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Abstract

This case study refutes some controversial findings about a minor connection between the vaccination coverage and the spread
of COVID-19. We try to eliminate some methodological shortcomings and risks, which are included in such previously
published studies. Firstly, our selection comprises all regional units in one country. Secondly, the quality of data is basically
identical in all examined regions within the country. Thirdly, all Slovak regions had an equal starting position. They were at
the same stages of the COVID-19 wave, and the measures taken were analogous in all regions. Slovakia with a significantly
different vaccination rates among regions is a very suitable study case. We used the empirical data at the level of its
LAU 1 regions for the two latest COVID-19 waves at that time (Delta, Omicron). The methods of regression analysis and
geostatistical methods were applied in the study. Indubitably, there is an obvious link between the vaccination coverage and
the spread of COVID-19. We have shown that the incidence-trajectories among regions vary based on the vaccination rates.
The positivity and incidence in the most vaccinated regional populations were significantly lower than in the least vaccinated
regions in a whole analyzed period. Their values in the best vaccinated regions were lower by roughly 20-25 % during the
delta and omicron wave-peaks. Using the spatial autocorrelation, we also managed to clearly identify a close relationship
between vaccination on the one hand and standardized incidence and positivity on the other hand, although some regions
deviated from this general finding.
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studies are based on the measurement of viral load in
samples and, subsequently, on proposals for an appropriate

Introduction and Background

As expected, the number of studies addressing various
aspects of the COVID-19 proliferation has been growing
very fast (Ye et al. 2021). These studies may be divided
into the two fundamental groups. The first group has a
medical, microbiological, and virological character, with
several works clearly confirming that vaccination reduces
the risk of Delta variant infection (Singanayagam et al.
2022; Levine-Tiefenbrun et al. 2021). In many cases, these
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methodology to detect the relationships between viral load
and transmission (Hay et al. 2021). Eyre et al. (2022) using a
retrospective observational cohort conclude that vaccination
is associated with a smaller reduction in the transmission of
the Delta variant than the Alpha variant, and the effects of
vaccination decrease over time, but the impact on reduction
has remained.

The second type of studies utilizes mathematical,
geostatistical, demographic, and geographical procedures.
Recently, a multitude of such studies have been produced
dealing with various attributes of COVID-19. However, only
a smaller part of them are directly dedicated to measuring
the effects of vaccination and to revealing the relationships
between vaccination and the virus spread. The studies using
mathematical approaches form one group. For instance,
Yang et al. (2022) developed a sophisticated mathematical
model concluding that, together with vaccination, reducing
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of the country. Thirdly, all regions had an identical start-
ing position within a general national framework, i.e., they
were at the same stages of the COVID-19 wave, and the
adopted measures were very similar in all Slovak regions,
while countries of the world have been substantially differ-
entiated from this aspect.

We would like to underline that even using all regional
units, comparing only two 7-day averages as in case of US
counties in the study by Subramanian and Kumar from
2021 is simply not enough. It is necessary to analyze a
longer period, ideally from the beginning of the wave to

its end. Our study deliberately deals with the spread of
COVID-19 exclusively in regional populations. It does
not address hospitalizations, numbers of patients on pul-
monary ventilation, lethality, or mortality. These all are
related phenomena, but their research requires a number of
further methodological approaches. And the relationship
between the virus proliferation and vaccination is very
difficult to be clearly proven empirically. Finally, there is a
large group of studies focused on the social and economic
background and consequences of COVID-19 (Bidisha
et al. 2021; Bukari et al. 2022).

Fig. 1 Delta wave character- 180

istics in the groups of districts 160

by rate of vaccination. 1st
140

tertile is least vaccinated group

of districts; 3rd tertile is most 120

R

vaccinated group of districts 100

80

P2

es', =

60

X

40

7
&
R

20

i
\
|

o

Incidence - number of positive PCR tests per
100,000 population (rolling 7-day average)

1202°6'T
1202°6'6
1202°6°LT
1202°6°ST

District groups by
vaccination rate:

T2OTOT°€

——1. tertile ——2. tertile

T20T°0T°TIT
120Z°0T°6T
120Z'0T°LT
T20TIT'Y
T20T'IT°CT
T20T°1T°0C
T20T°11°8C
120z°¢T'9
T20TCTYT
Teozzree
Teozzroe
cT0TT'L
20T’T'ST

—3. tertile

45

40

35

30

3

25

..“\. \
N

20

/
y

Y
Ve
d

\i({

15

Al
\\:\\

10

il

U

{

Positivity - Total PCR tests conducted vs.
positive PCR tests (rolling 7-day average) in %

T20Z°6°T 4

1202°6'6
120T°6°LT
1202°6'ST

District groups by
vaccination rate:

T202°0T°E

——1. tertile

T20Z°0T°TT
T20Z°0T°6T
T20z'0T°LT
20T 1TV
120 IT'CT
T20Z°1T°0C
T20T°11°8C
1202°2T'9
T20TCTYT
Teozeree
T202°2T°0€E
20T’ T'L
20T’T'ST

—2. tertile ——3. tertile

Average

180

160

[y
N
(=]

140 +———————

4

rage)

\
\
\
\
\
\
\
\
\
\
|
L\
AN
RN
2
¢

el
=y
(=3
o

(rolling 7-day av

1t
X

=TT

Standardized incidence - standardized number
of positive PCR tests per 100,000 population

T202°6'T

T202°6'6
T20T°6°LT
T202°6°ST

District groups by
vaccination rate:

-
-
©

2
o
N
-
o

2
o

TZOZ0T'€
TZOZOT'TIT
T202°0T°6T
T202°0T°L2

T20T°IT'Y
T20T°TT°CT
T202°TT°0C
T202°TT°8C

1202219
T20Z°2T'VT
Tzozzree
T202°CT°0€

zweoTT’L
220T'T'ST

—3. tertile

@ Springer



14 Page4of11

Journal of Geovisualization and Spatial Analysis (2023) 7:14

Data and Methods

Slovakia has recently been a suitable “laboratory” for
research on the spread of the virus, also thanks to the strong
regional disparities in the vaccination coverage. Its per-
centage values in several (LAU 1) districts exceeded 70%,
whereas in some others were below 40%. Moreover, an
increase in the vaccination coverage was negligible despite
the culminating Omicron wave (roughly mid-February
2022). The LAU 1 regions also seem rather appropriate
for analyses. In most cases, they approximately or partially

coincide with the functional regions, i.e., the daily urban
systems with the most intensive mobility and interactions
of persons inside the units. In total, Slovakia consists of 79
LAU 1 units. Their use is a proper compromise between the
efficient number of units, population size, and data avail-
ability. LAU 1 (formerly NUTS 4) is hierarchically higher
statistical units joining LAU 2 (communes) together. The
numbers of communes, the Slovak LAU 1 districts con-
sist of, vary from 12 to more than 100, plus special urban
units in the cities of Bratislava and KoSice. What is also
important, the LAU 1 borders were closed during the strict

Fig.2 Omicron wave character-
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lockdowns. This means, the intra-regional vaccination rates
matter more than inter-regional mobility and dispersion of
the virus from one region to another.

Slovakia was affected considerably in both waves. The
overall number of deaths is reported to exceed 20 thousand
(April 2023). The total number of laboratory tests performed
currently approaches 7.5 million, of which 1.7 million were
positive. Mainly, the mRNAs (those from Pfizer and Mod-
erna) were applied, and 97% out of all doses were these two
types. Thus, the type of vaccine probably does not play a role
in interregional differences.

Then, all data come from the National Health Information
Centre (NCZI). All primary data are available also on the
website korona.gov.sk. Firstly, we used correlation and
regression analysis procedures, in which the vaccination of
population (those fully vaccinated) in percent is the independent
variable. The 7-day incidence from PCR tests (per 100,000
inhabitants) and the positivity of tests (in per cent) were used
as the dependent variables. Here, the 7-day rolling averages
were applied. In principle, given the availability of primary
data from the PCR testing, there is nothing better for making
analyses. However, we added also the rate of standardized
incidence, which considers different levels and fluctuations
in the volume of PCR tests carried out in the individual
regions. The calculation works on the principle of weighting
the regional share of PCR tests, using the proportion of
inhabitants of the respective region in the total. It means that
in those regions where the extent of testing was above average,
the number of identified positive cases was lower. On the
contrary, in those regions where the extent of testing was below
average, the number of positive cases practically increased. The
corresponding mathematical expression is as follows:

st
stl; = Pl .100 000 1)

L

all
stTpas — TPos Pi Ti
i

pos. /
XL I T

(@)

where

stl, — standardized incidence in the region i

stTF%— standardized number of positive PCR tests in
the region i

T/ — number of positive PCR tests in the region i

stT"— overall number of PCR tests carried out in the
region i

P; — number of inhabitants in the region i

The standardization was done separately for each respec-
tive date.

Secondly, we separately analyzed two time series corre-
sponding to the third (Delta) and fourth (Omicron) waves.
September 1, 2021 can be identified as the beginning of

the third COVID-19 wave in Slovakia. Already, the end of
August of that year showed signs of a modest growth in the
number of patients, but the September values may be con-
sidered more significant. While the Delta wave reached the
peak during December 1-16, 2021, its end came approxi-
mately in mid-January 2022. The Omicron wave began soon
— the starting date in the analysis is January 16, 2022, its
peak was roughly in mid-February. Instead of analyzing the
set of 79 units like in the first approach, we classified the
LAU 1 units into the three categories, namely tertiles, for
a better interpretation. The classification was based on the
share of vaccinated persons in the total population on the
respective dates. It reduced possible distortions associated
with the different pace of vaccination in the regions from
September 2021 to January 2022. If the vaccination level
matters, the most telling value may likely be found at the
beginning of the wave. We also tried a classification based
on the values from the peak of the wave, but the results were
essentially unaffected. In terms of vaccination, the position
of the units within one wave was relatively stable.

The districts were also categorized alternatively as fol-
lows: the least vaccinated districts (30—40% of vaccinated
persons), those with 40-50% of such persons, those with
50-60%, and the most vaccinated districts (60-70% of vac-
cinated persons). For the Omicron wave, the intervals were
increased by 5% (35-45%, 45-55%, 55-65%, 65% and more,
respectively), and the districts were re-grouped. However,
the problem with this classification resided in the fact that
the numbers of districts in each category were too different.
The number of the most vaccinated districts with at least
60% of vaccinated persons was simply too low compared
to the number of districts with less than 40% of those vac-
cinated. Although the differences between the most and least
vaccinated regional populations were sizeable, we did not
include these results due to statistical significance.

The third method we used is the hot-spot analysis — a
local version of spatial autocorrelation (Getis & Ord 1992).
This procedure, when applied to incidence, positivity and
standardized incidence, allows identifying the extreme posi-
tions related to the virus spread at various rates of signifi-
cance — that is, those regions where the situation was the
worst or the best. At the same time, we used the hot-spot
analysis also for the identification of regions where the larg-
est deviations from the values of the regression model were
achieved. This too served to describe the spatial variability
of the COVID-19 spread. Likewise, we used the hot-spot
analysis since one of its basic properties is the ability to
identify only those high or low values that may be found —
besides the region concerned — also in neighboring regions.
This is the essence of the spatial autocorrelation procedure
(Bleha & Duréek 2019). The analysis of residuals was car-
ried out as well.
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«Fig.3 The spatial distribution of observed indicators and the spatial
autocorrelation of residuals from the OLS model in the set of LAU 1
regions (Omicron wave)

The results in the form of residuals (more in the “Results
and Discussion” section) allowed the application of the last
method, namely geographically weighted regression (GWR).
The main reason for using the GWR model is the fact that
the basic ordinary least squares (OLS) model is unable to
capture the existence of spatial differences for two or more
variables. That means that through the GWR method, we are
able to measure these spatial differences, especially in the
clusters of residuals. GWR is a local form of linear regres-
sion calculated for each unit and the nearest neighbors. Thus,
the model can be written as:

vi = Bo(uv;) + Jz ﬁj(ui;vi)Xxﬁ +¢; 3)

where

y; is the dependent variable.

Xj; is the jth independent variable.

Bj (ui,v;) is the jth coefficient at location (u;v;).

g; 1s the random error term.

Unlike OLS, the parameters are allowed to vary by loca-
tion (u,v;).

Defining the neighborhood represents the most chal-
lenging point in the whole GWR analysis. The two basic
possibilities of defining are the so-called fixed kernel and
the adaptive kernel (Sachdeva & Fotheringham 2020).
After testing several variants of defining the neighbor-
hood (more also in Brunsdon et al. 1996; Haining 2003;
Smith et al. 2018; Horak 2019; Horak et al. 2020), we
chose the fixed kernel — here, we included 20 near-
est neighbors for each unit. We used software ArcGis,
namely the tool “Geographically Weighted Regression,”
to calculate GWR. The global value of R? or adjR? was
calculated as the average of local results in the individual
regional units. The AICc indicator was used to compare
the models that have a different dependent variable. The
model with a lower AICc value provided a better fit to
the observed data.

Results and Discussion

Table 1 demonstrates the basic results of the statisti-
cal analysis in the selected time sections. The trend of
indicators is evident. With the rising Delta wave during
October and November 2021, there was a growing indi-
rect dependence between the share of vaccinated persons
and positivity, and also between the share of vaccinated
persons and standardized incidence.

The coefficient of determination indicates that more and
more variability of indicators over time may be explained
through the vaccination rate when the wave was rising. This
is largely true for more suitable indicators such as positiv-
ity and standardized incidence. To increase the objectivity
of the analysis, we also present the adjusted coefficient of
determination, which reflects the number of statistical units.
However, its values do not differ much from an unadjusted
version. Intercept b, shows the values of indicators in a
hypothetical case, if each Slovak region achieved a zero level
of vaccination (no vaccines were available). The slope b,
indicator demonstrates a theoretical change in the values, if
the vaccination rate increased by 1 percentage point against
the current value. Thus, a higher vaccination coverage would
significantly reduce both positivity and incidence values in
the model. As regards the Delta wave, the model predicts
that in case of 65% vaccination, the current values of positiv-
ity would be roughly 20% instead of more than 30%. Moreo-
ver, 65% is still a value considerably below the values in the
most vaccinated countries. With respect to the Delta wave,
if the half of less vaccinated regional populations had been
virtually “removed” from the total Slovak population, the
country would have been in the better half in the European
ranking of the virus spread instead of being in the worst
quartile. Within the Omicron wave, the values of correla-
tion and determination are only slightly lower. Despite the
quicker and easier spread of the Omicron variant in popula-
tions, vaccination seems to be an effective “preventer.”

n count, x mean, s standard deviation, r Pearson’s cor-
relation coefficient, r° coefficient of determination (R
square), adjr2 adjusted coefficient of determination, F
significance level of correlation coefficient, b, intercept,
P, significance level of coefficient b, Low,, lower bound
of the 95% confidence interval of coefficient by, U,,,, upper
bound of the 95% confidence interval of coefficient b,
b, slope, P,, significance level of coefficient b,, Low,,
lower bound of the 95% confidence interval of coefficient
bl, Up,,; upper bound of the 95% confidence interval of
coefficient b

Figure 1 depicts the development of the three dependent
variables over time, with the LAU 1 regions arranged into
three tertiles according to the rate of vaccination in the
Delta wave. All three indicators show a gradual “scissors
opening” between the groups of more and less vaccinated
regional populations. The greatest divergence is manifested
in positive PCR tests. The only exception is formed by non-
standardized incidence, the latest values of which do not
differ much. This indicator is gradually losing its explana-
tory power and ability to demonstrate the variability. Con-
cerning rate of positivity and standardized incidence, there
is an evident gap between the group of the most vaccinated
regional populations and the other groups. The difference
is most pronounced at the peak of the wave.
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Global results

Indicator Incidence

Positivity Standardized incidence

Neighbors 20

Residual Squares 103952 1020 19108

Effective Number 21 21 21

Sigma 43 4 18
819 463 688

R2 0.73 0.69 0.71

R2 Adjusted 0.64 0.57 0.60

Fig.4 Main results of the GWR method in the set of LAU 1 regions (Omicron wave)

Figure 2 depicts the development of the three depend-
ent variables over time, with the LAU 1 regions arranged
into three tertiles according to the rate of vaccination in
the Omicron wave. A comparison of the curves in Figs. 1
and 2 suggests that vaccination in the Omicron wave had
slightly a lesser effect on inter-regional differences. But
even here, the impact is not negligible, particularly as
regards a gap between one-third of the most vaccinated
units and the other units.

Opponents of the effect of vaccination on the virus spread
and on inter-regional differences in positivity and incidence

@ Springer

might not be convinced by the values in Table 1 as well as
Fig. 1 and 2. However, especially in the Delta wave, the
values of statistical indicators are relatively high, surely
not negligible. Nevertheless, there is certainly not a high
correlation. Therefore, we went further and applied other two
procedures (Figs. 3 and 4), which may reveal regional clusters
where vaccination works more and less.

Figure 3 is a series of maps where the hot-spot spatial
autocorrelation method was applied to a set of regions
in Slovakia as of February 14, 2022 (i.e., at the crude
peak of the Omicron wave). An interesting finding is
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documented by three maps on the right showing the
residual values of the regression model. The maps offer
an interpretation — the identification of districts that
match our model within the 90% confidence interval (Std.
Dev. V-1.65 to 1.65). They form a major part out of the
79 country’s districts, especially in the second and third
maps on the right. In this majority group, we managed to
clearly identify a close relationship between vaccination
on the one hand and standardized incidence and positivity
on the other hand.

There are several possible explanations of why some
regions face a better/worse situation than the model-pre-
dicted values. Among others, the impact of the previous
waves on regional populations could play an important
role. There is still no robust dataset on the presence of anti-
bodies from laboratories that would meet the criteria for
a significant geostatistical analysis. Some factors may be
classified as “behavioral” ones. From the sociological, eco-
nomic, and demographic viewpoints, though being a small
population unit, Slovakia is a very heterogeneous country
with distinct regional disparities. An elementary, very crude,
division comprises the two macro-regions, namely the “poor
South-East” and the “rich North-West” (Korec 2014). This
basically reflects the vaccination coverage, but it could also
encompass aspects such as reluctance towards the measures
and COVID-19 rules. The political parties with a strong
anti-vax and anti-rules agenda have a stronger support in
poorer regions with lower education levels as well as higher
unemployment rates (PleSivcak et al. 2018). This could be
manifested in a more difficult tracking of contacts and some
other aspects resulting in an easier proliferation of the virus
in respective regions. Below, we also discuss the possible
impact of different declines in regional mobility.

The global values of R* oscillate around 0.7 (Fig. 4).
The adjusted values are slightly lower, but still signifi-
cantly higher than those for normal regression (OLS)
given in Table 1. The model best fits for the indicator

of positivity, as evidenced by the lowest AICc value.
The better GWR score compared to OLS unambiguously
confirms that the relationship between vaccination and
rates of the COVID-19 spread is generally strong, but
varies considerably among the regions. A strong nega-
tive correlation (R*> > 0.5; b, < 0) may be found in the
western part of the country. The central part of Slova-
kia normally has a weak negative correlation (R? < 0.3;
b, < 0). An interpretation of the figures could be that
vaccination here helps prevent the spread of the virus
less — and it seems that vaccination has no effect on
incidence and positivity in the easternmost part of the
country (R* > 0.3; b, > 0). This can be explained also
by the fact that there was only a small decline in mobil-
ity in this area compared to the beginning of September
2021. This hypothesis is also supported by Community
Mobility Reports data from Google. Indeed, the decline
in mobility in eastern Slovakia was on average lower than
in western Slovakia. On the other hand, the regional data
on mobility comprise also several discrepancies, and its
explanatory power is thus limited.

There is a great difference between the big cities
and rural or underdeveloped areas with generally lower
mobility, primarily the intensity of commuting. This
means that high mobility is likely to negate the benefits
of vaccination in slowing down the spread of the virus.
However, other factors too need to be taken into account,
particularly those that may cause a weakening of the link
between vaccination and the COVID-19 proliferation
in regional units. Among others, let us mention socio-
demographic characteristics — for instance, the different
shares of segregated Roma communities occurring mainly
in the south of central Slovakia and in its east (gprocha &
Bleha 2018). In these areas, the low level of vaccination
is associated with low labor mobility; on the other hand,
the virus is easier to spread here due to high population
density.

Table 2 Pearson’s coefficient

Positivity Positivity Positivity

of correlation in set of LAU

1 units (positivity in % versus 01.12.2021 16.01.2022 16.02.2022

selected indicators)
Average size of households 0,15 0,52 0,21
Share of people 65 and over (%) -0,03 -0,37] -0,01
Mean age of population 0,08 -0,25 0,10
Share of people with elementary education 0,35 0,39 0,46
Share of people with tertiary education -0,44 -0,40 -0,57
|Average wage -0,51 -0,42 -0,42

The red cells represent a positive correlation. The blue cells represent a negative correlation.
Deeper colours are used for higher values of correlation
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There are several possible explanatory schemes and
factors. We have included some of them into Table 2, where
at least a moderate degree of dependence is expressed by
the Pearson coefficient. In general, the higher vaccinated
regions are those with better social-economic status (wages,
educational structure), and this is why the positivity was lower
in such regions, but the values of Pearson’s coefficient were
moderate, and dependency was significant but not very strong.
Furthermore, some dependencies are stable over time, but some
are fluctuating.

Conclusions

The results of our statistical and geostatistical analysis for
the LAU 1 regions in Slovakia quite clearly indicate that
the vaccination rates matter. The statistical dependence of
indicators in the set of 79 units (i.e., country’s administrative
districts) was undeniably increasing, the scissors between the
most and least vaccinated regions in the values of incidence
and positivity were opening, and this trend was lasting for
two and a half months in the Delta wave. In terms of the
Omicron wave, the results are roughly the same, depending
on a concrete indicator. This is true despite facts such as a
lower decrease in mobility, less strict measures, and weaker
adherence to them. Because of their massive numbers, the
tracing of contacts of infected persons was also a problem.
In spite of that, even in the case of the Omicron wave, a
significant effect was demonstrated using more elementary
methods. It turns out that simpler methods too can have
a telling value, if properly used and if data are consistent
as well as robust enough. However, it is beneficial to add
geostatistical approaches helping reveal the causes of lower
correlation achieved by conventional statistics. This is
especially true if there are not enough suitable indicators
for a factor analysis, as in the case of this study.

The key message of the results is that a black-and-white
vision of the vaccination effect on the virus spread in the
population barely exists. Spatial methods disclose the real
strength of the link between the vaccination coverage and
positivity or incidence. Casting doubt on the impact of
vaccination stands on shaky grounds. On the other side,
presenting the results of maps with an almost perfect correlation
between incidence and vaccination, for example in a set of
European countries, is inappropriate too. Certainly, this link
existed for hospitalizations and deaths to a substantial extent
during the Delta wave; however, the different timing of the
wave in various countries makes such comparisons inadequate.
In regional populations, further attention should be paid to
socio-demographic and geographical predictors increasing/
decreasing the vaccination effect. By this, we mean not only
age, but also the level of education, mobility, willingness to
respect anti-pandemic rules, and several other factors.
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