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The coronavirus disease 2019 (COVID-19) pandemic has caused a tremendous global impact both socially and
economically. The mechanisms behind the disparity in the severity, vaccine coverage, and variant replacement
patterns across European countries are unclear. In this work, we aim to reveal the possible reasons via data
visualization and model fitting. We developed a model with a vaccination component to simulate the mortality
waves in these countries. Deaths averted by the vaccination campaign were estimated. Finally, we discuss the

potential reasons behind the differences in vaccine coverage across European countries. Contemporary trans-
portation and global trade bring significant convenience to our daily life but also facilitate the spread of the novel
virus COVID-19 to anywhere globally within a short time. The observations and results in this work highlight the
importance of the global campaign to mitigate the COVID-19 pandemic and future pandemics under the One

Health approach.

1. Introduction

Since its emergence in 2019, the Coronavirus Disease 2019 (COVID-
19) pandemic has caused a worldwide health emergency across five
continents. COVID-19 is caused by severe acute respiratory syndro-
me—coronavirus 2 (SARS-CoV-2), with an incubation period of 2-14
days. The SARS-CoV-2 is a zoonotic virus that can spread between
humans and animals and be transmitted through contaminated envi-
ronments [1]. The majority of SARS-CoV-2 infected individuals experi-
ence a mild to moderate respiratory illness and recover without
requiring special treatment. However, a certain proportion of infected
individuals develop serious symptoms and need medical treatment. As
of January 6, 2022, 296 million confirmed cases of COVID-19 world-
wide with approximately 5.46 million deaths were reported.

On November 4, 2021, the World Health Organization declared that
“Europe is again at the epicenter of the coronavirus pandemic” [2].
Starting from November 1, 2021, Europe accounted for more than half
of globally reported weekly deaths over five consecutive weeks [3]. For
example, 27,000 deaths were reported across Europe during the single
week beginning on November 1, 2021. However, the severity of the
pandemic in different European countries during this resurgence
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differed markedly. Despite the variation in severity across nations, the
resurgence of the COVID-19 pandemic has reinforced the importance of
the One Health approach in the global control of current and future
diseases, in particular zoonotic diseases [4].

2. Materials and methods
Based on our previous susceptible-exposed-infected-hospitalized-

death-recovered models [41,42], we propose the following model with
a vaccinated class:

_pSI
e
o wBSI
Sy = (1—n)vs WTV
PRI
NN
I=06E—yl

Received 26 January 2022; Received in revised form 14 May 2022; Accepted 14 May 2022

Available online 19 May 2022

2352-7714/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:daihai.he@polyu.edu.hk
www.sciencedirect.com/science/journal/23527714
https://www.elsevier.com/locate/onehlt
https://doi.org/10.1016/j.onehlt.2022.100402
https://doi.org/10.1016/j.onehlt.2022.100402
https://doi.org/10.1016/j.onehlt.2022.100402
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Fan et al.

H = nyl —xH
D = 6kH

R =S+ (1—n)yl + (1 —0)xH

Here Sy represents the vaccinated class. We denote V(¢) as the cu-
mulative proportion of the population fully vaccinated (second dose) by
day t. We assumed that a proportion (i) of vaccinated individuals enter
class R and gain relatively long-term immunity, and a proportion (1 — #)
of vaccinated individuals enter class Sy and regain susceptibility to
breakthrough infection. Parameter y accounts for the reduced suscep-
tibility of vaccinated individuals. Parameter 6 represents the death risk
of hospitalized individuals and we assume the death rate 0 declines as
the vaccination coverage, V(t) increases, = [1 — €V(t)] 8y. The vacci-
nation rate per unvaccinated (including susceptible) at day t can be
represented as Vv(t)=[V(t)-V(t—-1)]/(1—-V(t-1)) [7,8]. The
parameter 7 denotes the hospitalization risk of infected individuals. The
infection fatality rate (IFR) is the product of 7 and 6. Based on pre-
liminary tests, we found that it is convenient to assume 6y = z to reduce
one parameter without severely impacting the fitting performance [9].
We define the transmission rate f(t), as an exponential cubic spline
function with a fixed number of nodes (n; = 12) spanning the study
period. We fixed the mean latent period, mean infectious period and
mean duration from loss infectiousness to death, at ¢~ ' = 2 days, y’l =3
days and k! = 8 days, following previous studies [7,8,10].

We fit the above model to the adjusted COVID-19 death data with the
reported V(t). Using maximum log-likelihood estimates of f(t) and 7, we
re-ran our model while setting V(t) = 0 to obtain the simulated deaths
under the counterfactual scenario in the absence of a vaccine [7,8]. We
compared the simulated deaths under the baseline and counterfactual
scenarios to obtain the deaths averted by the vaccination campaign. We
considered three different parameter settings: ¢ = 0, ¢ = 0.25, and ¢ =
0.5. We fixed the other parameters 7 = 0.85 to reflect the high efficacy of
the vaccine in preventing infection and death. We noted that the vaccine
provided differing efficacy in preventing infection and death. However,
for the sake of simplicity, we did not explicitly separate natural infection
from breakthrough infection. Thus, we argued that our parameters
reflect effects against both infection and death. We considered the effect
of the vaccine in reducing the IFR by incorporating the parameter &.
Thus, our focus in this research was to explore ¢ in terms of averted
deaths in various European countries.

2.1. Data

We obtained daily new cases, weekly excess deaths, and daily
vaccination coverage from [11-16]. We obtained biweekly proportion
of SARS-COV-2 variants among samples process from [17-20].

3. Results
3.1. Adjusted deaths and vaccine coverage

Countries in Western Europe, including the United Kingdom, France,
Germany, Switzerland, the Netherlands, and Belgium, have a relatively
high vaccine coverage, with first-dose coverage of 70-80% and second-
dose coverage of 65-75% by the end of 2021. This high coverage could
be due to better medical access rates and high awareness and acceptance
due to a large number of deaths in the severe disease waves in 2020.
Also, a large proportion of the population was infected and gained a
certain level of natural immunity in 2020. A high level of immunity due
to natural infection and vaccination helped reduce the transmission of
SARS-CoV-2 in 2021.

In contrast to Western Europe, countries in Central and Eastern
Europe have relatively low vaccine coverage. These countries in Central
Europe, including Austria, Czechia, Serbia, Poland, and Hungary, have a
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vaccine coverage of 40-70%. This coverage is lower than the average
coverage in Western Europe. For countries in Eastern Europe, including
Romania, Bulgaria, Ukraine, and the Russian Federation, the vaccine
coverage is 20-40%, which is much lower than in neighboring Central
and Western European countries. From the death rate data, we can see
that the new wave of disease beginning in September 2021 in Eastern
Europe was much worse than in Central or Western Europe. The dif-
ferences in death rate in this recent resurgence could be due to differ-
ences in vaccine coverage. In Bulgaria, only 23% of people are fully
vaccinated, and it is among the countries with the highest COVID-19
mortality rate. In Romania, only 40% of people are fully vaccinated.
Eastern Europe accounts for 7 of the 10 countries with the lowest vac-
cine confidence among a survey of 67 countries [21] conducted in 2016,
and Bulgaria has the least-confident parents, with only 23% of re-
spondents indicating no hesitation with vaccine services, which is
consistent with the current vaccine coverage of 23% in Bulgaria. Hesi-
tation related to perceptions regarding effectiveness, safety, and po-
tential side effect has been the main driver of limited vaccine
acceptance. Lack of knowledge regarding the severity of infection with
the virus and distance from the epicenter of prior global pandemics
might also play a role in the low uptake rate of the COVID vaccine.

The strategy of each country in combating COVID-19 has varied in
terms of testing, tracing, and reporting rates; thus, the quality and ac-
curacy of data (disease-induced death) regarding COVID-19 also vary.
Some countries, such as the United Kingdom and France, have relatively
strict policies governing disease control and monitoring, and their re-
ported cases and deaths are close to the actual scope of the pandemic.
Data regarding reported COVID-19 deaths in some other countries, such
as Ukraine, Russian, and Germany, may not accurately reflect the actual
pandemic impact. To accurately estimate the actual scope of the
pandemic, excess deaths (calculated as all-cause mortality in the
pandemic years minus the average number of deaths inferred from all-
cause mortality in the previous 5 years) are frequently used to esti-
mate the actual pandemic severity [14,15].

Excess deaths equal the all-cause mortality in the pandemic years
minus the expected all-cause mortality in the absence of a pandemic,
inferred from all-cause mortality in the previous 5 years [11]. Excess
deaths in 2020-2021 should equal the COVID-19-related deaths minus
the deaths expected to have been prevented by pandemic control mea-
sures. If we assume that deaths due to other causes (e.g. traffic) pre-
vented by control measures are relatively low, then excess deaths data
should be a good proxy for true COVID-19 deaths. On the one hand,
excess deaths may yield negative values for some periods. On the other
hand, COVID-19 deaths were likely under-reported. In this work, we
assumed that the total number of excess deaths from January 2020 to
December 2021 equaled the true number of COVID-19 deaths, Thus, we
obtained the under-reporting ratio of COVID-19 as the ratio of the total
number of reported COVID-19 deaths to the total number of excess
deaths. We note that the under-reporting ratio should vary over time;
that is, we would expect severe under-reporting in the early phase of the
pandemic due to low awareness and lack of testing kits. For simplicity,
we assumed that under-reporting was constant. We then divided the
number of weekly reported deaths by the under-reporting ratio to
generate the adjusted number of COVID-19 deaths, which matched the
number of excess deaths. In Fig. 1, we show the adjusted number of
weekly COVID-19 deaths (black curves) and the number of weekly
excess deaths (if the excess deaths were monthly, we divided the value
by four, the number of weeks in a month) (red curves). The two curves
matched reasonably well, demonstrating that the excess deaths were
mainly associated with COVID-19. The blue curves in Fig. 1 show the
number of fully vaccinated individuals per 100 population in each
country.

3.2. Fitting the model to adjusted deaths

Fig. 2 shows our model simulation with £ = 0.5. We did not separate
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Fig. 1. Weekly adjusted COVID-19 death (black curve), excess deaths (red curve), and daily fully vaccinated coverage (second dose) in 15 Europe countries. It was
generally believed the excess deaths (the extra all-cause deaths in pandemic years compared above the average all-cause deaths in pre-pandemic five years) is a better
proxy of true COVID-related deaths. Here we multiplied the reported COVID-19 deaths by a factor (>1) such that the total excess deaths equal the total of adjusted-
reported COVID-19 deaths. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

breakthrough infections and other infections among unvaccinated in-
dividuals in our model. The IFR is for all infections. When vaccination
coverage increases, the proportion of breakthrough infections among all
infections will increase. Thus, the IFR should probably decrease, but the
magnitude of the decrease in IFR is unclear. The effect of vaccination in
our model was reflected by the absence of infection and mortality among
the majority of the vaccinated individuals. We simulated weekly deaths
under two scenarios: a real scenario with vaccination which matched the
adjusted deaths well, and a counterfactual scenario without vaccination
but with other parameter estimates kept the same as in the real scenario.
The difference in death toll under these two scenarios is deaths averted.
Deaths averted data are shown in Fig. 3 (raw numbers) and Supple-
mentary Fig. S1 (population scaled).

Fig. 3 shows the number of deaths averted by the vaccination
campaign in 15 European countries. From the raw numbers, we can see
that the United Kingdom, Germany, France, Russia, and Poland had the
most lives saved by the vaccination campaign. The population-scaled
deaths averted are shown in Supplementary Fig. S1.

3.3. Differences in dominant variants and the resulting impact

Fig. 4 shows the composition of dominant strains or variants over
time in 15 countries. Most countries went through a pattern of “wild-
type — Alpha — Delta” variants (namely, wild-type strain dominance
followed by alpha variant, then followed by delta variant), but Hungary
exhibited a “wild-type — Alpha+wild-type” variants pattern (wild-type
and Alpha variant cocirculation), and Russia exhibited a “wild-type —

Delta” variant pattern. In these strain/variant replacements, the latter
variant possessed a transmission advantage compared with the earlier
variant, such that the latter variant can replace the earlier variant in a
population. Namely, the delta variant transmitted faster than the alpha
variant, whereas the alpha variant transmitted faster than the wild-type
strain. All countries shared virtually the same pattern of variant preva-
lence, except for Hungry and Russia, where alpha arrived very late or did
not dominate. The delta variant was not identified in Hungry for some
unknown reason. In Fig. 4, we also include the estimated overall
transmission rate (solid blue curves) in our one-strain model. In the one-
strain model, the transmission rate reflects the transmissibility of the
dominant strain/variant in its dominant time interval. The delta strain
exhibited the strongest transmissibility and became the dominant strain
in most European countries before the omicron variant. The proportion
of the omicron variant in the United Kingdom, Germany, France,
Switzerland, Netherlands, Belgium, Austria, Russia, and Romania is
increasing and may overtake the delta strain and become the next
dominant strain in these countries as time passes, which might sweep
other countries as well. The impact of omicron on the pandemic remains
unclear.

4. Conclusion

Tremendous hope was placed on the COVID-19 vaccine program in
the earlier phase of the pandemic. However, a vaccine campaign is not
solely determined by the vaccine efficacy and safety. Vaccine distribu-
tion and vaccine hesitancy became major obstacles in combating
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Fig. 2. Fitting model to data and the effects of vaccination. Here, we used ¢ = 0.5 namely in the limit of vaccine coverage reaching 100%, the overall infection
fatality rate will reduce by half. Red circles show the adjusted deaths, the green curve is the weekly median of 1000 model simulations under the real scenario. The
black curve is the weekly median under the counterfactual scenario when vaccination is absent. The blue dash curve is the estimated transmission rate in the form
A)/y. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

COVID-19 [23], along with the rapid mutation rate leading to the
different variants. The vaccine acceptance rate among the public (lay-
men and healthcare workers) appears to have played a decisive role in
controlling the pandemic [24]. The primary barriers to vaccine accep-
tance were fears regarding the quality and safety of the vaccines, as well
as mistrust of the government [23].

The low vaccine coverage in Eastern Europe is probably not due
solely to the availability of vaccines. It could also be due to public
vaccine hesitancy rooted in distrust in the efficacy or safety of the vac-
cines, which is enhanced by misinformation on social media that spreads
as fast as the virus [25]. Due to mistrust of the vaccine, the uptake rates

of vaccines have been relatively low, even though countries such as
Romania and Bulgaria have ample supply of vaccines [26]. Only 34.5%
of Romania's inhabitants have received two injections, and 23.04% of
Bulgaria's inhabitants had received two injections by November 2021. A
Eurobarometer survey conducted earlier this year found a high degree of
distrust of government and medical staff, with only 22% of Bulgarians,
26% of Latvians, and 31% of Romanians expressing trust in their gov-
ernment. In addition, 34% of Bulgarians and 40% of Romanians said
they did not trust medical staff [27]. Trust in the vaccine, health system,
and the government is a key to reducing anti-vaccine attitudes so that
COVID-19 [21] can be successfully combatted globally.
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Fig. 3. Deaths averted by vaccination campaign in 15 European countries by January 7, 2022. For each country, we compared three cases ¢ = 0, 0.25, and 0.5. For
most countries, the effects of introducing ¢ lead to the effect of increasing the number of deaths averted, except for the UK, where the effect is the opposite.

A lack of confidence in vaccines among health workers might be
another factor driving vaccine resistance in Eastern Europe. For
example, approximately half of Ukrainian medical workers remain
hesitant to get vaccinated [28]. Surveys of healthcare workers (doctors
and nurses) found vaccine acceptance rates ranging from 27.7% to
78.1%, with the highest in Israel [24]. As pointed out by Obregon et al.
[21], the skills and knowledge of health professionals or insufficient
information they provide regarding the vaccine can cause people to rely
on the internet or social media, where there can be misinformation and
fake stories and a lack of trusted resources. The low acceptance rate of
the vaccine could a major issue in combating COVID-19 globally in the
short term.

One study showed that the vaccine can effectively reduce the hos-
pitalization rate and in particular the death rate associated with a
variant of concern (VOC), including the alpha, beta, gamma, and delta
variants [29]. Approximately 92% of hospitalized patients are unvac-
cinated [28]. In Bulgaria, approximately 94% of deaths were of unvac-
cinated individuals [28]. People are highly encouraged to take two doses
or even a third booster dose since the reduced severity of cases can help
reduce the burden on public health systems so that patients in need can
get appropriate care without crashing the system. Although the vaccines
have demonstrated certain protection against the delta strain, fully
vaccinated individuals are still urged to exercise caution, as the Delta
strain is twice as contagious as previous variants [31,40].

To overcome vaccine hesitancy or resistance, some studies have
attempted to define the challenges in vaccine administration or cam-
paigns and propose solutions. These studies have targeted Romania [32]
and eight other countries in Europe [23]. Suggested actions include
improving distribution chains and delivery of the vaccines and
combating the spread of misinformation. Information campaigns aimed
at the public, such as conveying the reduced risk with vaccination, non-
medical benefits of a vaccination certificate, and personal benefits, have

also been shown to effectively increase vaccine uptake in the United
Kingdom and Germany [23]. It is suggested that health authorities or
governments should tailor their vaccination campaigns to target special
populations in particular economically disadvantaged groups that are
less likely to have access to vaccines due to a lack of information,
knowledge, or poverty.

Another study [33] also expressed concerns regarding the supply of
vaccines worldwide and suggested that ensuring equitable vaccine ac-
cess should be a global priority. Disparities in the distribution of vaccine
doses exist worldwide. A report in Nature [34] indicated that more than
80% of doses have gone to people in high-income and upper-middle-
income countries, but only 1% of people in low-income countries have
been given at least one dose. However, we also see that help can extend
beyond borders. For example, Albania vaccinated people who crossed
the border before Kosovo started its vaccination campaign. Serbia and
Romania have donated vaccines to North Macedonia or Moldova [35].
Global vaccine equity and collaboration are necessary for the global
control of the pandemic. As pointed out by Padma [34], it is a long
journey from the design of the vaccines to achieving global herd im-
munity, which cannot be achieved without collaborative and global
responses.

As pointed out by Iftekhar et al. [36], three critical factors that affect
the COVID-19 pandemic are population immunity/vaccination, VOCs,
and public responses to pandemic policy. A study [37] covering 22
European countries found that COVID-19 vaccination public opinion/
acceptance rates have more impact on the vaccination rate than factors
related to government vaccine administration. As pointed out in [38],
collaboration across nations under the ‘One Health approach is crucial in
controlling and preventing future pandemics. It is important to speed up
vaccine development and vaccine delivery and enhance vaccine
coverage across countries to save lives and close the opportunity of
emergence of new variants. In 2022, Omicron VOC replaced previous
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VOCs and dominated in most countries due to its strong immune evasion
ability. However, the vaccine efficacy against death caused by Omicron
VOC is still very high. For example, the case fatality rate of Omicron
VOC among unvaccinated is 16-fold of that among vaccinated in the fifth
wave in Hong Kong, China [39]. It is foremost important to deliver
vaccine to those high-risk groups or countries. All together, we can
finally get out of the pandemic.
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