed as h.jk,γ. First, we give a qualitative assessment using
graphical analysis of the connection between CFRs and healthcare capacity and
occupancy. To compare the hospital bed capacities in the study countries, we adjust
the weekly numbers of new hospitalisations, as provided by the ECDC (European
Centre for Disease Prevention and Control, 2021a), by the bed capacities per 1,000
inhabitants. These figures are provided as static estimates by the OECD (2021b).
As both variables are measured relative to each country’s population, dividing them
leads to an admission-per-hospital bed measure in percent, defined as

hadj
.jk,γ =

h.jk,γ

b j
, (14)

with b j denoting the per 100,000 inhabitant number of available hospital beds in
country j. While this measure has its merits, as it is static and thus does not change
over time, it should be seen as a rough adjustment parameter that accounts for the
differences between national healthcare system capacities. Similarly, the connection
between age-adjusted CFRs and ICU occupancies is investigated as

I
adj
.jk =

I.jk
cj
, (15)

with c j being the estimates of the national ICU beds available. As the latter estimates
are not available from the OECD, we use the latest available estimates provided by
Our World in Data (2021).

3 Results

We will now present the results from our adjustments of the crude CFR for each
step described in Section 2, and provide a measure that is most appropriate for
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quantifying case fatality risks for the study countries given the available data.
Specifically, we will compare the crude CFR without any adjustment (addressed by
M1) with the age-standardised CFR, as derived following the approach described in
Section 2.1 (M2); the adjusted CFR after age standardisation and test adjustment
(M3); and the adjusted CFR after age standardisation and lag adjustment (M4).
Finally, we will investigate the impact of hospitalisations on the CFR.

3.1 Impact of age standardisation on CFR estimates

Age-standardised CFRs for the study countries are illustrated in Figure 3, with
Figure 3(a) again displaying estimates for the study countries in central and
northern Europe, and Figure 3(b) providing estimates for the study countries in the
Mediterranean region.

The courses of the age-standardised curves are more stable than those of the
crude CFR curves. A large share of the decreases in the crude CFRs observed since
spring 2020 vanishes when accounting for the age structure of the cases. In general,
the weekly investigation smooths out some of the variations that appear in daily
monitoring. In particular, some of the peaks shown in Figure 1 are smoothed out
to a large extent. While international differences are still observable, the curves
converge to a greater degree than is the case for the crude CFRs. The strong peak for
France is a statistical artifact caused by the change in the input data in calendar week
33. The horizontal line again represents the mean of all observations of the CFR
with an age structure according to the European Standard Population. The variance
between this line and the age-standardised CFR curves has, compared to that of
the crude CFR, decreased substantially. We understand that the crude CFR curves
between countries are skewed due to the age structure of the cases, especially in the
early stages of the pandemic. While cv(M1)8 of the initial crude CFRs is around
72%, the age standardisation decreases this value to cv(M2)9 ≈ 51%. Hence, a large
share of the international and intertemporal variance in the CFR is explained by the
demographics of the cases.

3.2 Impact of test adjustment on CFR estimates

Regarding test adjustment, our regression models estimated following (6) for all
countries shows a highly statistically significant effect of testing on the PCs, and
thus on the weekly numbers of new cases, even when controlling for the first lag of

8 Crude CFR without any adjustment.
9 Age-standardised CFR as derived following the approach described in Section 2.1.
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Figure 3:
Age-standardised CFR estimates (the horizontal line represents the mean of the daily
age-standardised CFR estimates over all dates and countries)
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2020b); own computation.

the new case numbers. Figure 4 illustrates this finding via quantile-quantile plots of
the model fits for each country.10

However, the adjustment of cases to testing leads to a considerable worsening
of the CFR model, with cv (M3)11 ≈ 124%. We conclude that the testing strategy
has an effect on the case numbers. However, our approach of including this
finding in CFR estimation does not lead to improvements. Therefore, in our further
analysis, we proceed without a test adjustment. However, our results imply that the

10 We checked lin-log models as well. For simplicity, we show here the plots of the lin-lin models
only.
11 Adjusted CFR after age standardisation and test adjustment.
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Figure 4:
Quantile-quantile plots of testing model fits for first PCs of age-specific case numbers
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differences found in case fatality estimates stem at least in part from differences
between countries in levels of underdetection.

3.3 Impact of lag adjustment on CFR estimates

The lag adjustments according to (12) and (13) do not provide improvements in the
CFR estimates, but instead worsen them, with, e.g., a cv (M4)12 ≈ 107% employing
the first weekly lag of cases. This pattern is especially apparent for the early stages
of the pandemic, for which the CFRs are highly overestimated. Therefore, pure age
standardisation, as done in M2, gives the most stable CFR estimates.

12 Adjusted CFR after age standardisation and lag adjustment.
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Figure 5:
Connection between age-standardised CFRs and ICU bed occupancy
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Source: European Centre for Disease Prevention and Control (2021a); Human Mortality Database (2021); Our
World in Data (2021); Own computation.

3.4 Impact of hospitalisations on CFR estimates

Figures 5 and 6 display scatterplots of the age-standardised CFRs, regardless of the
country13 against Iadj

.jk and hadj
.jk,γ, respectively, over the study period without any lags,

with lags of no and one week, with lags of the previous two weeks and with lags of
the previous three weeks, respectively. Regardless of which lags are chosen for the
COVID-19-related hospitalisations, or of whether we use the daily ICU occupancy,
the age-standardised CFRs do not show any statistical correlation between the
chosen healthcare hospital burden variable and the age-adjusted COVID-19-specific
fatality rates.

13 We checked this by country as well, but the outcome did not change significantly when individual
countries were examined.
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Figure 6:
Connection between age-standardised CFRs and new hospitalisations
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4 Discussion and conclusion

The results of our analysis indicate that there are large differences in the reported
CFRs of different countries. We discussed factors derived from the literature
that may help to explain these differences. We presented evidence that a large
proportion of the differences in CFRs between the 11 countries investigated here
can be attributed to differences in the countries’ age distributions of cases and
testing policies. Our analysis also showed, however, that given the available data,
employing age-standardised CFRs provides the most stable intertemporal and
international CFR estimates for the first year of the pandemic. Although we found
that testing had a clear impact on the case numbers, and, in turn, on the CFR
estimates, which affected different age groups very differently, with the level of
underestimation of infections being especially high in the working-age group, we
lacked sufficient information on detection rates to derive better CFR estimates
by employing our test adjustment. Future studies may use detection rates derived
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from population-based studies of infection frequency (either seroprevalence or
longitudinal PCR-based surveys) to adjust for the underdetection of infections.

We did not find that a lag adjustment of the case numbers for the computation of
CFRs led to improvements in the estimates. Moreover, we did not find a statistical
connection between healthcare system capacity and CFRs, which we checked using
ICU occupancy as well as hospitalisations. Neither of these approaches identified
any connection between the national healthcare systems and the CFR estimates.

However, there were still differences in CFRs between the countries and over the
year that could not be explained by the factors investigated here. Future research
could address those differences in more detail. We should keep in mind, however,
that there are general differences in age-specific mortality rates between the coun-
tries investigated here (Vanella, 2017). A more thorough comparative international
analysis might take these differences in general mortality into account as well.
Certainly, there are other factors that also play into country-specific differences,
including environmental factors, such as air pollution or climate conditions (Contini
and Costabile, 2020). A limitation of our contribution is related to the latency of
infections. We do not know the real number of infections in the population. To
account for this gap in our knowledge, we included the weekly test rates in a
PC approach, along with age-specific sensitivities to testing. More information on
detection rates would improve our test adjustment of cases, and could shed more
light on the remaining variation observed here. Regarding the age-standardised
CFR, it is important to note that this indicator is not a real CFR, but is, rather,
a hypothetical CFR we would expect to observe for the population under a
hypothetical age structure.

Another important limitation of our work is that public data on the age structure
of infected and deceased individuals were found to be missing in public reports on
COVID-19 in many European countries. Even for the included countries, these data
are only partly available; e.g., they are available only for specific time points, for
roughly aggregated age groups or for a selection of all reported cases or deaths. For
other countries, age-specific data are not publicly available at all. Moreover, many
countries do not even provide data stratified by sex. This lack of appropriate data
biases our understanding of the severity of the disease, as there are significant gender
differences in susceptibility to severe disease and general mortality (Fernández
Villalobos et al., 2021; Luy and Di Giulio, 2006; Spagnolo et al., 2020; Vanella,
2017; Vanella et al., 2020, 2021). As the age groups in the reported data differ across
countries as well, there appears to be a bias in international age standardisation
that should be taken into account when considering our results. For the analysis
of the association between fatalities and the healthcare load as measured by
hospitalisations and individuals in intensive care due to COVID-19, we could
not incorporate the age structure or the severity of hospitalised cases into our
computations because these data are not available.

Thus, our results suggest that to allow for a more sophisticated statistical analysis,
further improvements in age-specific data on cases, deaths and test rates are
needed. In particular, more and better data on the connection between infection
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detection rates and testing rates are required, and could significantly improve our
understanding of the underestimation of infections in our case data. This could, in
turn, lead to more accurate CFR estimates. For analyses of publicly available data to
have an impact on public health, better reporting of data on healthcare capacities on
a daily or at least a weekly basis is needed. More detailed data on the demographics
of cases and deaths, and age-specific test data with infection numbers derived
by population-based sentinels, would improve our understanding of the impact of
demographic factors on the CFRs, as these data would allow us to include age-
specific detection ratios in our investigations. Even health authorities that provide
data on the age structure of cases and deaths do not separate the age groups in the
same manner. The most important databases give only the crude case and death
numbers, without further disaggregation, which might lead to a misinterpretation of
the true mortality differences between countries. Moreover, these data would ideally
be merged with comorbidity-specific information.

Our study has shown that further progress towards establishing a better coordi-
nated and more unified public health data reporting system in Europe and worldwide
is needed to fight the COVID-19 pandemic, and any other pandemic that may
emerge in the future.

List of abbreviations

b j Overall available hospital beds per 1,000 inhabitants in country j
CFR Case fatality risk

CFRage
jk Age-standardised case fatality risk for country j, in week k

CFRage,lag
jw,∆ Age- and lag-adjusted case fatality risk for country j, in week w,

with ∆ weekly lags
CFRage,test

ijw Age- and test-adjusted case fatality risk for age group i, in
country j, up to week w

dijk Number of deaths in age group i, in country j, in week k
d.jk Number of deaths over all age groups, in country j, in week k

Dijw Cumulative number of deaths for age group i, in country j, up to
week w

D.jw Cumulative number of deaths over all age groups, in country j,
up to week w

∆ Lag length
h.jk,γ number of hospitalisations per 100,000 inhabitants in country j,

from weeks k-γ to k
max{t} Global maximum of weekly tests per 100,000 inhabitants

nijk Number of infections in age group i, in country j, in week k
Nijk Cumulative number of infections in age group i, in country j, up

to week w
N̂ijw Cumulative number of observed cases for age group i, country j,

up to week w
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N̂.jw Cumulative number of observed cases for over all age groups,
country j, up to week w

n̂ijk Number of observed cases in age group i, in country j, in week k
n̂.jk Number of observed cases over all age groups, in country j, in

week k
Ñijw Cumulative test-adjusted number of cases in age group i, in

country j, up to week w
ñijk Test-adjusted number of cases in age group i, in country j, in

week k
ñ∗ijk Lag-weighted and test-adjusted number of cases in age group i, in

country j, in week k
tjk Rate of tests per 100,000 inhabitants in country j, in week k
wi Weight of age group i
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Gornyk, D., Harries, M., Glöckner, S., Strengert, M., Kerrinnes, T., Heise, J.-K., . . . MuSPAD

Team. (2021). SARS-CoV-2 seroprevalence in Germany: A population-based sequential
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