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Background: Area deprivation has been shown to be associated with various adverse

health outcomes including communicable as well as non-communicable diseases. Our

objective was to assess potential associations between area deprivation and COVID-

19 standardized incidence and mortality ratios in Bavaria over a period of nearly 2

years. Bavaria is the federal state with the highest infection dynamics in Germany and

demographically comparable to several other European countries.

Methods: In this retrospective, observational ecological study, we estimated the

strength of associations between area deprivation and standardized COVID-19 incidence

and mortality ratios (SIR and SMR) in Bavaria, Germany. We used official SARS-CoV-2

reporting data aggregated in monthly periods between March 1, 2020 and December

31, 2021. Area deprivation was assessed using the quintiles of the 2015 version of the

Bavarian Index of Multiple Deprivation (BIMD 2015) at district level, analyzing the overall

index as well as its single domains.

Results: Deprived districts showed higher SIR and SMR than less deprived districts.

Aggregated over the whole period, the SIR increased by 1.04 (95% confidence interval

(95% CI): 1.01 to 1.07, p = 0.002), and the SMR by 1.11 (95% CI: 1.07 to 1.16, p <

0.001) per BIMD quintile. This represents a maximum difference of 41% between districts

in the most and least deprived quintiles in the SIR and 110% in the SMR. Looking at

individual months revealed clear linear association between the BIMD quintiles and the

SIR and SMR in the first, second and last quarter of 2021. In the summers of 2020 and

2021, infection activity was low.

Conclusions: In more deprived areas in Bavaria, Germany, higher incidence and

mortality ratios were observed during the COVID-19 pandemic with particularly strong

associations during infection waves 3 and 4 in 2020/2021. Only high infection

levels reveal the effect of risk factors and socioeconomic inequalities. There may

be confounding between the highly deprived areas and border regions in the north
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and east of Bavaria, making the relationship between area deprivation and infection

burden more complex. Vaccination appeared to balance incidence and mortality

rates between the most and least deprived districts. Vaccination makes an important

contribution to health equality.

Keywords: COVID-19, area deprivation, standardized incidence ratio, standardized mortality ratio, Bavarian Index

of Multiple Deprivation, hierarchical models

INTRODUCTION

COVID-19 (Coronavirus disease 2019), an infectious disease
in humans caused by the Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2), first emerged in December 2019
in China and was declared a pandemic by March 2020 (1). This
pandemic caused a significant increase in mortality and led to a
heavy burden in healthcare systems worldwide. The search for
factors related to COVID-19 outcomes is of great interest for the
development of strategies to cope with this disease.

Lack of material and social resources may explain why
worse health outcomes are often observed for residents
of more deprived areas (2). Area deprivation relates to a
large number of adverse health outcomes, e.g., coronary
heart disease, type 2 diabetes or cancer (3–6). To analyze
those area-level health disparities, deprivation indices are
widely used (7–9). These indices include several distinct
indicators or rather domains to describe different aspects
of area-based lack of resources. Typically, income and
employment are key domains of deprivation indices, but
other indicators, e. g. educational or environmental aspects, are
also considered.

Associations between aspects of COVID-19 and area
deprivation have been investigated for several countries,
including Germany (10–18). Even though COVID-19 is
transmitted by individuals, these studies consistently report that
the risk of COVID-19 infections, as well as COVID-19-related
mortality, are higher in more deprived than in less deprived
areas. However, it has also been found that this relationship
could change over time (19, 20).

With regard to COVID-19 it should therefore be of interest
to include data over longer time periods to account for temporal
variations and to disentangle the associations between different
deprivation domains and COVID-19 incidence and mortality.

The very first SARS-CoV-2 outbreak in Germany was reported
for the southern federal state of Bavaria (21, 22), which is the
largest German state by area and the second largest by population
with more than 13 million inhabitants. This exceeds significantly
the population size in many European countries. Moreover,
Bavaria is one of the wealthiest states in an already economically
strong country like Germany.

Infection control measures in Germany differ from state to
state. Therefore, it would be appropriate to focus on a specific
area with largely uniform control measures like Bavaria.

Several infection waves have occurred since March 2020 and
at the time of submission of this paper, Bavaria and Germany are
in the transition phase between the fifth and sixth infection wave.
To date, Bavaria still lacks a comprehensive analysis on how area

deprivation and the COVID-19 burden relate to each other over
the course of the pandemic.

However, it should be considered that geographical patterns
of health inequalities already existed before the pandemic. In
particular, non-communicable diseases are unequally distributed
in the population which could be related to area deprivation (3–
6). Such geographical patterns of health inequality may also apply
to COVID-19.

We therefore decided to focus on Bavaria to investigate
which area-related material and social factors could be associated
with COVID-19 infection risk and mortality, and how they
interact with approaches chosen to counteract COVID-19 such as
vaccination or lockdown. Given pre-existing geographical health
patterns, we expected higher COVID-19 infection and mortality
rates in more deprived districts. We hypothesized that income,
employment and education may be related to COVID-19, as
these factors appear to be strongly related to the ability to work
from home, to reduce contacts and to reduce mobility. We
explore how the effect of the measures taken may interact with
area deprivation.

The specific aim of our study is to investigate the
association between area deprivation and standardized SARS-
CoV-2 incidence and mortality ratios (SIR, SMR) between
spring 2020 and winter 2021 at the district level in Bavaria,
Germany, and to assess whether area deprivation consistently
explains the variability in local population-adjusted COVID-
19 incidence and mortality at specific time points and over
longer periods.

MATERIALS AND METHODS

Data Source and Structure
The Bavarian Health and Food Safety Authority (Bayerisches
Landesamt für Gesundheit und Lebensmittelsicherheit, LGL) is
the competent authority in Bavaria for the report of SARS-CoV-
2 data and publishes the aggregated data of all local Bavarian
health offices (23). We processed the data provided by the LGL
at the individual level for the years 2020 and 2021, starting on
March 1, 2020, until December 31, 2021, to exclude sporadic
infections before March 2020. This period included data from the
first to the fourth wave of infection (24): the first wave started in
calendar week 10 in 2020 (03/02/2020) in Germany and lasted
until 05/17/2020, followed by sustained low rates in the summer
period in 2020 between 05/18/2020 and 09/27/2020. The second
wave started on 09/28/2020 and lasted until 02/28/2021. The
third wave started on 03/01/2021 and went on until 06/13/2021,
followed by sustained low rates in 2021 (between 06/14/2021
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and 08/01/2021). The fourth wave started on 08/02/2021 and
continued until 12/26/2021 (24).

In Germany and Bavaria, incident cases are persons with
laboratory-confirmed evidence of SARS-CoV-2 (direct pathogen
detection). COVID-19 deaths are defined as death cases related
to this infection (25). In practice, it is often difficult to decide
to what extent the SARS-CoV-2 infection directly contributed
to the death. Both groups, people who died directly from the
disease (“death due to COVID-19”) and patients with pre-
existing conditions who were infected with SARS-CoV-2 and for
whom the cause of death cannot be clearly determined (“death
with COVID-19”), are reported as COVID-19-related deaths.
We rely on data from the LGL without knowing in detail how
the COVID-19-related deaths were identified as such by the
health offices/doctors.

While the exact date of death was used for the analysis of
mortality, the incidence was analyzed using the reporting dates
of the infection, which do not have to coincide with the date of
onset of symptoms or the date of the first positive test result.
The Bavarian data do not include the date of the first positive
test result. We did not perform nowcasting (26) to correct for the
reporting delay. For a part of the infections, the date of symptom
onset is given. In order to take into account the natural course of
the infection, we additionally considered a 14-day delay between
infections and deaths (27). For the main analysis, the data were
aggregated in monthly periods. Accordingly, the first period
of aggregated data (“March 2020”) includes data on infections
between 1March and 31March 2020 and data on deaths between
15 March and 14 April 2020.

Premature mortality is an important indicator for public
health and the effectiveness of health systems (28, 29). Deaths
below the age of 65 are considered premature, occurring at an
age well-below the average life expectancy and being in many
cases preventable. A high percentage of premature deaths is an
indication of increased health risks in the population.

Area Deprivation
Area deprivation was assessed at district level (“Kreisebene”)
using the Bavarian Index of Multiple Deprivation (BIMD) for
the reference year 2015 (BIMD 2015) (30). Bavaria consists of 96
rural and urban administrative districts. Both the BIMD and the
area deprivation measure for the whole of Germany, the German
Index of Multiple Deprivation (GIMD), were constructed based
on the method used in the UK and adapted to the German
context (6). Both indices have been shown to be associated with
a number of adverse health outcomes in non-communicable
diseases, including diabetes and cancer incidence, but also
mortality (31–33).

The BIMD consists of seven deprivation domains with
different weighting: income (25%, financial poverty of residents),
employment (25%, unemployment), education (15%, lack of
vocational training), municipal/district revenue (15%, financial
situation of the districts), social capital (10%, for lack of
social capital), environment (5%, poor quality of the physical
environment), and security (5%, accidents and crime rates)
(29, 30). In our analysis, we used quintiles of the overall score
and the domain-specific scores (“deprivation quintiles”) where

quintile 1 (Q1) includes 20% of the least deprived and quintile
5 (Q5) 20% of the most deprived districts. The BIMD quintiles
were calculated using the distribution of districts without taking
population size into account. We label the quintiles as follows:
least deprived (Q1), less deprived (Q2), moderately deprived
(Q3), more deprived (Q4), and most deprived (Q5). During
the observation period, we assigned to each district a constant
deprivation quintile not changing over time.

Statistical Analyses
We determined SIR and SMR as ratios of observed to expected
infection incidence and mortality rates. SIR and SMR are
therefore relative risks. We calculated the expected values
using indirect standardization to the latest available Bavarian
population (from 2020) (34). The Bavarian population is
comparable to the European Standard Population 2013 (see
Supplementary Table 1). For this approach, the population was
stratified into 15 age and sex-specific categories (0–4, 5–9,..., 60–
64, 65–74, and 75 years and older). These age categories were
available for each district. For each month, the stratum-specific
event rates (infection/mortality) for the whole of Bavaria were
multiplied by the specific population of the district. Summing
over all strata gives the local expected number of events. The
locally observed number of events was divided by the locally
expected number to obtain the local standardized event ratio.
These ratios can therefore change every month. Monthly, they
represent the extent of heterogeneity of SIR and SMR in the
Bavarian population.

The primary analysis examined the association between area
deprivation and SIR and SMR simultaneously using the bivariate
version of the Besag-York-Mollie (BYM) model (35–37). This
model is referred to as a standard model in geographical
epidemiology (38). The BYM model includes both rates as a
bivariate endpoint and considers the correlation between them.
It is important to include both measures together in the model
(i) to increase power in detecting specific associations (39)
and because (ii) the strength of correlation between the two
measures is a measure of dependence on common, area-level,
unmeasured risk factors (40). Another problem in working with
spatial data is spatial autocorrelation, which occurs when the
values of a variable (e.g., SIR) measured at nearby locations are
more similar than the values of the same variable measured
at a greater distance (41). The BYM model also takes into
account that the relative risks (SIR, SMR) of neighboring districts
are correlated and introduces smoothing of extremely large
estimates, which are generally caused by few observations in
small regional populations. As is often the case, only nearest
neighbors (i.e., districts with a common border) are considered
for the correlation in the model, while next nearest neighbors are
not. Border effects are neglected, i.e., morbidity and mortality
in neighboring districts outside Bavaria are not considered.
Neighboring German federal states to Bavaria are Baden-
Wuerttemberg and Hesse in the west, and Thuringia and Saxony
in the north. Neighboring countries are the Czech Republic in
the east, Austria in the east and the south, and Switzerland in the
south of Bavaria.
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The deprivation quintiles were included in the BYM model
as an ordinal variable. In a test for linear trend, linear contrast
was used for the quintiles centered on their mean (−2, −1, 0, 1,
2). In a sensitivity analysis, the BYM model for SIR/SMR using
the BIMD was additionally adjusted for the population density
for 2020 (“population density in 1,000 inhabitants per square
kilometer”). In a complementary analysis, we also examined how
area deprivation affects the risk of dying as an infected person
using the standardized case fatality ratio (sCFR). The sCFR
describes the ratio of the regional variation in mortality to the
regional variation in the documented infection process (42). It
estimates the relative risk of dying from or with COVID-19 as a
documented case. Strong small-scale variability in sCFR suggests
a preference for regional over higher-level measures to manage
the incidence of infection. The sCFR can be estimated as the ratio
of SMR and SIR using the bivariate BYMmodel (42).

The BYM model uses non-informative a priori distributions
according to the default settings of the analysis software (40). We
reported the mean estimates averaging over 20,000 replications,
including an initial burn-in period of 10,000. Point estimates
were reported together with 95% credibility intervals (95% CrI).
Statistical significance is claimed if the 95% CrI does not contain
the value one. These models are referred to as structured models.

In addition to the Bayesian BYMmodel, we fitted a frequentist
multilevel Poisson model to the data. To determine a marginal
effect of the BIMD 2015 on the SIR and the SMR over the
entire observation period, multilevel Poisson models were used
in which the district and time were random effects and the BIMD
or one of the seven domains were fixed effects. These models
are fitted using the maximum likelihood method and referred
to as unstructured models in this paper. More specifically, these
generalized mixed Poisson models include the observed counts
as the outcome and the BIMD quintiles as the predictor (fixed
effect). The logarithm of the expected counts was included as
an offset and time and district as random effects. The observed
and expected counts were aggregated beforehand on a monthly
basis, using the same data as for the BYM model. The model
provides risk ratios (RR) interpreted for BIMD as relative
increase in SIR/SMR per one quintile increase in BIMD. In
addition, population density was included as a fixed effect for the
sensitivity analysis.

For testing statistical significance in the multilevel models,
we adopted a hierarchical approach: first, the main effect of
the association between BIMD and SIR/SMR was estimated and
statistical significance was claimed at a 5% confidence level. If
the main effect was found to be statistically significant, analyses
were conducted for the seven domains. The p-values for the
domains were adjusted using the Bonferroni correction. This
hierarchical testing procedure maintains the overall significance
level of 5% and minimizes the number of falsely significant
results due to multiple testing for the same data. Point
estimates are reported together with 95% confidence intervals
(95% CI).

Additional exploratory analyses were conducted to examine
the relationship between incidence rates (IR) and mortality rates
(MR) between the most and least deprived districts (IRQ5/IRQ1

and MRQ5/MRQ1) over time.

The analyses were carried out using the software R (Version
3.6.3.) (43) and GeoBUGS (Version 1.2) (40). The unstructured
models were estimated using the R function “glmer” of the R
package “lme4” (44). The R function “supsmu” was used to
smooth weekly incidence andmortality rates to present smoother
curves (45). Maps were generated in QGIS 3.10.10 (46).

RESULTS

Overview
After excluding all individuals without valid age and/or sex
information (n=10,993, 0.8% of data), a total of 1,319,456
SARS-CoV-2 infections and 19,571 associated deaths were
reported in Bavaria between March 1, 2020 and December
31, 2021. Comparison of daily SARS-CoV-2 incidences and
deaths in Bavaria compared to Germany and other selected
European countries of similar size to Bavaria are shown in
Supplementary Figures 1, 2, respectively. In persons under 65
years of age, a total of 1,694 COVID-19-associated deaths were
reported (8.5% of all deaths). Infections were evenly distributed
between both sexes (males 49.8%), and the median age of those
infected was 38 years (interquartile range IQR: 22 to 54 years). Of
the fatal COVID-19 cases, 52.2% were males with a median age
of 83 years (IQR: 76 to 89 years). The population of the districts
varies between 40,842 and 1,488,202 inhabitants, with a median
of 117,648 inhabitants. Taking into account the area of the
districts, the population density ranges from 66 to 4790 persons
per square kilometer (median: 149). Of the 96 districts, 19 (20,
18, 20, and 19) belong to the first (second, third, fourth, and
fifth) BIMD 2015 quintile, respectively (Figure 1A). As can be
seen from Supplementary Figure 3, the assignment of districts
to BIMD 2015 quintiles looks different for each domain of the
BIMD 2015. In addition, Figures 1B,C show maps of SIR and
SMR of accumulated data over the whole observation period.

Unstructured Analysis of Time-Specific
Area Deprivation Effects
Figure 2 shows the weekly reported incidence and SARS-CoV-
2-associated mortality rates in the districts belonging to each
BIMD 2015 quintile. To indicate the first wave, the graph starts
in January 2020 and covers the whole period until December
2021. The incidence rate (IR) curve (Figure 2A) thus qualitatively
shows the four pandemic waves in Bavaria. The periods of the
waves according to the official definition (23) are shown as
light gray-shaded areas in Figure 2 and the initial dates of the
lockdowns are indicated as vertical dashed lines.

During the first wave in March/April 2020, the least and more
deprived districts (Q1 -purple and Q4 -green) have the highest
IR, while the most deprived districts have the lowest rates (Q5
-light green). At the beginning of the second wave in August
2020, moderately deprived districts (Q3 -light blue) show the
highest IR, but as the wave progresses, the most deprived districts
are the most affected, peaking in October and November 2020.
Around Christmas 2020, the districts in Q4 and Q5 show an
increase in IR, and these two categories remain the ones with the
highest IR until the end of the third wave. At the beginning of the
fourth wave in August 2021, districts in Q1 and Q3 show higher
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FIGURE 1 | Maps of area deprivation and standardized incidence and mortality ratios in Bavaria, Germany. (A) Bavarian Index of Multiple Deprivation for the reference

year 2015 (BIMD 2015), (B) standardized incidence ratio (SIR), and (C) standardized mortality ratio (SMR) for the 96 districts in Bavaria, Germany. SIR and SMR were

calculated for the period between March 1, 2020 and December 31, 2021.

rates. After the rapid increase in pandemic activity in September
and October 2021, again the districts in Q4 and Q5 show the
highest IR.

In terms of mortality rates (MR, Figure 2B), MR generally
peak a few weeks after the peak in IR. During the first wave, MR
are highest in the districts Q4 and Q1, similar to IR. The second
MR peak is observed around Christmas 2020, with MR highest in
Q4 and Q5 districts, which is also true for the third and fourth
pandemic waves. Up to 2.5-fold relative differences between
mortality rates are observed between Q5 and Q1. Premature
mortality rates show a similar ranking of districts as mortality
rates (see Supplementary Figure 4). However, because of the
smaller sample size, the curves are not as smooth. In the second
and in the third wave, the least deprived districts in Q1 show
a nearly constant and very low MR. It is interesting to note
that while overall COVID-19 mortality rates decline after the
second wave, the magnitude of premature mortality remains
about the same.

Figure 2C shows a remarkable ratio for IR and MR between
the districts with the highest and lowest deprivation for the first
COVID-19 winter. In the period of general vaccination (the first
months in 2021), this inequality gets balanced.

Unstructured Analysis of Overall Area
Deprivation Effects
The overall strength of the association between area deprivation,
as measured by either the BIMD 2015 or its domains, and the
SIR/SMR was calculated for the entire study period, adjusting for
district and time. The results are shown in Figure 3 for the BIMD
2015 and in Table 1 for the BIMD 2015 and its seven domains.
For the BIMD 2015, a statistically significant positive association
was found with SIR and SMR (SIR= 1.04 (95% CI: 1.01 to 1.07),
p = 0.002; SMR = 1.11 (95% CI: 1.07 to 1.16), p<0.001, per one
quintile increase in the BIMD 2015). The SIR/SMR thus increases
with increasing area deprivation.

With respect to the single domains, statistically significant
positive associations were found for SIR and SMR with income
deprivation (SIR= 1.05 (95% CI: 1.02 to 1.08), p= 0.003; SMR=

1.11 (95% CI: 1. 06 to 1.16), p < 0.001 per one quintile increase)
and social capital deprivation (SIR = 1.04 (95% CI: 1.02 to 1.07),
p = 0.010; SMR = 1.11 (95% CI: 1.06 to 1.16), p < 0.001 per
one quintile increase). Another positive association was found
for SMR with employment deprivation (SMR = 1.09 (95% CI:
1.05 to 1.14), p < 0.001 per one quintile increase) and a negative
association for SIR with environmental deprivation (SIR = 0.95
(95% CI: 0.93 to 0.98), p= 0.005).

Table 1 also shows the estimates from a model adjusted for
population density. The results are very similar to the results of
the models without adjustment for population density, except for
educational deprivation, which now shows a positive association
with SIR.

Structured Analysis of Time-Specific Area
Deprivation Effects
Figure 4 shows the estimates of the BYM model for the bivariate
endpoint SIR (A) and SMR (B) over time for each quintile of the
BIMD 2015. The point estimate for each quintile is shown along
with the 95% CrI, and the value of one (“neither increased nor
decreased SIR/SMR“) is shown as a dashed line. Note that due to
the very low number of deaths in July and August 2020 in Bavaria
(n = 11 and n = 18, respectively), the SMR could not be reliably
estimated and is not shown in the figures.

At the beginning of the first wave in March 2020, the SIR are
the highest in the least deprived districts and the lowest in the
most deprived districts. However, as the first wave progresses, this
effect disappears. Between the first and second wave in summer
2020, infection and death counts were low, which is reflected in
wide credibility intervals. At the beginning of the second wave,
districts from the two least deprived quintiles (Q1 andQ2) appear
to have a slightly lower SIR. However, given the uncertainty of
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FIGURE 2 | Incidence and mortality rates for BIMD 2015 quintiles in Bavaria,

Germany. Weekly reported incidence (A) and overall mortality rates (B) per

100,000 and the ratio of Q5 and Q1 in (C) for districts belonging to each

quintile of the Bavarian Index of Multiple Deprivation 2015 (BIMD 2015)

between 2015 between January 2020 and December 2021 in Bavaria,

Germany. Q1 describes the 20% least deprived and Q5 the 20% most

deprived of all 96 districts. The time periods of the four infection waves are

shown as light gray areas in the figure. IR, incidence rate, MR, mortality rate.

the estimates, no clear conclusion can be drawn from this. In
December 2020, in the middle of the second wave, the trend
of an increasing SIR with increasing area deprivation becomes
statistically significant and remains so until the end of the third
wave. The fourth wave begins with the same significant trend of
higher incidence ratios in more deprived districts, and at the end
of the fourth wave the effect is still present.

Mortality ratios show similar trends compared to incidence
rates. In the last month (December 2021), the SIR was 0.93
(95% CrI: 0.83 to 1.07) for the least deprived and 1.11 (95% CrI:
0.98 to 1.28) for the most deprived districts. The corresponding
numbers for SMR are 0.76 (95% CrI: 0.58 to 0.98) and 1.39
(95% CrI: 1.05 to 1.78). Figure 4 also implies that the association
between the BIMD 2015 and SIR/SMR is strongly fluctuating
over time (tests on time x BIMD interaction are highly significant
with p < 0.00001).

FIGURE 3 | Strength of associations between area deprivation and

standardized incidence and mortality ratios in Bavaria, Germany. Strength of

associations between Bavarian Index of Multiple Deprivation (BIMD) 2015 and

standardized incidence ratio (SIR) and standardized mortality ratio (SMR) for

the 96 districts in Bavaria, Germany. Estimates for the period between March

1, 2020 and December 31, 2021 are shown for BIMD 2015 quintiles Q2 to Q5

(with Q1 = least deprived as the reference category) together with 95%

confidence intervals. The estimates are adjusted for district and time.

In an additional sensitivity analysis we, included population
density in the BYM model. The adjusted result is shown in
Supplementary Figure 5. The results show the effect of the
BIMD 2015 independent of population density. The overall
impression is that the results remain comparable to the
unadjusted model shown in Figure 4. Population density is
generally higher in city districts than in rural districts. Therefore,
the population-adjusted model partially controls for the effects of
densely populated cities. In both the unadjusted and population-
adjusted models, the linear trend of BIMD remains similar.
Population density itself showed a statistically significant positive
effect on the SIR mainly in between infection waves. This means
that in times of low infection activity (summer 2020 and summer
2021), the SIR was higher in more densely populated districts.

Corresponding analyses for the seven domains of the BIMD
2015 are shown in Additional files 6 to 12. During the first wave,
no clear association between income deprivation and SIR/SMR
can be observed (Supplementary Figure 6). In the second and
third waves, higher SIR and SMR are detected in districts with
higher income deprivation. At the end of the fourth wave, this
effect is also present for both SIR and SMR.

In the second and third wave, the SIR showed higher
values in districts with higher employment deprivation
(Supplementary Figure 7), which occasionally also applied
to the SMR in winter 2020/2021. Between these waves, the
association did not show any clear direction.

Educational deprivation (Supplementary Figure 8) showed a
significant positive linear trend with SIR and SMR that started in
the second wave and continued until the fourth wave. It appears
that the association was significant either at the beginning and/or
at the end of the waves.

For the time periods between the waves, there was a negative
linear trend between municipal/district revenue deprivation and
SIR (Supplementary Figure 9), implying that infection ratios
are higher in districts with lower municipal/district revenue
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TABLE 1 | Strength of associations between area deprivation and standardized incidence and mortality ratios in Bavaria, Germany.

Model without population density Model with population density

Area deprivation index / domain SIR (95% CI) p SMR (95% CI) p SIR (95% CI) p SMR (95% CI) p

BIMD 2015 1.04 (1.01, 1.07) 0.002 1.11 (1.07, 1.16) <0.001 1.05 (1.02, 1.08) <0.001 1.12 (1.07, 1.17) <0.001

Income 1.05 (1.02, 1.08) 0.003 1.11 (1.06, 1.16) <0.001 1.05 (1.02, 1.08) 0.003 1.11 (1.06, 1.16) <0.001

Employment 1.02 (1.00, 1.05) 0.653 1.09 (1.05, 1.14) <0.001 1.04 (1.01, 1.08) 0.105 1.12 (1.07, 1.18) <0.001

Education 1.03 (1.00, 1.06) 0.155 1.06 (1.02, 1.11) 0.056 1.04 (1.01, 1.07) 0.043 1.07 (1.02, 1.12) 0.051

Municipal/district revenue 1.01 (0.99, 1.04) 1 1.05 (1.00, 1.10) 0.402 1.01 (0.98, 1.05) 1 1.07 (1.01, 1.13) 0.091

Social capital 1.04 (1.02, 1.07) 0.010 1.11 (1.06, 1.16) <0.001 1.04 (1.02, 1.07) 0.009 1.11 (1.06, 1.16) <0.001

Environment 0.95 (0.93, 0.98) 0.005 1.00 (0.95, 1.04) 1 0.93 (0.90, 0.97) <0.001 0.98 (0.92, 1.04) 1

Security 1.02 (1.00, 1.05) 0.693 0.99 (0.95, 1.04) 1 1.03 (1.00, 1.06) 0.306 0.99 (0.94, 1.04) 1

SIR, standardized incidence ratio; CI, confidence interval; SMR, standardized mortality ratio. Shown are models without (left) and with adjustment for population density (right). Ratios

were calculated accumulating the data between 01/03/2020 and 12/31/2021 and adjusted for district and time. Statistically significant results are printed in bold. P-values for the

Bavarian Index of Multiple Deprivation 2015 (BIMD 2015) domains are Bonferroni adjusted for multiple testing. A p-value after adjustment of >1 is coded as 1.

FIGURE 4 | Standardized incidence and mortality ratios for BIMD 2015 quintiles in Bavaria, Germany. Standardized incidence ratios SIR (A) and mortality ratios SMR

(B) of SARS-CoV-2 infections and related fatalities for quintiles Q1 (the 20% least deprived districts) to Q5 (the 20% most deprived districts) of Bavarian Index of

Multiple Deprivation 2015 (BIMD 2015) between March 2020 and December 2021 in Bavaria, Germany. A plus sign (+) indicates a statistically significant increasing

linear trend with increasing deprivation quantile. The time periods of the four infection waves are shown as light gray areas in the figure. The horizontal dashed gray line

shows the value of one (“neither increased nor decreased SIR/SMR”). Vertical gray lines show the beginning of the lockdowns.

deprivation. During the waves, SIR was occasionally both
positively and negatively associated with SIR and SMR.

Social capital deprivation (Supplementary Figure 10)
was positively associated with SIR at the end
of the second wave, and with SIR and SMR

in the third wave and the second half of the
fourth wave.

Environmental deprivation (Supplementary Figure 11)
shows a positive and significant linear trend with SIR, mostly
between waves where only small numbers of cases occur. This
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FIGURE 5 | Standardized case fatality ratio for BIMD 2015 quintiles in Bavaria, Germany. Standardized case fatality ratio (sCFR) for COVID-19 for quintiles Q1 (the

20% least deprived districts) to Q5 (the 20% most deprived districts) of Bavarian Index of Multiple Deprivation 2015 (BIMD 2015) between March 2020 and December

2021 in Bavaria, Germany. The time periods of the four infection waves are shown as light gray areas in the figure. The horizontal dashed gray line shows the value of

one (“neither increased nor decreased sCFR”). Vertical gray lines show the beginning of the lockdowns.

positive trend changed to a negative trend in the fourth wave,
which is also true for the SMR.

Security deprivation (Supplementary Figure 12) shows
hardly any relevant association with SIR/SMR.

The median correlation (over all time periods) between
SIR and SMR in the models with the BIMD 2015 or the
domains ranged from 0.74 (for the model with income
deprivation, see Supplementary Figure 6) and 0.78 (for the
models with employment and environmental deprivation,
see Supplementary Figures 7, 11, respectively). This strong
correlation between both endpoints suggests that both SIR and
SMR have similar geographical risk patterns.

Standardized Case Fatality Ratio
Figure 5 aggregates the sCFRs monthly across the regions
belonging to each BIMD quintile and shows how the area
deprivation affects the sCFR at specific time points. There is a
general tendency for the least deprived districts to have the lowest
sCFR values. The effect is attenuated in the fall and winter of
2020/2021 and seems to be more distinct in the fall and winter
of 2021.

DISCUSSION

This study investigated the association between area deprivation
and regional SARS-CoV-2-associated incidence and mortality
ratios by districts in Bavaria from the first until the fourth
pandemic wave between March 2020 and December 2021.
Besides the general view on area deprivation, we also studied
the relevance of specific domains on COVID-19-related
epidemiological outcomes.

We focused on Bavaria as the largest German federal state
by area and the second largest by population size with over
13 million inhabitants, being bigger than many other European
countries (for example Sweden, Portugal, the Czech Republic or

Greece each have around 10.5 million inhabitants). Bavaria had
high infection activity during the COVID-19 pandemic. Infection
control measures were uniform in this single federal state, unlike
Germany where control measures differ from state to state.

In addition to infection incidences, we examined whether
the effects of area-based material and social deprivation were
also reflected in mortality. The focus was on standardized ratios
(standardized incidence or mortality ratio (SIR/SMR)) taking
into account the demographic structure of the regions. We used
the Bayesian BYM model, which accounts for the correlation
between the two measures. We also used unstructured random
effect models for the time-aggregated analysis.

In the unstructured analysis (excluding regional structure
and averaging over longer time periods) a positive association
was found between the BIMD 2015 and the SIR/SMR.
This demonstrates that the COVID-19 burden increases with
increasing area deprivation. In relation to the seven area
deprivation domains included in the BIMD 2015, income and
social capital deprivation were found to be positively associated
with incidence and mortality ratios. In addition, a positive
association was found between employment deprivation and
SMR, while the association between environment deprivation
and SIR was negative. These observations are consistent with a
corresponding study for Belgium (19).

Our findings are in line with several previous results. The
association of area deprivation with the health burden of
COVID-19 has been studied in a number of international studies,
e. g. in the United Kingdom (10, 47), India (11), Brazil (48),
Italy (49), and the United States (12, 13, 50, 51). The study by
Bach-Mortensen et al. (10) investigated the association between
area deprivation and COVID-19 outbreaks and related deaths
among care home residents in England. They found that deaths
were more common in the most deprived than in the least
deprived areas, while outbreaks in care homes did not vary by
area deprivation. Higher social deprivation, quantified using the
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Townsend Deprivation Score, was found to be associated with
greater risk of dying from COVID-19 in another study from
the United Kingdom (47). Study results from India and the
United States showed that higher SARS-CoV-2 incidences or
odds of infection have been found in more deprived compared
to less deprived areas (11–13). Studies from Brazil and Italy
concerning case-fatality ratio (CFR) and COVID-19 related
deaths found a higher CFR and increased risk of death in people
living in regions of highest deprivation (48, 49). Comparing
rural and urban environments in the United States, a study from
Kitchen and colleagues found a positive relationship between
area deprivation and COVID-19 prevalence, which was higher
for rural counties, when compared to urban ones (50). A
combination of area level deprivation data and individual data
from twoU.S. municipalities was analyzed in a study by Feehan et
al. (51). While higher area deprivation was found to be associated
with higher risk of SARS-CoV-2 infection, the authors found that
individual-level data accounted for a significant proportion of
this association.

Interestingly, our results also show that during the first wave
higher SIR and SMR were observed in less deprived districts,
whereas this association reversed over time. This finding has
also been confirmed in German-wide studies (14, 20). The
association between infection incidence and social deprivation
during the first wave was investigated by Wachtler et al. and
Plümper and Neumayer (14, 20). For this purpose, the German
Index of Socioeconomic Deprivation from the Robert Koch
Institute, Germany’s national Public Health institute, was linked
to incidence data (14). However, this index considers only three
dimensions of deprivation, whereas the BIMD considers seven
domains. Across Germany, higher incidences were observed
in less deprived regions at the onset of the pandemic, which
was associated with affluent ski vacationers returning with
SARS-CoV-2 infection. Over time, this effect disappeared in
the generally less deprived south of Germany (federal states of
Baden-Württemberg and Bavaria), while higher incidences were
observed in other more deprived regions. Similar observations
were published by Plümper and Neumayer (20), where the
authors concluded that COVID-19 started as a rich man’s disease
and slowly transformed into a poor man’s disease.

Socioeconomic differences in infection risk during the second
wave were investigated in Germany by Hoebel and colleagues
(15). Similar to the first wave, a higher incidence rate was found in
less deprived regions at the beginning of the second wave. Again,
this pattern reversed as the secondwave progressed. In the second
wave, COVID-19-related mortality and area deprivation were
also examined in Germany, with higher mortality rates found
among residents of deprived areas (16). In the third wave of
infection, higher incidences were observed in socioeconomically
disadvantaged regions (17, 18), which was related to the fact
that individuals from socioeconomically disadvantaged regions
were not able to limit their mobility as much as individuals
from less disadvantaged regions due to their occupation (17).
The fourth wave showed a similar association of infections and
area deprivation as the second wave, despite the vaccination
campaign (18). It is worth mentioning that in our study the
overall mortality during the third and fourth waves was reduced

compared to the second wave, while no reduction in premature
mortality (mortality within persons of an age below 65) was
observed. Thismight be attributable to the vaccination campaign,
which was launched on 27/12/2020 in Germany (52). Similar to
many other countries, older age groups and the most vulnerable
persons were prioritized for the vaccination in Germany. A
study by Wollschlaeger et al. (53) in the German federal state
of Rhineland-Palatinate found an association between higher
vaccination coverage and a decrease in COVID-19 fatalities in
the 80+ age group in the 1st months of 2021, supporting our
hypothesis. Another study with individual level vaccination data
in Bavaria found a high vaccine efficacy in persons over 80 years
of age over a similar observation period (54).

In Bavaria, approximately 9% of all COVID-19 attributed
deaths were premature deaths, which by definition occur at
an age far below the average life expectancy. Unfortunately,
the data provided by the LGL did not contain information on
personal risk factors or pre-existing medical conditions of the
deceased persons. Therefore, the characterization of those who
died prematurely remains a task for the future. It should be
closely monitored how the number of premature deaths due
to/with COVID-19 develops over time, since according to the
German health monitoring, premature deaths are avoidable in
many cases.

There are several possible reasons for the finding that
infection rates increase with increasing area deprivation. People
in materially and socially advantaged areas might adhere more
to the recommended behavioral changes during the pandemic
(55, 56). Such changes include reducing contacts or having
better opportunities to work remotely from home, which is still
recommended in Germany in spring 2022. As for mortality, the
reasons are probably more complex. It is possible that some of
the outcomes are related to different prior health burdens (other
than COVID-19) in the differently deprived areas. Geographical
patterns of health inequalities may also apply to COVID-19
and some unequally distributed chronic diseases may themselves
be risk factors for SARS-CoV-2 infection or severe disease
course. In Germany, COVID-19 mortality is often assessed only
descriptively, and the underlying patterns have not yet been
studied in depth. A study from Bavaria investigating the factors
related to mortality from COVID-19 in persons over 50 years
found SIR to have the greatest effect on the SMR (57).

The district-level BIMD 2015 used in our study was defined
for Bavarian districts with varying population sizes (from
40,842 to 1,488,202 inhabitants, median 117,648) and represents
a relatively coarse resolution for the deprivation at hand.
Individual districts may represent a complex mixture of different
settings. However, when using the area-based index, it is assumed
that districts are homogeneous within themselves. Therefore, the
BIMD 2015 at the district level should be used with caution as
a proxy for individual socioeconomic data. A large number of
disadvantaged households may account for a few cases, while a
few rich households may be responsible for a large number of
infections. In terms of aggregated data, the district may have both
a high level of deprivation and a high incidence rate, but in fact
lower individual socioeconomic deprivation is related to lower
incidence. This may carry the risk of ecological bias arising from

Frontiers in Public Health | www.frontiersin.org 9 July 2022 | Volume 10 | Article 927658

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Manz et al. Area Deprivation and COVID-19

the assumption that inferences about individual patterns can be
drawn from patterns observed in clusters (groups). However,
we had to choose the district level since the COVID-19 data
in Germany are aggregated only at this spatial level. To our
knowledge, there is only one Germany-wide study to date that
has investigated differences in the risk of SARS-CoV-2 infection
according to socioeconomic position at the individual level (58).
Individual socioeconomic position was measured by education
and income. The study found that the odds of SARS-CoV-2
infection were significantly increased in adults with low levels of
education compared to adults with high levels of education. In
terms of income, the odds of infection were higher in low-income
individuals than in high-income individuals, although the result
was not statistically significant. The data were collected during
the second infection wave. These results are consistent with our
study on the dimensions of education and income deprivation.
Nevertheless, our study shows that there are other additional
factors, such as employment and social capital deprivation, that
link deprivation to the regional COVID-19 burden.

This is also true for domains such as income and social
capital deprivation. However, educational deprivation also shows
a westward trend and is identified as an influential aspect of
deprivation in our structured analysis of time-specific regional
deprivation effects (see Supplementary Figure 8).

In our study, we included population density as a confounding
factor, however it did not show much effect on the relationship
between area deprivation and SIR/SMR (see Table 1).

Finally, we observed that health inequality (expressed as the
ratio of IR orMR between the highest and lowest BIMDquintiles)
increased during the 2020 fall and winter periods. Vaccination
appears to be associated with a balancing of health inequality
between the most and least deprived districts. Lockdown periods,
on the other hand, appear to be associated with increased or
persistent inequality.

We also examined how an area’s deprivation level affects the
risk of dying if infected (sCFR). Our data support the hypothesis
that in districts with low deprivation, sCFR is also generally
lower. During the fall and winter of 2020, the SIR and SMR differ
between districts with low and high deprivation, but the risk of
dying from infection is less pronounced.

We could not correct for vaccination coverage as another
confounding factor in a satisfactory manner and therefore had
to refrain from including it in our analyses. Vaccination data
only contains information on the place of vaccination but
not on the place of residence of the vaccinated persons. As
many vaccinations have taken place in city districts, people
from the surrounding areas were more likely to travel there to
get vaccinated.

Ascertainment bias relates to the underreporting of COVID-
19 cases. It is very likely that not all infections were officially
reported. Testing strategies were a major focus of the Bavarian
government, testing opportunities were easily accessible and
evenly distributed across the state. However, these testing
strategies have changed over time, from free PCR testing for
anyone who wanted to be tested to testing only for health
professionals with symptoms in early 2022. It is obvious that
the reporting rate is not homogeneous over time. Moreover,

continuous serum tests within a representative Bavarian cohort
have not been performed. It is also not certain whether the
reporting rates estimated in different cohorts at the beginning
of the pandemic [as summarized in a meta-analysis (59)] can
be transferred to the Bavarian population. When correcting for
underreporting, we would assume a constant underreporting rate
per month for all of Bavaria. We assume that the variations
in the reporting rate would change the relative baseline risk
in the BYM model without affecting the relative position of
the BIMD 2015 quintiles to each other: The linear trend
for the quintiles of BIMD 2015 would remain as shown in
the analyses.

Another limitation of this study could be possible
confounding of area deprivation and geographical location.
It could be that an area bordering Bavaria increases the
infection incidence in a Bavarian border district with high
deprivation. Border districts may have higher BIMD 2015
values (see Figure 1A). This would artificially strengthen the
association between BIMD 2015 and SIR. The BYM model
only considers the neighborhood effect within Bavaria and
neglects any effects outside the region. Supplementary Figure 3

shows the distribution of the quintiles of deprivation domains
across the Bavarian districts. It is easy to see that the BIMD
2015 and some of its domains follow the geographical
east and north-east trend. This is also true for domains
such as income and social capital deprivation. However,
educational deprivation also shows a westward trend and
is identified as an influential aspect of deprivation in our
structured analysis of time-specific area deprivation effects (see
Supplementary Figure 8).

Despite potential neighborhood effects that could come from
outside the region of interest, we followed a modeling approach
that takes into account the spatial structure of the data (BYM)
model. In addition, the bivariate version of the model, as used
in the present study, takes into account the correlation between
the two endpoints, which is important for the simultaneous
modeling of SIR and SMR and makes the analysis of potential
effects more powerful. A strong correlation of around 0.7–
0.8 between SIR and SMR was found for all models, which
suggests that both endpoints have similar geographical risk
patterns. It was also found that the unstructured model is able
to identify the key drivers of the relationship between area
deprivation and incidence and mortality rates, even though no
such strong spatial correlation pattern could be specified in
the model.

In addition, we explored the different dimensions of
deprivation, which allowed us to identify which domains might
be affected differently by the pandemic. These findings are
consistent with those of other studies, but additional associations
between social capital deprivation and, to a lesser extent,
environmental deprivation, were detected. It is also interesting
to note that deprivation effects became effective when pandemic
activity was high: when the crisis intensifies, aspects of social
equity become even more important.

Even in a particularly wealthy region of an already
economically strong country like Germany, COVID-19 affects
residents of differently deprived districts in a different manner.
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Large differences of up to 41% were found in the SIR and 110%
in the SMR between districts in the lowest and highest quintiles,
especially in the winter of 2020/2021, suggesting that COVID-
19 was a disease that affected disadvantaged areas in the second
and third waves. It is also interesting to note that lockdowns have
not been able to mitigate the social inequalities associated with
deprivation. Therefore, specific strategies need to be explored to
successfully control the pandemic in deprived areas.

CONCLUSION

This study reports the results of a retrospective ecological
study investigating the relationship between area deprivation
and SARS-CoV-2-related burden. It quantifies the influence
of regional deprivation on SIR and SMR, which were higher
in more deprived than in less deprived areas. Higher levels
of income, employment, education and social capital were
additionally identified as factors reducing COVID-19 disease
burden at the district level. Vaccination appeared to balance
incidence and mortality rates between the most and least
deprived districts. Under lockdown such a compensation was
not observed. Vaccination makes an important contribution to
health equality.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of the Medical Faculty of the
LMUMunich (No. 21-0213KB). Written informed consent from
the participants’ legal guardian/next of kin was not required
to participate in this study in accordance with the national
legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

WM and LS designed the study. KM, UM, and WM acquired
the data. WM and UM helped KM with the methodology. KM
analyzed the data. KM and WM wrote the first draft of the
manuscript. All authors interpreted the data, read, revised, and
approved the final manuscript.

ACKNOWLEDGMENTS

We would like to thank the team of Dr. Katharina Katz from the
Bavarian Health and Food Safety Authority (LGL) for providing
the SARS-CoV-2 reporting data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2022.927658/full#supplementary-material

REFERENCES

1. Ochani R, Asad A, Yasmin F, Shaikh S, Khalid H, Batra S, et al. COVID-
19 pandemic: from origins to outcomes. A comprehensive review of viral
pathogenesis, clinical manifestations, diagnostic evaluation, andmanagement.
Infez Med. (2021) 29:20–36.

2. Townsend P, Phillimore P, Beattie A. Health and Deprivation: Inequality and

the North. London and New York: Routledge (1988).
3. Ravaghi V, Durkan C, Jones K, Girdler R, Mair-Jenkins, Davies G, et al. Area-

level deprivation and oral cancer in England 2012–2016. Cancer Epidemiol.
(2020) 69:101840. doi: 10.1016/j.canep.2020.101840

4. ÅströmDO, Sundquist J, Sundquist K. Differences in declining mortality rates
due to coronary heart disease by neighbourhood deprivation. J Epidemiol

Community Health. (2018) 72:314–8. doi: 10.1136/jech-2017-210105
5. Maier W, Scheidt-Nave C, Holle R, Kroll LE, Lampert T, Du Y, et al. Area level

deprivation is an independent determinant of prevalent type 2 diabetes and
obesity at the national level in Germany. Results from the national telephone
health interview surveys ’German Health update’ GEDA 2009 and 2010. PLoS
ONE. (2014) 9:e89661. doi: 10.1371/journal.pone.0089661

6. Jansen L, Eberle A, Emrich K, Gondos A, Holleczek B, Kajüter H, et al.
Socioeconomic deprivation and cancer survival in Germany: an ecological
analysis in 200 districts in Germany. Int J Cancer. (2014) 134:2951–
60. doi: 10.1002/ijc.28624

7. Fairburn J, Maier W, Braubach M. Incorporating environmental justice
into second generation indices of multiple deprivation: lessons from the
UK and progress internationally. Int J Environ Res Public Health. (2016)
13:750. doi: 10.3390/ijerph13080750

8. Pampalon R, Hamel D, Gamache P, Philibert MD, Raymond G, Simpson
A. An area-based material and social deprivation index for public health
in Québec and Canada. Can J Public Health. (2012) 103(8 Suppl 2):S17–
22. doi: 10.1007/BF03403824

9. Wang K, Law CK, Zhao J, Hui AY, Yip BH, Yeoh EK, et al. Measuring
health-related social deprivation in small areas: development of an index and
examination of its association with cancer mortality. Int J Equity Health.

(2021) 20:216. doi: 10.1186/s12939-021-01545-9
10. Bach-Mortensen AM, Esposti MD. Is area deprivation associated with greater

impacts of COVID-19 in care homes across England? A preliminary analysis
of COVID-19 outbreaks and deaths. J Epidemiol Community Health. (2021)
5:5039. doi: 10.1136/jech-2020-215039

11. Das A, Ghosh S, Das K, Basu T, Das M, Dutta I. Modeling the
effect of area deprivation on COVID-19 incidences: a study of Chennai
megacity, India. Public Health. (2020) 185:266–9. doi: 10.1016/j.puhe.2020.
06.011

12. Lewis NM, Friedrichs M, Wagstaff S, Sage K, LaCross N, Bui D et al.
Disparities in COVID-19 incidence, hospitalizations, and testing, by area-level
deprivation - Utah, March 3-July 9. MMWR Morb Mortal Wkly Rep. (2020)
69:1369–73. doi: 10.15585/mmwr.mm6938a4

13. Madhav KC, Oral E, Straif-Bourgeois S, Rung AL, Peters ES. The effect
of area deprivation on COVID-19 risk in Louisiana. PLoS ONE. (2020)
15:e0243028. doi: 10.1371/journal.pone.0243028

14. Wachtler B, Michalski N, Nowossadeck E, DierckeM,Wahrendorf M, Santos-
Hövener C, et al. Socioeconomic inequalities in the risk of SARS-CoV-2
infection -First results from an analysis of surveillance data from Germany.
J Health Monitor. (2020) 5:18–29. doi: 10.25646/7057

15. Hoebel J, Michalski N, Wachtler B, Diercke M, Neuhauser H, Wieler
LH et al. Socioeconomic differences in the risk of infection during the
second SARS-CoV-2 wave in Germany. Dtsch Arztebl Int. (2021) 118:269–
70. doi: 10.3238/arztebl.m2021.0188

16. Hoebel J, Michalski N, Diercke M, Hamouda O, Wahrendorf M, Dragano
N et al. Emerging socio-economic disparities in COVID-19-related deaths
during the second pandemic wave in Germany. Int J Infect Dis. (2021)
113:344–6. doi: 10.1016/j.ijid.2021.10.037

Frontiers in Public Health | www.frontiersin.org 11 July 2022 | Volume 10 | Article 927658

https://www.frontiersin.org/articles/10.3389/fpubh.2022.927658/full#supplementary-material
https://doi.org/10.1016/j.canep.2020.101840
https://doi.org/10.1136/jech-2017-210105
https://doi.org/10.1371/journal.pone.0089661
https://doi.org/10.1002/ijc.28624
https://doi.org/10.3390/ijerph13080750
https://doi.org/10.1007/BF03403824
https://doi.org/10.1186/s12939-021-01545-9
https://doi.org/10.1136/jech-2020-215039
https://doi.org/10.1016/j.puhe.2020.06.011
https://doi.org/10.15585/mmwr.mm6938a4
https://doi.org/10.1371/journal.pone.0243028
https://doi.org/10.25646/7057
https://doi.org/10.3238/arztebl.m2021.0188
https://doi.org/10.1016/j.ijid.2021.10.037
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Manz et al. Area Deprivation and COVID-19

17. Dragano N, Hoebel J, Wachtler B, Diercke M, Lunau T, Wahrendorf
M. Soziale Ungleichheit in der regionalen Ausbreitung von SARS-CoV-
2 [Social inequalities in the regional spread of SARS-CoV-2 infections].
Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz. (2021)
64:1116–24. doi: 10.1007/s00103-021-03387-w

18. Hoebel J, Haller S, Bartig S, Michalski N, Marquis A, Diercke M, et al.
Soziale Ungleichheit und COVID-19 in Deutschland - Wo stehen wir in
der vierten Pandemiewelle? [Social inequality and COVID-19 in Germany
- Where do we stand in the fourth pandemic wave?] Epid Bull. (2022)
5:3–10. doi: 10.25646/9555

19. Meurisse M, Lajot A, Devleesschauwer B, Van Cauteren D, Van Oyen H, Van
den Borre L, et al. The association between area deprivation and COVID-19
incidence: a municipality-level spatio-temporal study in Belgium, 2020-2021.
Arch Public Health. (2022) 80:109. doi: 10.1186/s13690-022-00856-9

20. Plümper T, Neumayer E. The pandemic predominantly hits poor
neighbourhoods? SARS-CoV-2 infections and COVID-19 fatalities in German
districts. Eur J Public Health. (2020) 30:1176–80. doi: 10.1093/eurpub/ckaa168

21. Eberle U, Heinzinger S, Konrad R, Wimmer C, Liebl B, Katz K, et al.
Virological COVID-19 surveillance in Bavaria, Germany suggests no SARS-
CoV-2 spread prior to the first German case in January 2020. Infection. (2021)
49:1029–32. doi: 10.1007/s15010-021-01611-y

22. Böhmer MM, Buchholz U, Corman VM, Hoch M, Katz K, Marosevic DV,
et al. Investigation of a COVID-19 outbreak in Germany resulting from a
single travel-associated primary case: a case series. Lancet Infect Dis. (2020)
20:920–8. doi: 10.1016/S1473-3099(20)30314-5

23. Bavarian Health and Food Safety Authority. Overview of the SARS-CoV-2
infections in Bavaria. (2022). Available online at: https://www.lgl.bayern.de/
gesundheit/infektionsschutz/infektionskrankheiten_a_z/coronavirus/karte_
coronavirus/ (accessed June 12, 2022).

24. Schilling J, Buda S, Tolksdorf K: Zweite Aktualisierung der Retrospektiven
Phaseneinteilung der COVID-19-Pandemie in Deutschland“. [Second update
of the ”Retrospective phase classification of the COVID-19 pandemic in
Germany".] Epid Bull. (2022) 10:3–5. doi: 10.25646/9787

25. Robert Koch - Institute. Frequently asked questions about Coronavirus
SARS-CoV-2 (2022). Available online at: https://www.rki.de/SharedDocs/
FAQ/NCOV2019/FAQ_Liste_Fallzahlen_Meldungen.html#FAQId13972158
(accessed March 20, 2022).

26. Günther F, Bender A, Katz K, Küchenhoff H, Höhle M.
Nowcasting the COVID-19 pandemic in Bavaria. Biom J. (2021)
63:490–502. doi: 10.1002/bimj.202000112

27. Linden M, Dehning J, Mohr SB, Mohring J, Meyer-Hermann M, Pigeot
I, et al. Case numbers beyond contact tracing capacity are endangering
the containment of COVID-19. Dtsch Arztebl Int. (2020) 117:790–
1. doi: 10.3238/arztebl.2020.0790

28. Christopoulos K, Eleftheriou K. Premature mortality in the US: a convergence
study. Soc Sci Med. (2020) 258:113141. doi: 10.1016/j.socscimed.2020.113141

29. Buajitti E, Watson T, Norwood T, Kornas K, Bornbaum C, Henry D, et
al. Regional variation of premature mortality in Ontario, Canada: a spatial
analysis. Popul Health Metr. (2019) 17:9. doi: 10.1186/s12963-019-0193-9

30. Maier W, Fairburn J, Mielck A. Regional deprivation and mortality in
Bavaria. Development of a community-based index of multiple deprivation.
Gesundheitswesen. (2012) 74:416–25. doi: 10.1055/s-0031-1280846

31. Maier W. Indices of Multiple Deprivation for the analysis of regional
health disparities in Germany: experiences from epidemiology and healthcare
research. Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz.

(2017) 60:1403–12. doi: 10.1007/s00103-017-2646-2
32. Auzanneau M, Lanzinger S, Bohn B, Kroschwald P, Kuhnle-Krahl U,

Holterhus PM, et al. Area deprivation and regional disparities in treatment
and outcome quality of 29,284 pediatric patients with type 1 diabetes in
Germany: a cross-sectional multicenter DPV analysis. Diabetes Care. (2018)
41:2517–25. doi: 10.2337/dc18-0724

33. Jansen L, Kanbach J, Finke I, Arndt V, Emrich K, Holleczek B, et
al. Estimation of the potentially avoidable excess deaths associated with
socioeconomic inequalities in cancer survival in Germany. Cancers. (2021)
13:357. doi: 10.3390/cancers13020357

34. Bavarian State Office for Statistics. Statistical Report. “Population in
Bavaria’s municipalities by age group and gender”. Table A13110C 202000.
(2022). Available online at: https://www.statistik.bayern.de/statistik/gebiet_

bevoelkerung/bevoelkerungsstand/index.html#link_2Bevölkerungsstand
(accessed March 20, 2022).

35. Besag J, York J, Mollie A. Bayesian image restoration, with two applications
in spatial statistics. Ann Inst Stat Math. (1991) 43:1–20. doi: 10.1007/BF0011
6466

36. Mollie A. Bayesian mapping of disease. In: Gilks WR, Richardson S and

Spiegelhalter DS, editors. Markov Chain Monte Carlo in Practice. New York:
Chapman & Hall (1996). p.359-379.

37. Neyens T, Lawson AB, Kirby RS, Faes C. The bivariate combined model for
spatial data analysis. Stat Med. (2016) 35:3189–202. doi: 10.1002/sim.6914

38. Pritzkuleit R, Eisemann N, Katalinic A. [The cartographic depiction of
regional variation inmorbidity: Data analysis options using the example of the
small-scale cancer atlas for Schleswig-Holstein]. Bundesgesundheitsbl. (2017)
60:1319–1327. doi: 10.1007/s00103-017-2651-5

39. Held L, Natário I, Fenton SE, Rue H, Becker N. Towards
joint disease mapping. Stat Methods Med Res. (2005) 14:61–82.
doi: 10.1191/0962280205sm389oa

40. Thomas A, Best N, LunnD, Arnold R, Spiegelhalter D.GeoBUGSUserManual
Version 1.2, September 2004. (2004). Available online at: https://www.mrc-
bsu.cam.ac.uk/wp-content/uploads/geobugs12manual.pdf (accessed March
20, 2022).

41. Tobler, W. R. A computer movie simulating urban growth in the Detroit
region. Econ Geogr. (1970) 46: 234–40. doi: 10.2307/143141

42. Manz K, Mansmann U. Regionales Monitoring von Infektionen mittels
standardisierter Fallfatalitätsraten am Beispiel von SARS-CoV-2 in Bayern
[Regional monitoring of infections bymeans of standardized case fatality rates
using the example of SARS-CoV-2 in Bavaria]. Bundesgesundheitsblatt. (2021)
64:1146–56. doi: 10.1007/s00103-021-03397-8

43. R Core Team. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. (2020). Available
online at: https://www.R-project.org/. (accessed November 21, 2021).

44. Bates D, Maechler M, Bolker B, Walker S. Fitting linear mixed-effects models
using lme4. J Stat Softw. (2015) 67:1–48. doi: 10.18637/jss.v067.i01

45. Friedman JH. A variable span scatterplot smoother. Laboratory for

Computational Statistics, Stanford University Technical Report No 5.

(1984). doi: 10.2172/1447470
46. QGIS geographic information system (2022). Available online at: https://www.

qgis.org/en/site/ (accessed March 20, 2022).
47. Woodward M, Peters SAE, Harris K. Social deprivation as a risk factor for

COVID-19 mortality among women and men in the UK Biobank: nature of
risk and context suggests that social interventions are essential to mitigate the
effects of future pandemics. J Epidemiol Community Health. (2021) 75:1050–
5. doi: 10.1136/jech-2020-215810

48. De Souza CDF, Do Carmo RF, Machado MF. The burden of COVID-19 in
Brazil is greater in areas with high social deprivation. J Travel Med. (2020)
27:taaa145. doi: 10.1093/jtm/taaa145

49. Di Girolamo C, Bartolini L, Caranci N, Moro ML. Socioeconomic inequalities
in overall and COVID-19 mortality during the first outbreak peak in
Emilia-Romagna region (Northern Italy). Epidemiol Prev. (2020) 44:288–96.
doi: 10.19191/EP20.5-6.S2.129

50. Kitchen C, Hatef E, Chang HY, Weiner JP, Kharrazi H. Assessing
the association between area deprivation index on COVID-19
prevalence: a contrast between rural and urban US jurisdictions.
AIMS Public Health. (2021) 8:519–30. doi: 10.3934/publichealth.2
021042

51. Feehan AK, Denstel KD, Katzmarzyk PT, Velasco C, Burton JH, Price-
Haywood EG, et al. Community versus individual risk of SARS-CoV-2
infection in two municipalities of Louisiana, USA: an assessment of area
deprivation index (ADI) paired with seroprevalence data over time. PLoS One.
(2021) 16:e0260164. doi: 10.1371/journal.pone.0260164

52. COVID-19 vaccination dashboard by the German Federal Ministry of Health.
(2022) Available online at: https://impfdashboard.de/en/ (accessed March 24,
2022).

53. Wollschläger D, Gianicolo E, Blettner M, Hamann R, Herm-Stapelberg N,
Schoeps M. Association of COVID-19 mortality with COVID-19 vaccination
rates in Rhineland-Palatinate (Germany) from calendar week 1 to 20 in
the year 2021: a registry-based analysis. Eur J Epidemiol. (2021) 36:1231–
6. doi: 10.1007/s10654-021-00825-6

Frontiers in Public Health | www.frontiersin.org 12 July 2022 | Volume 10 | Article 927658

https://doi.org/10.1007/s00103-021-03387-w
https://doi.org/10.25646/9555
https://doi.org/10.1186/s13690-022-00856-9
https://doi.org/10.1093/eurpub/ckaa168
https://doi.org/10.1007/s15010-021-01611-y
https://doi.org/10.1016/S1473-3099(20)30314-5
https://www.lgl.bayern.de/gesundheit/infektionsschutz/infektionskrankheiten_a_z/coronavirus/karte_coronavirus/
https://www.lgl.bayern.de/gesundheit/infektionsschutz/infektionskrankheiten_a_z/coronavirus/karte_coronavirus/
https://www.lgl.bayern.de/gesundheit/infektionsschutz/infektionskrankheiten_a_z/coronavirus/karte_coronavirus/
https://doi.org/10.25646/9787
https://www.rki.de/SharedDocs/FAQ/NCOV2019/FAQ_Liste_Fallzahlen_Meldungen.html#FAQId13972158
https://www.rki.de/SharedDocs/FAQ/NCOV2019/FAQ_Liste_Fallzahlen_Meldungen.html#FAQId13972158
https://doi.org/10.1002/bimj.202000112
https://doi.org/10.3238/arztebl.2020.0790
https://doi.org/10.1016/j.socscimed.2020.113141
https://doi.org/10.1186/s12963-019-0193-9
https://doi.org/10.1055/s-0031-1280846
https://doi.org/10.1007/s00103-017-2646-2
https://doi.org/10.2337/dc18-0724
https://doi.org/10.3390/cancers13020357
https://www.statistik.bayern.de/statistik/gebiet_bevoelkerung/bevoelkerungsstand/index.html#link_2Bev�lkerungsstand
https://www.statistik.bayern.de/statistik/gebiet_bevoelkerung/bevoelkerungsstand/index.html#link_2Bev�lkerungsstand
https://doi.org/10.1007/BF00116466
https://doi.org/10.1002/sim.6914
https://doi.org/10.1007/s00103-017-2651-5
https://doi.org/10.1191/0962280205sm389oa
https://www.mrc-bsu.cam.ac.uk/wp-content/uploads/geobugs12manual.pdf
https://www.mrc-bsu.cam.ac.uk/wp-content/uploads/geobugs12manual.pdf
https://doi.org/10.2307/143141
https://doi.org/10.1007/s00103-021-03397-8
https://www.R-project.org/
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2172/1447470
https://www.qgis.org/en/site/
https://www.qgis.org/en/site/
https://doi.org/10.1136/jech-2020-215810
https://doi.org/10.1093/jtm/taaa145
https://doi.org/10.19191/EP20.5-6.S2.129
https://doi.org/10.3934/publichealth.2021042
https://doi.org/10.1371/journal.pone.0260164
https://impfdashboard.de/en/
https://doi.org/10.1007/s10654-021-00825-6
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Manz et al. Area Deprivation and COVID-19

54. Gomes D, Beyerlein A, Katz K, Hoelscher G, Nennstiel U, Liebl B, et
al. Is the BNT162b2 COVID-19 vaccine effective in elderly populations?
Results from population data from Bavaria, Germany. PLoS ONE. (2021)
16:e0259370. doi: 10.1371/journal.pone.0259370

55. Maloney WF, Taskin T. Determinants of Social Distancing and Economic
Activity During COVID-19: A Global View (May 12, 2020). World Bank
Policy Research Working Paper No. 9242, Available online at: https://ssrn.
com/abstract=3599572

56. Wright AL, Sonin K, Driscoll J, Wilson J. Poverty and economic dislocation
reduce compliance with COVID-19 shelter-in-place protocols. J Econ Behav

Organ. (2020) 180:544–54. doi: 10.1016/j.jebo.2020.10.008
57. Manz KM, Batcha AMN, Mansmann U. Regionale und zeitliche Trends

der SARS-CoV-2 assoziierten Sterblichkeit in Bayern: Eine altersstratifizierte
Analyse über 5 Quartale für Personen ab 50 Jahren [Regional and temporal
trends in SARS-CoV-2-associated mortality in bavaria: an age-stratified
analysis over 5 quarters for persons aged 50 and older]. Gesundheitswesen.
(2022) 84:e2–10. doi: 10.1055/a-1714-8184

58. Hoebel J, Grabka MM, Schröder C, Haller S, Neuhauser H,
Wachtler B, et al. Socioeconomic position and SARS-CoV-
2 infections: seroepidemiological findings from a German
nationwide dynamic cohort. J Epidemiol Community Health. (2022)
76:350–3. doi: 10.1136/jech-2021-217653

59. Ioannidis, JPA. Infection fatality rate of COVID-19 inferred from
seroprevalence data. Bulletin of the world health organization. (2021)
99:19–33.World Health Organization. doi: 10.2471/BLT.20.265892

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Manz, Schwettmann, Mansmann and Maier. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Public Health | www.frontiersin.org 13 July 2022 | Volume 10 | Article 927658

https://doi.org/10.1371/journal.pone.0259370
https://ssrn.com/abstract=3599572
https://ssrn.com/abstract=3599572
https://doi.org/10.1016/j.jebo.2020.10.008
https://doi.org/10.1055/a-1714-8184
https://doi.org/10.1136/jech-2021-217653
https://doi.org/10.2471/BLT.20.265892
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Area Deprivation and COVID-19 Incidence and Mortality in Bavaria, Germany: A Bayesian Geographical Analysis
	Introduction
	Materials and Methods
	Data Source and Structure
	Area Deprivation
	Statistical Analyses

	Results
	Overview
	Unstructured Analysis of Time-Specific Area Deprivation Effects
	Unstructured Analysis of Overall Area Deprivation Effects
	Structured Analysis of Time-Specific Area Deprivation Effects
	Standardized Case Fatality Ratio

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


