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Retrospective estimation based on death counts
Idea: Estimate course of pandemic via Bayesian hierarchical model
based on death counts

→ Estimated infections, effective repr. number R̂t , effects of NPIs

Flaxman et al. Estimating the effects of non-pharmaceutical interventions on
COVID-19 in Europe. Nature 584(7820), 257-261 (2020).

Aim
Application and adaptation of model of Flaxman et al. to estimate
further course of pandemic in Germany

2



Retrospective estimation based on death counts
Idea: Estimate course of pandemic via Bayesian hierarchical model
based on death counts
→ Estimated infections, effective repr. number R̂t , effects of NPIs

Flaxman et al. Estimating the effects of non-pharmaceutical interventions on
COVID-19 in Europe. Nature 584(7820), 257-261 (2020).

Aim
Application and adaptation of model of Flaxman et al. to estimate
further course of pandemic in Germany

2



Retrospective estimation based on death counts
Idea: Estimate course of pandemic via Bayesian hierarchical model
based on death counts
→ Estimated infections, effective repr. number R̂t , effects of NPIs

Flaxman et al. Estimating the effects of non-pharmaceutical interventions on
COVID-19 in Europe. Nature 584(7820), 257-261 (2020).

Aim
Application and adaptation of model of Flaxman et al. to estimate
further course of pandemic in Germany

2



Modelling issues
Results of Flaxman et al. for first wave in Germany in 2020:

Aim
Application of model of Flaxman et al. on German data

Issues
(1) Estimated effects of NPIs sensitive to prespecified change

points (timings of adapted NPIs)

(2) Model did not fit well for the full first year of the pandemic
(e.g. estimated infections < confirmed cases)
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Our adapted Bayesian hierarchical model

Effective
Reproduction
Number 𝑹𝒕

B-splines
𝑩𝟑:𝒑

Daily 
Infections 𝑰𝒕

Serial 
Interval g

Effective 
෣𝑰𝑭𝑹𝒕

Daily
Deaths 𝑫𝒕

Time from 
Infection to

Death 𝝅

Spline 
Coefficients 

𝒂𝒑

Starting 
Infections 
𝑰𝟏, … , 𝑰𝟔

Resolved issues
(1) Estimated effects of NPIs sensitive to prespecified change

points (adaptations of NPIs)
→ Smooth data-driven estimation via splines

(2) Model did not fit well for the full first year of the pandemic
(e.g. estimated infections < confirmed cases)
→ Time-varying effective infection fatality rate (IFR)

4



Our adapted Bayesian hierarchical model

Effective
Reproduction
Number 𝑹𝒕

B-splines
𝑩𝟑:𝒑

Daily 
Infections 𝑰𝒕

Serial 
Interval g

Effective 
෣𝑰𝑭𝑹𝒕

Daily
Deaths 𝑫𝒕

Time from 
Infection to

Death 𝝅

Spline 
Coefficients 

𝒂𝒑

Starting 
Infections 
𝑰𝟏, … , 𝑰𝟔

Resolved issues
(1) Estimated effects of NPIs sensitive to prespecified change

points (adaptations of NPIs)
→ Smooth data-driven estimation via splines

(2) Model did not fit well for the full first year of the pandemic
(e.g. estimated infections < confirmed cases)
→ Time-varying effective infection fatality rate (IFR)

4



Our adapted Bayesian hierarchical model

Effective
Reproduction
Number 𝑹𝒕

B-splines
𝑩𝟑:𝒑

Daily 
Infections 𝑰𝒕

Serial 
Interval g

Effective 
෣𝑰𝑭𝑹𝒕

Daily
Deaths 𝑫𝒕

Time from 
Infection to

Death 𝝅

Spline 
Coefficients 

𝒂𝒑

Starting 
Infections 
𝑰𝟏, … , 𝑰𝟔

Resolved issues
(1) Estimated effects of NPIs sensitive to prespecified change

points (adaptations of NPIs)
→ Smooth data-driven estimation via splines

(2) Model did not fit well for the full first year of the pandemic
(e.g. estimated infections < confirmed cases)
→ Time-varying effective infection fatality rate (IFR)

4



Infection fatality rate (IFR)

Infection fatality rate/ratio (IFR): Deaths / Infections
→ Crucial link to infer infections from reported deaths

Age-specific IFR

Staerk et al. BMC Public Health         (2021) 21:1073 Page 5 of 9

Table 1 Age-group specific estimates ÎFR
(i)
a as well as population-averaged estimates IFR

(i)
DE for Germany under age-independent

infection risk, based on studies i ∈ {O’Driscoll[5], Verity[11], Perez-Saez[12], Levin[6]}
Age group O’Driscoll [5] Verity [11] Perez-Saez [12] Levin [6]

0-4 0.002 [0.001; 0.002] 0.002 [0.000; 0.025] 0.002 [0.000; 0.019] 0.001 [0.001; 0.001]

5-14 0.000 [0.000; 0.000] 0.004 [0.001; 0.037] 0.001 [0.000; 0.011] 0.002 [0.001; 0.003]

15-34 0.009 [0.007; 0.010] 0.041 [0.019; 0.110] 0.007 [0.003; 0.013] 0.016 [0.014; 0.020]

35-59 0.122 [0.115; 0.128] 0.349 [0.194; 0.743] 0.070 [0.047; 0.097] 0.226 [0.212; 0.276]

60-79 0.992 [0.942; 1.045] 2.913 [1.670; 5.793] 3.892 [2.985; 5.145] 2.491 [2.294; 3.266]

80+ 7.274 [6.909; 7.656] 7.800 [3.800; 13.30] 5.600 [4.300; 7.400] 15.61 [12.20; 19.50]

IFR
(i)
DE 0.756 [0.717; 0.796] 1.296 [0.694; 2.453] 1.254 [0.959; 1.661] 1.687 [1.407; 2.139]

IFR estimates are given in percentages (with 95% confidence intervals in brackets)

the elderly have been continuously rising again. In the end
of December 2020, the age distribution of confirmed cases
is remarkably similar to the distribution of confirmed
cases in April during the first wave of infections.
The described trend in the distribution of confirmed

cases over time is directly reflected in the correspond-
ing development of estimated effective IFR (based on
method (b)). The left side in Fig. 3 shows that the esti-
mated effective IFR sharply increases from values between
0.5% and 1% in March to values between 1.5% and 3.5%
in April. After this peak, the estimated effective IFR has
been declining to values between 0.2% and 0.5% in the
end of August, corresponding to a relatively young age
distribution of confirmed cases. This observation may be
partly explained by an increased mobility of younger age
groups during the summer holiday period. Since Septem-
ber 2020, as the distribution of confirmed cases has been
shifting more towards older age groups, effective IFR esti-
mates have been rising again up to similar levels as in the
peak during the first wave of infections. This indicates
that with larger SARS-CoV-2 incidences (see Fig. 1) it may
become increasingly difficult to effectively protect vulner-
able risk groups and to prevent the spread of the virus
from younger to older age groups (see also [7]).
As the age distribution of confirmed casesmay not gen-

erally reflect the age distribution of true infections, in a
further analysis we account for age- and time-dependent
dark figures (see method (c)). The right hand side of
Fig. 2 depicts the development of estimated true infections
based on IFR estimates from Levin et al. [6]. It can be seen
that the development of estimated infections is similar in
shape to the observed development of confirmed cases.
However, in particular following the high phase of the first
wave of infections in April (compare Fig. 1), the estimated
distribution of infections is shifted towards younger age
groups in comparison to the distribution of confirmed
cases. This shift results from dark figures of infections
which are estimated to be larger in younger age groups in

comparison to the age group 80+ during this particular
time. A plausible explanation for this observation might
be that in times of limited testing capacities, preferential
testing of individuals in age group 80+ has been more pro-
nounced, as these patients are more likely to show (severe)
symptoms from COVID-19 requiring medical interven-
tion. Similar effects on estimated infections during the
first wave are also observed when using age-specific IFR
estimates from O’Driscoll et al. [5] and Perez-Saez et al.
[12], whereas numbers of infections in age group 80+
are estimated to be comparatively larger based on Ver-
ity et al. [11] (detailed results on estimated infections not
shown). During summer 2020, there seems to be a close
alignment of estimated infections with confirmed cases, as
age-dependent factors for dark figures are estimated to be
close to 1 (and would have partly been even below 1). This
may indicate that a large proportion of infections has been
detected with the implemented testing policies during the
summer period.
The right hand side of Fig. 3 depicts the resulting devel-

opment of estimated effective IFR when accounting for
age- and time-dependent dark figures. It can be seen that
the adjustment for dark figures has a particular effect dur-
ing the first wave of the pandemic in Germany, where
estimated effective IFRs tend to be smaller in compar-
ison to the unadjusted estimates based on confirmed
cases (compare to left hand side of Fig. 3). However, even
when adjusting for age-dependent dark figures, there still
remains a pronounced increase in estimated effective IFRs
during the first wave of infections; this indicates that the
increase in mortality cannot exclusively be explained by
preferential testing, but that there has been an actual
change in the age distribution of the infected population.
During summer 2020, the age distribution of estimated
infections more closely aligns with the age distribution of
confirmed cases and thus the estimates of effective IFR
adjusted for dark figures are very similar to the unad-
justed estimates. In contrast to the first wave of infections
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Age- and time-dependent risk of infection
German population
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Effective IFR for Germany
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Results for Germany (first year)
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Results for Germany: Estimated infections

“Lockdown light”: Restaurants and leisure facilities closed, while schools
and shops remained open
→ Flattening/decreasing trend in confirmed cases, but estimated
infections continued to rise until one week after “second lockdown”
→ Why?
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Results for Germany: Dark figures

Infections per confirmed case (IPCC): Factor for dark figures of
undetected infections
→ Limited (restricted) testing introduced almost concurrently with
“lockdown light”, leading to increase in estimated dark figures
→ Changes in IPCC often associated with changes in testing policies
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Results for Germany: Effective reproduction number

Smooth estimation of effective reproduction number:
→ Model estimates based on death counts often similar to RKI estimates
based on confirmed cases
→ However, model estimates based on death counts more robust to
changes in testing
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Limitations

Some limitations of our approach
Retrospective estimation approach
→ Not for now-casting and forecasting

No incorporation of vaccination effects (yet)
→ Integration of vaccination effects via effective IFR

Parametric assumptions, e.g. regarding time between
infections and reported deaths
→ Specific assumptions may not work for other countries
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Conclusions

Summary
Our spline-based hierarchical model based on death counts

allows to disentangle effects of adapted testing from
transmission dynamics
provides estimates of dark figures of infections over time

Future research
Incorporation of various pieces of information:
Data on vaccinations, confirmed cases, hospitalizations,
intensive care unit cases and death counts
Account for altered intrinsic severity of different variants

Staerk, Wistuba & Mayr (2021). Estimating effective infection fatality rates
during the course of the COVID-19 pandemic in Germany. BMC Public Health.
Wistuba, Mayr & Staerk (2022). Estimating the course of the COVID-19
pandemic in Germany via spline-based hierarchical modelling of death counts.
Scientific Reports (accepted). Prep: https: // arxiv. org/ abs/ 2109. 02599
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