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Abstract 

The paper studies the current COVID-19 pandemic by applying an adapted epidemiologic 

model, where each individual is in one of the five states “susceptible”, “infected”, “removed”, 

“immune healthy” or “dead”. We extend the basic model with time-invariant transition rates 

between these states by allowing for time-dependent infection rates as a consequence of 

lockdowns and social distancing policies as well as for time-dependent mortality rates as a result 

of changing infection patterns. Our model proves to be appropriate to calibrate and simulate the 

dynamics of COVID-19 pandemic in Germany between January and October 2020. We provide 

deeper insights about some key indicators such as the reproduction number, the effectiveness 

of non-pharmaceutical interventions, and the development of the infection and mortality rates. 
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1.  Introduction 

Infections with the coronavirus SARS-CoV-2, short for “severe acute respiratory syndrome 

coronavirus 2” first appeared in Wuhan/China in early December 2019 (Wu et al., 2020), 

causing the disease COVID-19 (WHO, 2020b). Since then the virus is spreading continuously 

over the world population, leading not only to millions of infections and hundreds of thousands 

of deaths (WHO, 2020f) but also having the potential to cause a global economic downturn 

such as the world has not experienced since 75 years (World Bank, 2020). According to the 

data provided by the Johns Hopkins University Center for Systems Science and Engineering 

(JHU CSSE)1, there are more than a total of 38 million reported cases worldwide that occurred 

since the beginning in January until mid-October 2020. Despite a variety of public life 

restrictions such as mask wearing or social distancing, the virus still persists in most parts of 

the world (JHU CSSE, 2020). 

To model the dynamics of infectious diseases, scientists usually apply the SIR model, which is 

short for “susceptible” S, “infected” I, and “removed” R. Indeed, this model has a long history 

of successfully simulating the spread of several types of diseases over the last hundred years, 

ranging from smallpox to measles to seasonal influenza viruses (Hethcote, 2008). At least two 

aspects of the current corona crisis make an extension of the original SIR model necessary: 

First, COVID-19 is a disease that is fatal for about 1% of infected individuals (compare Davies 

et al., 2020; Pastor-Barriuso et al., 2020; Russell et al., 2020; Salje et al., 2020; Verity et al., 

2020; Ward et al., 2020). Second, governments imposed several interventions aimed at reducing 

the transmission of the virus and as a result, infection levels as well as deaths rates were 

significantly reduced  (Flaxman et al., 2020). Therefore, we extend the basic SIR model (i) by 

taking into account the transition processes from “removed” R to “dead” D or to “immune 

healthy” H, and (ii) by allowing for time-dependent infection and mortality rates due to 

governmental interventions as well as behavioral adaptations of people. 

The aim of our study is to explain and to simulate the dynamics of the SARS-CoV-2 pandemic 

in Germany between January and October 2020. Thereby, we provide insights about some key 

indicators such as the reproduction number, the effectiveness of non-pharmaceutical 

interventions and the infection fatality rate. 

                                                 
1 The John Hopkins University provides a constantly updated COVID-19 data set as developed by Dong et al. 
(2020) in February 2020 in order to demonstrate the development of the global case numbers. 
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The rest of the paper is organized as follows: Section 2 presents an overview of the development 

of the coronavirus and provides information about the most important characteristics of the 

current COVID-19 disease which is not only crucial for being up to date with the state-of-the-

art research but even more for designing an appropriate pandemic model. In Section 3, we 

describe the spread of the virus in Germany between January and October 2020. Section 4 

presents our version of the SIRDH model and derives some important indicators such as the 

reproduction number and the infection level needed for herd immunity. In Section 5, we apply 

this model to the pandemic development in Germany, including different scenarios such as an 

uncontrollable spread of COVID-19 compared to the actual development. Finally, Section 6 

concludes the paper. 

2.  The Background of the Pandemic 

In this section, we provide an overview of the pandemic background of the corona crisis. First, 

we report on the development and the status quo of the pandemic and afterwards we summarize 

the key characteristics of COVID-19. 

2.1.  Development and Status Quo 

SARS-CoV-2 is related to previous coronaviruses like SARS-CoV or MERS-CoV that occurred 

in 2003 and 2012, respectively (Petersen et al., 2020)2. While there are still research efforts to 

clarify the origin of the new coronavirus, currently it is believed that the virus can be traced 

back to animals, likely bats, with the exact route of transmission for the first human infection 

being still unclear (WHO, 2020c).  

Starting point of the spread of the novel virus is believed to be late December 2019 with many 

cases tracing back to the seafood market in the city of Wuhan (WHO, 2020c). From there on, 

the coronavirus spread within the Hubei region and also reached China’s neighboring countries 

such as Thailand, Japan and South Korea that all reported first cases until the 20th of January, 

2020 (WHO, 2020a). Soon, Europe was affected by the virus with the first officially confirmed 

cases reported in France at the 24th of January, 2020 (Spiteri et al., 2020; Stoecklin et al., 2020). 

However, compared to China, total infections in Europe and the rest of the world remained 

relatively low during the following weeks. On the 11th of March, when the WHO decided to 

declare the crisis as a pandemic, almost 70% of the 118,000 global infections were still 

attributed to China (WHO, 2020d). However, this picture changed. While China successfully 

                                                 
2 See also Petersen et al. (2020) for similarities and differences between previous coronavirus outbreaks, influenza 
viruses and COVID-19. 
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reduced the spreading of the virus through governmental interferences (Tian et al., 2020), the 

pandemic unfolded its full impact in Europe where total infections already exceeded 

documented cases in Asia in late March 2020 (ECDC, 2020).  

An important parameter in epidemiology is the basic and effective reproduction number, 

denoted here as 𝑅𝑅0 and 𝑅𝑅𝑒𝑒 respectively. The basic reproduction number can be defined as “the 

average number of secondary cases produced by one infected individual introduced into a 

population of susceptible individuals” (van den Driessche, 2017, p. 289). In the case of the 

novel corona virus, 𝑅𝑅0 is estimated to lie between 2 and 3 (Y. Liu et al., 2020; Tian et al., 2020; 

WHO, 2020c). In other words, this indicates that an infected individual infects on average 

between two and three persons during his or her illness. 𝑅𝑅0 denotes the reproduction number at 

the very beginning of an outbreak, whereas 𝑅𝑅𝑒𝑒 represents the actual value of the reproduction 

number and thus varies over time (Chowell et al., 2004). The importance of these 

epidemiological parameters rely on the fact, that a reproduction number above 1 leads to the 

potential of a pandemic with many infections, whereas a reproduction number below 1 makes 

an infectious disease disappear in the long run (van den Driessche, 2017). 

In fact, there are three possibilities to reduce the reproduction number and to reach a 

controllable level of COVID-19 infections: First, governments can rely on so-called non-

pharmaceutical interventions (NPIs) (Ferguson et al., 2020). NPIs can best be described with 

the term “social distancing” (R. M. Anderson et al., 2020). This generic term includes a variety 

of measures, all of which aim to either bring infected and uninfected persons together at a lower 

rate or to keep a certain physical distance to make a transmission less likely. Social distancing 

policies used in the COVID-19 pandemic are for example school and business closures, ban of 

mass gatherings, closing of borders or curfews (see You Li et al. (2020) for the use and 

effectiveness of these NPIs). During the first wave3 of the pandemic, many European countries 

followed a lockdown4 strategy that led to a decline of the reproduction number of more than 

80% (Flaxman et al., 2020). In New Zealand, a suppression strategy not only reduced the 

reproduction number but even led to zero new cases in early May 2020 (Cousins, 2020). In 

addition, there is also evidence that interventions such as wearing a mask or keeping minimum 

distances between persons, can also contribute to hinder the virus from spreading. In their meta-

analysis study, Chu et al. (2020) estimate that the risk of transmission is five times less likely 

if individuals keep a distance of more than one meter with even greater effects if distances are 

larger. While the effectiveness to stop the virus from spreading depends on the mask type (Chu 

                                                 
3 Understood as the time between March and April 2020 characterized by relatively high infection levels. 
4 Lockdown is understood as a broad term for various social distancing policies implemented at the same time. 
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et al., 2020), experiments by Fischer et al. (2020) show that already surgical face masks or 

simple cotton masks can have an impact on reducing droplet transmission. Moreover, despite 

this experimental evidence there are also studies that analyze the development in various 

regions such as the city of Jena (Mitze et al., 2020) or New York, Wuhan and Italy (Zhang et 

al., 2020) with the conclusion that mask wearing in public is associated with a decline in case 

numbers.  

As a note, studies also point out the risks of scenarios in which governments would have not 

decided to fight the spread of COVID-19. For example, Ferguson et al. (2020) estimate that in 

the UK and the US, about 80% of the population would have been infected within four months. 

The situation presented in such a scenario would not only lead to an overload of the health care 

system but cause several hundreds of thousands of deaths (Ferguson et al., 2020). This is 

supported by another study of Flaxman et al. (2020) which suggests that without social 

distancing, total deaths in the five biggest European countries (France, Germany, Italy, UK, and 

Spain) could have been in total above 2.9 million already in early May 2020. 

Another approach to fight the virus is the so-called mitigation strategy with the long-term goal 

to reach herd immunity (Drozd & Tavares, 2020). Herd immunity is reached when the majority 

of the population got exposed to the virus – implying immunity against a re-infection – and thus 

with less and less individuals being susceptible to the virus, the spread of the virus eventually 

declines (Hethcote, 2008). However, there are certain risks and drawbacks associated with a 

mitigation strategy. On the one hand, as Ferguson et al. (2020) and Bock et al. (2020) point out, 

mitigation strategies aiming at acquiring herd immunity within a short time period are hardly 

applicable for COVID-19, as the number of intensive care patients and deadly outcomes would 

be too high for health systems to handle. On the other hand, studies show that generated 

antibodies might disappear several weeks after an infection (Ibarrondo et al., 2020; Seow et al., 

2020). Indeed, the study by To et al. (2020) confirmed that it is possible to be infected again 

after being exposed to the virus. 

Moreover, many so-called seroprevalence studies that analyze the existence of antibodies point 

in the same direction: While the extent to which the population of European countries got 

exposed to the virus in Spring 2020 is significantly larger than documented by national health 

authorities or institutions such as the Johns Hopkins University, total infection levels are still 

in the single digit percentage area and therefore too low to constitute an effective barrier to 

hinder the virus from spreading (Flaxman et al., 2020; Pollán et al., 2020; RKI, 2020f; Salje et 

al., 2020).  
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However, herd immunity might be reached with the help of vaccination. In general, vaccine 

development is characterized by two different stages, namely the pre-clinical and clinical stage, 

followed by a market entry after the vaccine is approved by the concerning regulatory institution 

(Pronker et al., 2013). On average, such a process is estimated to take about ten years with an 

average success rate of 6% (Pronker et al., 2013). However, in the case of COVID-19, these 

gradual development steps are speeded up and clinical trials did already start as soon as March 

2020 (Lurie et al., 2020). According to an overview provided by the WHO (2020f), in October 

2020 almost 200 vaccine manufactures and research institutes were working on the 

development of vaccines for COVID-19 and there are in total ten companies currently testing 

their product in the last out of three clinical trial stages (WHO, 2020e). However, it remains 

speculative whether approved vaccines will be available already in late 2020 as expressed by 

Agrawal et al. (2020) or only in 2021 (R. M. Anderson et al., 2020).  

In sum, herd immunity via infection or vaccination remains rather unlikely in autumn and 

winter 2020. When effective social distancing measures are cancelled at an insufficiently high 

level of immunity in the population, then a resurrection of COVID-19 cases is a likely scenario 

(R. M. Anderson et al., 2020; Ferguson et al., 2020; Salje et al., 2020). In fact, according to the 

numbers provided by JHU CSSE (2020), after most European countries overcame the first wave 

of corona virus infections, COVID-19 resurged in the late Summer 2020 on the continent with 

case numbers starting to increase again, thereby reaching or exceeding similar daily detected 

case numbers as in March and April 2020.  

2.2.  Key Characteristics of COVD-19 

The novel coronavirus is either transmitted directly from one individual to another (Chan et al., 

2020; Ghinai, McPherson, et al., 2020) or through contaminated objects – so called fomites 

(WHO, 2020c). When it comes to the transmission from one person to another, the virus passes 

from an infected to a susceptible individual via so-called droplets or aerosols (Prather et al., 

2020). Infection via droplets mainly occurs through coughing or sneezing whereby the infected 

person is close to other uninfected individuals (Asadi et al., 2020). In contrast to those rather 

large droplets, aerosols are smaller and remain in the air much longer with the possibility to 

travel several meters (Prather et al., 2020). At the beginning of the pandemic, aerosol 

transmission was believed to be only a minor factor (WHO, 2020c), however, recently 

published studies suggest otherwise (see e.g. E. L. Anderson et al., 2020; Lednicky et al., 2020; 

Yuguo Li et al., 2020; Morawska & Cao, 2020; Zhang et al., 2020). In general, indoor 

environments are associated with a higher probability of a virus transmission (Morawska & 
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Cao, 2020) with estimations suggesting that an infection with SARS-CoV-2 may be more than 

ten times as likely as compared to an outdoor environment (Nishiura et al., 2020). Especially 

overcrowded rooms and insufficient ventilation are a breeding ground for virus infections 

(Yuguo Li et al., 2020; Morawska & Cao, 2020; Nishiura et al., 2020). There exist many reports 

tracing back infections to single events or clusters such as nightclubs (Kang et al., 2020), parties 

or even funerals (Ghinai, Woods, et al., 2020), indoor restaurant visits (Lu et al., 2020), sport 

groups (Jang et al., 2020), choirs (Hamner et al., 2020), schools (Stein-Zamir et al., 2020), 

business meeting rooms or religious facilities like churches (Pung et al., 2020), or cruise ships 

like the Diamond Princess (Tabata et al., 2020).  

The symptoms of corona patients vary in degree of severity ranging from mild to severe 

symptoms even leading to death and there are no unique symptoms indicating an infection by 

COVID-19 (WHO, 2020c). However, some symptoms seem to occur more frequently than 

others. As the investigation of several symptomatic corona patients by Lechien et al. (2020) and 

Zhu et al., (2020) for Europe and China suggest, the most common symptoms are among others 

headache, cough, fever, loss of smell or taste or muscle soreness. Patients also report long term 

damages such as lasting fatigue (Arnold et al., 2020; Carfì et al., 2020). In contrast, about 33% 

of infected may overcome an infection without experiencing symptoms at all (Pollán et al., 

2020; Ward et al., 2020).  

In general, existing pre-conditions (such as diabetes or chronic lung diseases), an unhealthy 

way of life and being of higher age are associated with an increased risk for COVID-19, 

meaning those individuals have a higher probability of needing additional treatment in hospitals 

or dying in the course of the disease (CDC, 2020; Hamer et al., 2020; Verity et al., 2020). On a 

global and regional level, the study by Clark et al. (2020) estimates which fraction of a 

population may have a higher probability to experience a severe disease progression due to pre-

existing conditions or age. These results suggest that about one in five individuals worldwide 

could experience severe symptoms in the course of a SARS-CoV-2 infection and about four out 

of 100 infected would need to be transferred to an hospital (Clark et al., 2020). Especially for 

Germany, due to a higher proportion of elderly in the population, the estimations by Clark et 

al. (2020) are slightly higher compared to world average. However, simply being young and 

healthy does not imply that those individuals remain unaffected by the virus. There are also 

reported cases in which healthy children needed treatment in hospitals (Götzinger et al., 2020). 

Moreover, it is crucial to know how many people die from or with COVID-19. One way to 

measure the mortality rate of the corona virus is to use the so-called case fatality rate (CFR), 

which is the ratio between the total number of deaths and official confirmed cases (Vanella et 



7 
 

al., 2020). The CFR of early October 2020 for Germany ranks according to JHU CSSE, (2020) 

at 2.8%, which is in the range of other European countries such as France (4.0%) or Spain 

(3.6%), but significantly lower than for example the relative high rate of Italy of about 9.5%. 

However, there are many drawbacks associated with using the CFR in the case of COVID-19. 

First, differences in the amount of testing or age distributions may explain discrepancies and 

thus make the CFR unsuitable to compare different countries (Vanella et al., 2020). Second, the 

CFR does not account for undocumented cases (Streeck et al., 2020). Consequently, this rate 

may overestimate the lethality of COVID-19 (Russell et al., 2020). Therefore, one can use the 

so-called infection fatality rate (IFR) which can be defined as “the average number of deaths 

per infection” (Perez-Saez et al., 2020, p. 1). Estimations suggest an overall IFR of 

approximately between 0.5% and 1.3% for various countries such as the UK, France, China and 

Spain (Davies et al., 2020; Pastor-Barriuso et al., 2020; Russell et al., 2020; Salje et al., 2020; 

Verity et al., 2020; Ward et al., 2020). Up to this date, there is no peer-reviewed study proposing 

an IFR especially for Germany as a whole. A pre-print study by Streeck et al. (2020) estimates 

a range between 0.36% and 0.41% for the North Rhine-Westphalian municipality of Gangelt 

and is therefore below the reported numbers above. It is important to note that the IFR strongly 

differs with respect to age. In one study the IFR for those younger than 60 is below 0.2%, for 

those aged older than 60 is approximately 3.3% and those being aged 80 or older are at an 

especially high risk with an IFR of 7.8% (Verity et al., 2020)5.  

The duration of the disease depends on the degree of severity with those experiencing only mild 

symptoms needing approximately between one and two weeks to recover, whereas those 

individuals with very serious disease progression may need up to six weeks to be symptom free 

(WHO, 2020c). However, experiencing symptoms for several weeks does not automatically 

imply that these patients are also infectious for the same period (Boscolo-Rizzo et al., 2020). 

Analyses suggest an average infectivity period between seven and ten days after the 

development of symptoms with the degree of infectivity being significantly lower at the end of 

the infectious period (He et al., 2020; Kampen et al., 2020; Singanayagam et al., 2020; Wölfel 

et al., 2020). 

                                                 
5 While the estimated numbers in similar studies slightly differ (compare Pastor-Barriuso et al., 2020; Russell et 
al., 2020; Salje et al., 2020; Verity et al., 2020), those studies clearly indicate that the mortality risk for the younger 
population is relatively low whereas the older generation has a relatively high risk of deceasing in the course of 
the disease. 
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3.  The Phases of COVID-19 in Germany 

In order to calibrate the model, we have to distinguish at least three different phases of the 

pandemic: Phase I captures the period before the lockdown when the pandemic spread out 

without important policy measures to reduce the infection rate. This case will be captured by 

the basic SIRDH model with time-invariant transition rates. Phase II corresponds to the 

lockdown period and phase III refers to the period in which the policy measures have been 

partly relaxed leading to a slow, but steady revival of active case numbers. These two phases 

will be captured by an extended SIRDH model with time-dependent transition rates. This 

division into three different phases is illustrated in Figure 1. 

 

 
Figure 1: Development of Active COVID-19 Cases Divided into Three Different Phases 

 

3.1.  Phase I: The Pre-Lockdown Development 

According to the data provided by JHU CSSE (2020), the first officially reported COVID-19 

case already occurred at 27th of January 2020, but recorded case numbers only slightly increased 

such that, in late February, only 20 cases in total were officially reported. However, this picture 

totally changed in the following weeks. Notably, early March was associated with two 

superspreading events. First, while total infections were still below 300, over 40% of the 

reported cases were attributed to a carnival party in the Heinsberg region of Nord-Rhine-

Westphalia (RKI, 2020a). Second, many infections occurred in Ischgl/Austria which is a 

popular skiing resort. This place is also associated with contributing to the spread of the virus 

after the German tourists returned from their holidays (Felbermayr et al., 2020).  
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Eventually, the number of cases rapidly increased and after total infections exceeded the one- 

thousand-mark on the 8th of March, it only took ten days to surpass a total of ten thousand 

confirmed infections (JHU CSSE, 2020). According to Hartl et al. (2020), in the first three 

weeks of March 2020, confirmed cases duplicated within three days and the number of new 

infections increased by approximately 27% per day. There are several scenario analyses 

pointing out that an overwhelming of the health care system associated with a huge number of 

deaths could have occurred if the German governments would have not decided to interfere via 

various social distancing policies. For example the estimations by Flaxman et al. (2020) 

suggest, that without any restrictions at all, Germany could have experienced more than 500,000 

deaths in early May. In addition, the Ministry of the Interior discussed several scenarios for the 

COVID-19 development in Germany and estimated that more than 300,000 beds in intensive 

care units could have been needed (BMI, 2020). 

 

3.2.  Phase II: The Lockdown 

Around mid-March, the German government imposed several policies with the most prominent 

ones listed in Table 1. 

Table 1: Major Governmental Interventions 

Social Distancing Policies  Date Source 

Cancellation of Mass Gatherings 11.03.2020 (RKI, 2020b) 

School and Border Closures 16.03.2020 (RKI, 2020c) 

Closure of Non-Essential Stores 22.03.2020 (BReg, 2020a, 2020b) 

Contact Ban 22.03.2020 

Physical Distance 22.03.2020 

Face Masks 29.04.2020 (RKI, 2020d) 

Corona App 16.06.2020 (RKI, 2020g) 

Intensified Regulations for local “Hot Spots” 14.10.2020 (BReg, 2020d) 

 
As the estimations by Hartl et al. (2020) show, the pace of virus transmission already decreased 

around the 20th of March. Dehning et al. (2020) estimate that the approximated reproduction 

number R=1.15 in mid-march was less than half compared to the beginning of the pandemic. 

However, a reproduction number slightly above 1 means that several thousands of infected 

individuals again infect several thousands of new individuals. Therefore Dehning et al. (2020) 
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conclude, that besides interventions such as closure of schools or mass gathering bans, further 

restrictions were needed to finally suppress the virus transmission in Germany.  

In fact, on the 22nd of March 2020, the German government imposed three significant social 

distancing policies leading to nationwide lockdown: First, restaurants, museums and similar 

institutions and leisure activities were closed, with only the retail sector such as drugstores, 

supermarkets or pharmacies remaining open to supply the population (BReg, 2020a). Second, 

nationwide contact restrictions or contact bans were introduced, meaning that, with exceptions 

for families and households, only two persons were allowed to meet at the same time and it was 

required in public life to keep a physical distance of 1.5 meters between individuals (BReg, 

2020b). According to Dehning et al. (2020), it was due to these final measures that the 

reproduction number could be reduced below 1. Moreover, the effects of the social distancing 

measures introduced in mid-March were reflected in a change of individual behavior. As shown 

by Schlosser et al. (2020), individual mobility declined down to 40% in the respective period, 

meaning that individuals were less often on the move than before the lockdown. Thus, daily 

case numbers did not continue to grow, but new infections peaked in late March and early April 

2020 with a maximum of almost 7,000 new confirmed cases a day (JHU CSSE, 2020). 

Apart from that, in early April, there was still uncertainty whether the spread of the corona virus 

would lead to an overwhelming of the health care system and if it would come to so-called 

triage situations, in which critical case numbers are so high that physicians cannot guarantee 

sufficient care for all patients (Stang et al., 2020). However, according to data provided by the 

DIVI (Deutsche Interdisziplinäre Vereinigung für Intensiv- und Notfallmedizin), with a 

maximum of slightly more than 2,900 occupied beds during the first wave, the overall share of 

corona patients at the intensive-care-unit did not exceed the overall capacity, as more than 

10,000 beds were still available for medical treatment (compare DIVI, 2020). Notably, after 

some cities such as Jena or federal states like Saxony already started some days earlier, the 

wearing of face masks for public transport and shopping became mandatory for all federal states 

on the 29th April (RKI, 2020d).  

To summarize, in the lockdown period, case numbers dropped continuously. In May 2020, for 

the first time since mid-March, less than 1,000 daily infections were reported repeatedly and 

estimated active infections decreased by more than 70% from approximately 70,000 in April to 

less than 20,000 (compare JHU CSSE, 2020). 



11 
 

3.3.  Phase III: The Post-Lockdown Period 

Eventually, the NPIs introduced in March and April 2020, leading to a nationwide lockdown, 

were relaxed gradually. While some restrictions such as the ban of mass gatherings or masks 

remained in place in most German regions, non-essential stores, educational and public 

institutions as well as many leisure activities reopened under certain restrictions (BReg, 2020c).  

As shown in Figure 1, despite those liftings, Germany did not immediately experience a 

significant rise in case numbers leading to a similar situation as compared to March or April. 

Case numbers increased only sporadically for a very short period. For example, infections in a 

meat production facility in North Rhine-Westphalia led to over 1,000 new cases, pushing the 

effective reproduction number above 1 and causing a temporal, local lockdown in the respective 

region (RKI, 2020e). In general, the course of infection in the post lockdown period might be 

partially driven by cluster infections, as the daily situational reports provided by the Robert-

Koch-Institute often register infections related to family parties or production facilities such as 

the above mentioned slaughterhouses (see for example RKI, 2020e, 2020i). As a note, 

compared to the peak of the pandemic in April, the CFR decreased during the post lockdown 

period from 4.7% to currently 2.8% in October 2020 (compare JHU CSSE, 2020). In other 

words, less persons died per documented infection in the months after the lockdown. The reason 

is that in earlier periods of the infection occurrence, the elderly accounted for a larger fraction 

of total infections, compared to later periods in which overall infections occurred more 

frequently in individuals younger than age 60 (RKI, 2020i). As discussed in previous chapters, 

age is an important variable when it comes to the likelihood of infected experiencing a more 

critical outcome.  

In summer 2020, the situation changed compared to the previous months of June and May, 

characterized by low infection numbers, as daily confirmed cases exceeded the one-thousand-

mark for several days in August 2020 (JHU CSSE, 2020), leading the RKI to state that the 

development is “concerning”  (RKI, 2020h, p. 1). The COVID-19 situation continued to 

deteriorate in Autumn 2020 and on the 15th of October, with 7,600 daily confirmed cases, the 

numbers reached an all-time high and thus exceeded the infection occurrence during the first 

wave followed by a nation-wide lockdown (JHU CSSE, 2020). Due to the resurgence of the 

virus, the German legislative agreed to intensify their COVID-19 strategy on the 14th of October 

2020 to especially target regional outbreaks exceeding a certain threshold of infections by 

implementing stricter regulations such as additional masking rules or contact restrictions 

(BReg, 2020d). At the beginning of October, a slightly positive trend in the number of daily 

deaths could be observed in the JHU CSSE (2020) data. However, it remains to be seen to what 
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extent this is a lasting trend and whether the death numbers will return to the level observed 

during the first wave. 

4.  The Theoretical Model 

In order to trace the described development of the pandemic, we apply a highly stylized 

theoretical model, the so-called SIRDH model. It consists of the dynamic transitions between 

the states S (susceptible), I (infected), R (removed), D (death), and H (immune healthy). With 

respect to the phase I, we use the basic model with time-invariant transition rates. The phases 

II and III, however, are characterized by governmental interventions, ranging from the 

introduction to the relaxation of requirements. Therefore, we will use an extended version of 

the model with time-dependent transition rates. 

4.1.  The Basic SIRDH Model with Time-Invariant Transition Rates 

The classical SIR models are based on the work by Kermack and McKendrick (1927) and are 

since then widely used to analyze the spread of diseases of the last two centuries (Hethcote, 

2008; Z. Ma, 2009). Among many others, the standard SIR model or variations of it are used to 

study notable infectious diseases such as the well-known influenza virus in 1918 and more 

recently for research in Ebola or the SARS outbreak in 2003 (see e.g. Chowell et al., 2004; Ng 

et al., 2003; Weitz & Dushoff, 2015; Yu et al., 2017). Since the beginning of the COVID-19 

pandemic in China in late December 2019, there exists a wide range of studies based on the 

SIR type models to calibrate or predict the spread of the novel corona virus. The specification 

of these models has to be adapted to basic characteristics of the COVID-19 pandemic as 

reported above: At first this means that an appropriate model must be able to capture the 

dynamic process of the spread of the virus under changing circumstances such as governmental 

interventions and relaxations of these interventions (e.g. Atkeson, 2020; James et al., 2020). 

Second, it should be able to provide information about the critical share of the population that 

must be infected in order for the whole population to acquire herd-immunity (Britton et al., 

2020) or information about some key epidemiological indicators such as the (basic) 

reproduction number (R. Li et al., 2020). Dehning et al. (2020) use the SIR model to assess for 

Germany how NPIs reduced the infection rate and how the pandemic might have developed if 

the government had reacted in a different way to the spread of the virus. Toda (2020) provides 

similar estimations for the infection rate for the period of late March 2020 for about 30 

countries. Similar, adding a death compartment to the equations, Fernández-Villaverde & Jones 

(2020) provide an analysis about the mortality of COVID-19 including various countries as 
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well as certain regions such as the City of New York, Madrid or Stockholm. As a note, some 

studies such as Toda (2020) combine epidemiological and economic features to assess which 

governmental intervention strategy may be the best. Moreover, various studies show how a 

variable infection rate can be used to account for the use of NPIs. For example, Atkeson (2020) 

and Baker (2020) describe from a theoretical perspective how time-dependent transmission 

rates change the dynamics of the SIR model and Rossi and Ianni (2020) show that it is possible 

to use a decreasing exponential function to simulate the COVID-19 development in Italy. In 

sum, these studies demonstrate that adequately adapted SIR models are very appropriate to 

simulate the current COVID-19 pandemic. 

We use a variant of the model of Fernández-Villaverde and Jones (2020) to simulate the 

COVID-19 pandemic in Germany. The transition dynamics of the model, here referred to as 

the SIRDH model, is represented in Figure 2 

 

 

 

 

 

 

 

At the beginning of the process, nearly the whole population N consists of susceptible 

individuals S. This means that, in the absence of vaccination, anyone can be potentially infected 

with the virus (WHO, 2020c). Susceptible may get the COVID-19 disease via contact with 

infected individuals for example through droplets or aerosol transmission. These contacts are 

captured by the infection rate β. The infected compartment I refers to those who are exposed to 

SARS-CoV-2. At the rate 𝛾𝛾, these individuals lose their infectivity and remove from state I to 

state R. It is assumed that those who are removed from the disease acquire immunity rendering 

a re-infection with the same virus impossible. Moreover, after a period of  1
𝜃𝜃
 days on average, 

implying the exit rate 𝜃𝜃, the individuals move either to the dead compartment (D) with 

probability 𝛿𝛿 or to the healthy compartment (𝐻𝐻) with the counter probability 1 − 𝛿𝛿. The five 

components sum up to 𝑆𝑆(𝑡𝑡) + 𝐼𝐼(𝑡𝑡) + 𝑅𝑅(𝑡𝑡) + 𝐷𝐷(𝑡𝑡) + 𝐻𝐻(𝑡𝑡) = 𝑁𝑁, where the population size N is 

assumed to be time-invariant. This pandemical dynamics is described by the following set of 

differential equations: 

(1-δ)θ 
H 

I R S 

D 

β
 

γ
 

δθ 

Figure 2: Transition Dynamics of the SIRDH Model 
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𝑑𝑑𝑆𝑆
𝑑𝑑𝑡𝑡

=   −𝛽𝛽 
𝐼𝐼𝑆𝑆
𝑁𝑁

,               𝛽𝛽 > 0 (1) 

𝑑𝑑𝐼𝐼
𝑑𝑑𝑡𝑡

=   𝛽𝛽 
𝐼𝐼𝑆𝑆
𝑁𝑁
− 𝛾𝛾𝐼𝐼, 0 < 𝛾𝛾 < 𝛽𝛽 (2) 

𝑑𝑑𝑅𝑅
𝑑𝑑𝑡𝑡

=   𝛾𝛾𝐼𝐼 − 𝜃𝜃𝑅𝑅,   𝜃𝜃 > 0 (3) 

𝑑𝑑𝐷𝐷
𝑑𝑑𝑡𝑡

=  𝛿𝛿𝜃𝜃𝑅𝑅,                   0 < 𝛿𝛿 < 1 (4) 

𝑑𝑑𝐻𝐻
𝑑𝑑𝑡𝑡

= (1 − 𝛿𝛿)𝜃𝜃𝑅𝑅  (5) 

 

At the beginning of the pandemic, it holds that 𝑆𝑆(0) ≈ 𝑁𝑁 so that (2) can be rewritten as 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= ( 𝛽𝛽 − 𝛾𝛾)𝐼𝐼.  

This differential equation implies exponential growth at the constant rate (𝛽𝛽 − 𝛾𝛾). Later on, the 

time path for the number of infected individuals is given by the differential equation 
𝑑𝑑𝐼𝐼
𝑑𝑑𝑡𝑡

=   𝛾𝛾𝐼𝐼(𝑅𝑅𝑒𝑒 − 1), (6) 

where 𝑅𝑅𝑒𝑒 =  𝛽𝛽
𝛾𝛾
𝑆𝑆
𝑁𝑁

 is the effective reproduction number and 𝑅𝑅0 =  𝛽𝛽
𝛾𝛾
 is the basic reproduction 

number at the beginning of the pandemic when 𝑆𝑆(0)
𝑁𝑁

≈ 1. As can be seen from (6), in the case 

of 𝑅𝑅𝑒𝑒 > 1   the virus spreads through the whole population.  

 

Given the short-run capacity constraints of the hospitals’ intense care units, it is very important 

to calculate the maximum number 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 of infected persons. Due to the separability of the 

differential equations (1) and (2), we are able to solve the SIRDH model with respect to this 

number. Division of (2) by (1) gives 
𝑑𝑑𝐼𝐼
𝑑𝑑𝑆𝑆

=  
𝑑𝑑𝐼𝐼/𝑑𝑑𝑡𝑡
𝑑𝑑𝑆𝑆/𝑑𝑑𝑡𝑡

=
𝑅𝑅0
𝑆𝑆

 − 1. 
 

Integration with respect to S leads to 

𝐼𝐼(𝑆𝑆) =  𝑅𝑅0 ln 𝑆𝑆 − 𝑆𝑆 + 𝐴𝐴.  

Due to the initial condition 𝐼𝐼(𝑆𝑆 = 𝑁𝑁) =  𝑅𝑅0 ln𝑁𝑁 − 𝑁𝑁 + 𝐴𝐴 = 0, we obtain for the constant of 

integration 𝐴𝐴 = 𝑁𝑁 −  𝑅𝑅0 ln𝑁𝑁 so that 

𝐼𝐼(𝑆𝑆) =  𝑅𝑅0 ln(𝑆𝑆/𝑁𝑁) + 𝑁𝑁 − 𝑆𝑆.  

The first-order condition for the unique maximum of I(S) requires 𝑆𝑆 = 𝑅𝑅0 and hence 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚(𝑆𝑆 = 𝑅𝑅0) =  1 − (1 + ln𝑅𝑅0)/𝑅𝑅0. (7) 
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By using the basic reproduction number, it is also possible to derive another key 

epidemiological parameter, namely the herd immunity threshold ℎ = (𝑁𝑁 − 𝑆𝑆ℎ)/𝑁𝑁. This 

threshold value indicates the share of the immunologically healthy population that is necessary 

to avoid the spread of the pandemic. Since this critical value is given by 𝑅𝑅𝑒𝑒 = 𝑅𝑅0𝑆𝑆ℎ
𝑁𝑁

= 1 , one 

obtains 𝑆𝑆ℎ = 𝑁𝑁/𝑅𝑅0 and thus 

ℎ = 1 −
1
𝑅𝑅0

. (8) 

Herd immunity may not only be reached through individuals becoming infected and recovered 

but also with the help of vaccination. Therefore, (8) equivalently corresponds to the share of 

the population needed to be vaccinated such that the number of infected individuals 

𝐼𝐼(𝑡𝑡) declines over time (van den Driessche, 2017). 

 

 
Figure 3: Numerical Simulation of a Pandemic Development 

A numerical example of the SIRDH dynamics is illustrated in Figure 3. Here, the total 

population is standardized to N=1. The initial conditions are given by 𝑆𝑆(0) = 0.99 and 𝐼𝐼(0) =

0.01. The transition rates are given by 𝛽𝛽 = 0.3 and 𝛾𝛾 = 𝜃𝜃 = 0.1 leading to the basic 

reproduction number of 𝑅𝑅0 = 3. The maximum share of infected people is calculated as 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 ≈

0.3 and the threshold value for herd immunity corresponds to the share ℎ ≈ 0.67 of 

immunologically healthy persons. The probability of death is given by 𝛿𝛿 = 0.01. This implies 

that, in the long run, the population converges to the share 𝐻𝐻 = 0.99 of immunologically 

healthy people and the share D= 0.01 of deceased people.  
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4.2.  The SIRDH Model with Time-Dependent Infection and Mortality Rates 
 
The model described so far is characterized by fixed parameter values for all transition rates. 

However, for several reasons this is not true for the second and third phases of the COVID-19 

pandemic. Of course, all governments reacted more or less to the development and imposed 

various restrictions to condemn the spread of SARS-CoV-2. Moreover, even without 

governmental policy, the individuals as a whole adapt their behavior during pandemics in order 

to lower the transmission of the virus (for earlier infection disease outbreaks see e.g. Funk et 

al. (2009) and R. Liu et al. (2007)). For this reason, we relax the assumption of fixed transition 

rates and introduce a time-dependent infection rate 𝛽𝛽(𝑡𝑡) as well as a time-dependent mortality 

𝛿𝛿(𝑡𝑡). 

To specify a variable infection rate 𝛽𝛽(𝑡𝑡), we follow the approach of Chowell et al. (2004) and 

assume a fixed transmission rate 𝛽𝛽0 in the first phase and a decreasing logistic function for the 

second6. Additionally, we use an increasing logistic function for the third phase. This allows us 

to capture the three main stages of the German pandemic, namely the pre-lockdown, lockdown, 

and the post-lockdown period. We specify the development of the infection rate as 

 

 

𝛽𝛽(𝑡𝑡) = 

𝛽𝛽0   𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡 ≤ 𝑙𝑙 (9) 

𝛽𝛽1 + (𝛽𝛽0 − 𝛽𝛽1)𝑒𝑒−𝑘𝑘1(𝑑𝑑−𝑙𝑙)   𝑓𝑓𝑓𝑓𝑓𝑓 𝑙𝑙 <  𝑡𝑡 ≤ 𝑚𝑚 (10) 

𝛽𝛽2 − (𝛽𝛽2 − 𝛽𝛽1)𝑒𝑒−𝑘𝑘2(𝑑𝑑−𝑚𝑚)  𝑓𝑓𝑓𝑓𝑓𝑓 𝑚𝑚 < 𝑡𝑡 (11) 

  

where 𝑙𝑙 and 𝑚𝑚 correspond to the lockdown and lifting dates and the parameters 𝛽𝛽1 < 𝛽𝛽2 <

𝛽𝛽0, and 𝑘𝑘1, 𝑘𝑘2 > 0  determine the time path of the infection rate. With respect to the mortality 

rate, we assume two periods and specify the development as 

𝛿𝛿(𝑡𝑡) = 
𝛿𝛿0   𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡 ≤ 𝑚𝑚 (12) 

𝛿𝛿1 + (𝛿𝛿0 − 𝛿𝛿1)𝑒𝑒−𝑘𝑘3(𝑑𝑑−𝑚𝑚)   𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡 > 𝑚𝑚 (13) 

where the parameters 𝛿𝛿1 < 𝛿𝛿0 and 𝑘𝑘3 > 0 determine the time path of the mortality rate. As the 

mortality rate was relatively high in the phases I and II but declined during phase III, 𝛿𝛿(𝑡𝑡) starts 

to decrease at the same date m as the lifting date in (11) does. 

                                                 
6 Chowell et al. (2004) show how governmental interferences during a past Ebola outbreak in Africa are associated 
with a reduction of the reproduction number. 
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5. Application of the SIRDH Model on the Development in Germany 

The following empirical analysis is based on discrete time, whereby one period corresponds to 

one day. 

5.1.  Time-Invariant Infection and Mortality Rates 

As a first step, we simulate a hypothetical scenario, in which the transition of SARS-CoV-2 

corresponds to the pre-lockdown period during phase I of the pandemic in Germany. It is 

assumed that the spread of the virus is not influenced through behavioral adaptions or 

governmental interferences as a response to COVID-19. We set the parameters as follows (see 

the Appendix for the calibration of all variables and parameters): Regarding the infectivity 

period we choose a value of 10 days leading to 𝛾𝛾 = 0.1 (compare He et al., 2020; Kampen et 

al., 2020; Singanayagam et al., 2020; Wölfel et al., 2020). For the less critical COVID-19 

patients it takes about two weeks to fully recover from the illness (WHO, 2020c) which led us 

to set 𝜃𝜃 ≈ 0.25. For the infection rate we considered the time between January and mid-March 

2020 and fitted it to the data provided by JHU CSSE (2020). This led us to set a constant value 

of 𝛽𝛽 = 0.3 resulting in a basic reproduction number of 𝑅𝑅0 = 3. Finally, we compared three 

different values for the mortality rate δ given by 0.005, 0.01 and 0.015 which is within the range 

of several reports estimating the infection fatality rate (IFR) of COVID-19 (compare Davies et 

al., 2020; Pastor-Barriuso et al., 2020; Russell et al., 2020; Salje et al., 2020; Verity et al., 2020; 

Ward et al., 2020). The graphical solutions of the simulations are shown in the figures below. 

 
Figure 4: Simulated Daily Infections vs. Real Development in Phase I 
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As can be seen in Figure 4, a reproduction number of 3 yields a good approximation of daily 

infections until the 21st of March 2020. However, from there on, the simulation starts to take 

off, leading to tens of thousands of infections by the end of March. This trend continues 

resulting in more than 3,000,000 infections per day in May 2020. 

 
Figure 5: Hypothetical Active Infections  

During the peak of the hypothetical scenario, a maximum share of about 30% of the German 

population is infected corresponding to around 26,000,000 of exposed individuals at the same 

time (see Figure 5). Taking Clark's calculations as an approximation that about 6% of the 

population needs to be transferred to the hospital after an infection indicates that health care 

systems in Germany would be at high risk to be overwhelmed. In this scenario, with millions 

of infections, the German population eventually reaches herd immunity, and the number of 

infections declines. Thus, the virus disappears by itself in the long run.  
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Figure 6: Hypothetical Total Infections 

By Autumn 2020, with almost 80,000,000 total infections, almost the entire German population 

got exposed to SARS-CoV-2 (see Figure 6). In contrast, assuming that a successful vaccine 

distribution for about 67% (≈ 55,000,000) of the population would have been available at the 

beginning of the outbreak, the spreading of the virus would have been immediately stopped 

after the first infections.  

 
Figure 7: Hypothetical Total Deaths 

Finally, figure 7 shows the development of total deaths for the three infection-fatality-rates of 

0.5%, 1% and 1.5%. Depending on the rate, this results in approximately 400,000 to 1,200,000 

total deaths by the end of the pandemic.  
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5.2.  Time-Dependent Infection and Mortality Rates 

Let us now relax the assumption of time-invariant infection and mortality rates and instead 

calibrate β(t) and δ(t) to the data provided by JHU CSSE (2020). All remaining parameters are 

set as shown above.  

To simulate the overall development of COVID-19 cases in Germany, we make two 

simplifications. First, we assume that the effective reproduction number is constant during the 

pre-lockdown period. Second, we interpret the post-lockdown period as a slow, but gradual 

increase of the reproduction number and exclude any ups and downs of daily case numbers. As 

above, we set 𝛽𝛽0 to be 0.3 in phase I which is kept constant until late March 2020.  

 
Figure 8: Simulated Reproduction Number 

By the end of March, we reduced 𝛽𝛽0 gradually to 𝛽𝛽1 = 0.059. Here, the reproduction number 

is pushed to a minimum value of 𝑅𝑅𝑒𝑒 ≈ 0.59 which is reached in early May 2020. This 

development covers the lockdown-period. Afterwards, we increased 𝛽𝛽1 again starting in mid-

May which marks the beginning of the post-lockdown period. Eventually, the infection rate 

gradually converges towards 𝛽𝛽2 = 0.14. This increase leads to the fact that in mid-October 𝑅𝑅𝑒𝑒 

corresponds to around 1.3 (see Figure 8).  

Finally, we simulated the total deaths of the pandemic in Germany.  Regarding the pre- and 

lockdown period we assume a constant mortality rate of 𝛿𝛿0 = 0.0485.7 Afterwards, the rate 

                                                 
7 In this version, the mortality rate corresponds to the case-fatality rate as only documented cases are considered. 
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declines in the post-lockdown period and eventually reaches 𝛿𝛿1 = 0.007. The graphical 

solutions are presented in the figures below.  

 
Figure 9: Simulated Daily Infections vs Real Development 

As Figure 9 shows, the extended SIRDH model provides a good fit between the simulation and 

the data. Similar to the previous analysis, the first wave equals an inverted U-shape. However, 

due to the variable infection rate, the daily case numbers are significantly lower and do not 

exceed 7,000 daily infections in the first wave. As 𝑅𝑅𝑒𝑒 is pushed below 1 in the lockdown period 

case numbers eventually decline. However, in the long run it is given that 𝑅𝑅𝑒𝑒 >1 and thus the 

growth rate of new infections is positive, leading to a second wave of COVID-19 infections. 

 
Figure 10: Simulated Total Deaths vs. Real Development 
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As a result of the time-dependent infection and mortality rates, it is also possible to reconstruct 

the development of total deaths and total confirmed infections quite accurate (see Figure 10 and 

11).  

 

 
Figure 11: Simulated Total Cases vs. Real Development 

 

6. Summary and Conclusion 

This paper dealt with the emergence of COVID-19 and investigated how the development of 

the disease in Germany can be ex-post simulated by applying a combination of the basic and an 

extended SIRDH model. We summarized the development of the COVID-19 crisis and 

presented key characteristics of SARS-CoV-2. In a very stylized but helpful setting, we 

distinguished three different phases. The first phase refers to the pre-lockdown stage 

characterized by exponential growth. The second phase corresponds to the time between March 

and May 2020 in which the German government controlled the infection process by 

implementing various non-pharmaceutical interventions leading to a nationwide lockdown. 

Finally, the third post-lockdown stage describes the gradual relaxation of restrictions which led 

to a revival of the virus in late Summer/Autumn 2020. This time structure laid the foundation 

for our design of the epidemiological model. 

Based on Fernández-Villaverde & Jones (2020), we first simulated the SIRDH model using 

time-invariant transition rates. The results serve as a “what if” analysis and show that without 

any behavioral or governmental interventions, a spread of COVID-19 would potentially lead to 
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several millions of infections, at the same time accompanied by hundreds of thousands of 

deaths. 

The findings are in line with the results of Flaxman et al. (2020) who estimate that over 500,000 

Germans could have died by May 2020, if the spread of the virus would not have been 

suppressed by social distancing policies. These results are backed up by Ferguson et al. (2020) 

who calculate similar death numbers for the UK and the US and state that intensive care unit 

capacities would not have been enough, if the virus would have spread rapidly through the 

population. Such estimations are only hypothetical, and our results need to be interpreted with 

caution. However, they serve as a benchmark to show the potential unfolding dynamics of 

COVID-19. 

To include a decreasing case fatality rate, observed during the post-lockdown period, and to 

account for the fact that the German government imposed several social distancing policies to 

fight the spread of the virus, the SIRDH model was modified with respect to time-dependent 

infection and mortality rates. The use of a first constant, then decreasing, and finally increasing 

infection rate allowed us to model the pandemic in Germany regarding daily new and total 

infections and deaths quite accurate.  

An interesting extension of our approach would be to include a cosine function in order to allow 

for oscillating infection rates. Such an approach is for example used to account for seasonality 

effects of other infectious diseases such as measles (Chen & Epureanu, 2017) or influenza 

(Dushoff et al., 2004) and is also applied to model the current COVID-19 pandemic (Neher et 

al., 2020). Furthermore, we assumed that individuals acquire permanent immunity after an 

infection. While we showed that this rationale can unproblematically be used to reconstruct the 

development of the first and second corona waves in 2020, it remains to be seen whether this 

assumption is also valid in the long run. The study by To et al. (2020) has confirmed that it is 

possible to be infected again after being exposed to the virus. If this turns out to be a regular 

pattern, it will be necessary to further extend our SIRDH version to a SIRDHS version, in which 

infected individuals lose their immunity after a certain period of time and move back to the 

susceptible state S (see, e.g. Hethcote (2008)). 

These alternatives may become increasingly important when no effective vaccine will be 

developed and distributed in the near future. However, during the final editing of this paper, it 

has become known that effective vaccination is very likely to be available in the first half of 

2021. Let us hope the best. 
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Appendix 
 

Calibrated Values for the Variables and Parameters 

 Note/Source 
Total Population N 83.783.942 Worldometer (2020) 

Initial Conditions for the Variables 
Susceptible S(0) 83.783.941 = N-I(0)-R(0)-H(0)-D(0) 
Infected I(0) 1 JHU CSSE (2020) 
Removed R(0) 0  
Healthy H(0) 0  
Dead D(0) 0  

Fixed Parameter Values 

Duration of Infectivity 

 

10 days 

He et al. (2020, p. 672), 
Kampen et al. (2020, p. 2), 
Singanayagam et al. (2020, 
p. 1), Wölfel et al. (2020, p. 
466) 

Removing Rate 𝛾𝛾 =
1

10
= 0.1  

Duration until 
Recovery or Death 

 4 days WHO (2020c, p. 14) 

Exit Rate from the 
State R 

θ 

 
=

1
4

= 0.25  

Mortality Rate 
(Infection Fatality 
Rate) 

δ 0.005-0.015 

compare Davies et al., 
(2020, p. 379); Pastor-
Barriuso et al., (2020, p. 4); 
Russell et al., (2020, p. 3); 
Salje et al., (2020, p. 369); 
Verity et al., (2020, p. 675); 
Ward et al., (2020, p. 7). 

Fitted Parameter Values 
Pre-Lockdown 
Infection Rate 𝛽𝛽0 0.3  

Lockdown Infection 
Rate 𝛽𝛽1 0.059  

Lockdown Parameter 𝑘𝑘1 0.15  
Lockdown Date 𝑙𝑙 54 21.03.2020 
Post-Lockdown 
Infection Rate 𝛽𝛽2 0.14  

Lifting Parameter 𝑘𝑘2 0.014  
Lifting Date 𝑚𝑚 105 11.05.2020 
Mortality Rate in 
Phases I and II (Case 
Fatality Rate)  

𝛿𝛿0 0.0485 
 

Mortality Rate in 
Phase III (Case 
Fatality Rate)  

𝛿𝛿1 0.007 
 

Mortality Parameter 𝑘𝑘3 0.03  



25 
 

References  
 
Agrawal, G., Conway, M., Heller, J., Sabow, A., & Tolub, T. (2020). COVID-19 vaccines are 
likely to launch by the end of 2020 | McKinsey. https://www.mckinsey.com/ 
industries/pharmaceuticals-and-medical-products/our-insights/on-pins-and-needles-will-
covid-19-vaccines-save-the-world [Accessed 05.08.2020] 
Anderson, E. L., Turnham, P., Griffin, J. R., & Clarke, C. C. (2020). Consideration of the 
Aerosol Transmission for COVID-19 and Public Health. Risk Analysis, 40(5), 902–907. 
https://doi.org/10.1111/risa.13500 
Anderson, R. M., Heesterbeek, H., Klinkenberg, D., & Hollingsworth, T. D. (2020). How will 
country-based mitigation measures influence the course of the COVID-19 epidemic? The 
Lancet, 395(10228), 931–934. https://doi.org/10.1016/S0140-6736(20)30567-5 
Arnold, D. T., Hamilton, F. W., Milne, A., Morley, A., Viner, J., Attwood, M., Noel, A., 
Gunning, S., Hatrick, J., Hamilton, S., Elvers, K. T., Hyams, C., Bibby, A., Moran, E., Adamali, 
H., Dodd, J., Maskell, N. A., & Barratt, S. (2020). Patient outcomes after hospitalisation with 
COVID-19 and implications for follow-up; results from a prospective UK cohort. Preprint at 
MedRxiv, 2020.08.12.20173526. https://doi.org/10.1101/2020.08.12.20173526 [Accessed 
17.08.2020] 
Asadi, S., Bouvier, N., Wexler, A. S., & Ristenpart, W. D. (2020). The coronavirus pandemic 
and aerosols: Does COVID-19 transmit via expiratory particles? Aerosol Science and 
Technology, 54(6), 635–638. https://doi.org/10.1080/02786826.2020.1749229 
Atkeson, A. (2020). What Will Be the Economic Impact of COVID-19 in the US? Rough 
Estimates of Disease Scenarios (Working Paper No. 26867). National Bureau of Economic 
Research. https://doi.org/10.3386/w26867 
Baker, R. (2020). Reactive Social distancing in a SIR model of epidemics such as COVID-19. 
Preprint at ArXiv:2003.08285 [q-Bio], Preprint at arXiv. http://arxiv.org/abs/2003.08285 
[Accessed: 29.06.2020] 
BMI. (2020). Wie wir Covid-19 unter Kontrolle bekommen. https://www.bmi.bund.de/ 
SharedDocs/downloads/DE/veroeffentlichungen/2020/corona/szenarienpapier-covid-19.html 
Bock, W., Adamik, B., Bawiec, M., Bezborodov, V., Bodych, M., Burgard, J. P., Goetz, T., 
Krueger, T., Migalska, A., Pabjan, B., Ozanski, T., Rafajlowicz, E., Rafajlowicz, W., 
Skubalska-Rafajlowicz, E., Ryfczynska, S., Szczurek, E., & Szymanski, P. (2020). Mitigation 
and Herd Immunity Strategy for Covid-19 Is Likely to Fail [Preprint]. Epidemiology. 
https://doi.org/10.1101/2020.03.25.20043109 [Accessed: 29.06.2020] 
Boscolo-Rizzo, P., Borsetto, D., Fabbris, C., Spinato, G., Frezza, D., Menegaldo, A., Mularoni, 
F., Gaudioso, P., Cazzador, D., Marciani, S., Frasconi, S., Ferraro, M., Berro, C., Varago, C., 
Nicolai, P., Tirelli, G., Mosto, M. C. D., Obholzer, R., Rigoli, R., … Hopkins, C. (2020). 
Evolution of Altered Sense of Smell or Taste in Patients With Mildly Symptomatic COVID-
19. JAMA Otolaryngology–Head & Neck Surgery. https://doi.org/10.1001/jamaoto.2020.1379 
BReg. (2020a). Leitlinien gegen Ausbreitung des Coronavirus. https://www. 
bundesregierung.de/breg-de/themen/coronavirus/leitlinien-bund-laender-1731000 [Accessed: 
21.07.2020] 
BReg. (2020b). Besprechung der Bundeskanzlerin mit den Regierungschefinnen und 
Regierungschefs der Länder. https://www.bundesregierung.de/breg-de/themen coronavirus/ 



26 
 

besprechung-der-bundeskanzlerin-mit-den-regierungschefinnen-und-regierungschefs-der-
laender-1733248 [Accessed: 21.07.2020] 
BReg. (2020c). Coronavirus in Deutschland: Regelungen und Einschränkungen. 
https://www.bundesregierung.de/breg-de/themen/coronavirus/corona-massnahmen-1734724 
[Accessed: 27.08.2020] 
BReg. (2020d). Konferenz der Bundeskanzlerin mit den Regierungschefinnen und 
Regierungschefs der Länder am 14. Oktober2020. https://www.bundesregierung.de/ 
resource/blob/975226/1798920/9448da53f1fa442c24c37abc8b0b2048/2020-10-14-beschluss-
mpk-data.pdf?download=1 [Accessed: 15.10.2020] 
Britton, T., Ball, F., & Trapman, P. (2020). A mathematical model reveals the influence of 
population heterogeneity on herd immunity to SARS-CoV-2. Science, 369(6505), 846–849. 
https://doi.org/10.1126/science.abc6810 
Carfì, A., Bernabei, R., & Landi, F. (2020). Persistent Symptoms in Patients After Acute 
COVID-19. JAMA, 324(6), 603–605. https://doi.org/10.1001/jama.2020.12603 
CDC. (2020). Preliminary Estimates of the Prevalence of Selected Underlying Health 
Conditions Among Patients with Coronavirus Disease 2019—United States, February 12–
March 28, 2020. MMWR. Morbidity and Mortality Weekly Report, 69. 
https://doi.org/10.15585/mmwr.mm6913e2 
Chan, J. F.-W., Yuan, S., Kok, K.-H., To, K. K.-W., Chu, H., Yang, J., Xing, F., Liu, J., Yip, 
C. C.-Y., Poon, R. W.-S., Tsoi, H.-W., Lo, S. K.-F., Chan, K.-H., Poon, V. K.-M., Chan, W.-
M., Ip, J. D., Cai, J.-P., Cheng, V. C.-C., Chen, H., … Yuen, K.-Y. (2020). A familial cluster 
of pneumonia associated with the 2019 novel coronavirus indicating person-to-person 
transmission: A study of a family cluster. The Lancet, 395(10223), 514–523. 
https://doi.org/10.1016/S0140-6736(20)30154-9 
Chen, S., & Epureanu, B. (2017). Regular biennial cycles in epidemics caused by parametric 
resonance. Journal of Theoretical Biology, 415, 137–144. https://doi.org/10.1016/ 
j.jtbi.2016.12.013 
Chowell, G., Hengartner, N. W., Castillo-Chavez, C., Fenimore, P. W., & Hyman, J. M. (2004). 
The basic reproductive number of Ebola and the effects of public health measures: The cases 
of Congo and Uganda. Journal of Theoretical Biology, 229(1), 119–126. 
https://doi.org/10.1016/j.jtbi.2004.03.006 
Chu, D. K., Akl, E. A., Duda, S., Solo, K., Yaacoub, S., Schünemann, H. J., Chu, D. K., Akl, 
E. A., El-harakeh, A., Bognanni, A., Lotfi, T., Loeb, M., Hajizadeh, A., Bak, A., Izcovich, A., 
Cuello-Garcia, C. A., Chen, C., Harris, D. J., Borowiack, E., … Schünemann, H. J. (2020). 
Physical distancing, face masks, and eye protection to prevent person-to-person transmission 
of SARS-CoV-2 and COVID-19: A systematic review and meta-analysis. The Lancet, 
395(10242), 1973–1987. https://doi.org/10.1016/S0140-6736(20)31142-9 
Clark, A., Jit, M., Warren-Gash, C., Guthrie, B., Wang, H. H. X., Mercer, S. W., Sanderson, 
C., McKee, M., Troeger, C., Ong, K. L., Checchi, F., Perel, P., Joseph, S., Gibbs, H. P., 
Banerjee, A., Eggo, R. M., Nightingale, E. S., O’Reilly, K., Jombart, T., … Jarvis, C. I. (2020). 
Global, regional, and national estimates of the population at increased risk of severe COVID-
19 due to underlying health conditions in 2020: A modelling study. The Lancet Global Health, 
8(8), e1003-e1017. https://doi.org/10.1016/S2214-109X(20)30264-3 
Cousins, S. (2020). New Zealand eliminates COVID-19. The Lancet, 395(10235), 1474. 
https://doi.org/10.1016/S0140-6736(20)31097-7 



27 
 

Davies, N. G., Kucharski, A. J., Eggo, R. M., Gimma, A., Edmunds, W. J., Jombart, T., 
O’Reilly, K., Endo, A., Hellewell, J., Nightingale, E. S., Quilty, B. J., Jarvis, C. I., Russell, T. 
W., Klepac, P., Bosse, N. I., Funk, S., Abbott, S., Medley, G. F., Gibbs, H., … Liu, Y. (2020). 
Effects of non-pharmaceutical interventions on COVID-19 cases, deaths, and demand for 
hospital services in the UK: A modelling study. The Lancet Public Health, 5(7), e375–e385. 
https://doi.org/10.1016/S2468-2667(20)30133-X 
Dehning, J., Zierenberg, J., Spitzner, F. P., Wibral, M., Neto, J. P., Wilczek, M., & Priesemann, 
V. (2020). Inferring change points in the spread of COVID-19 reveals the effectiveness of 
interventions. Science, 369(6500). https://doi.org/10.1126/science.abb9789 
DIVI. (2020). DIVI Intensivregister Tagesreporte – Archiv. https://www.divi.de/divi-
intensivregister-tagesreport-archiv?filter_order=tbl.title&filter_order_Dir=DESC&start=0 
[Accessed: 21.07.2020] 
Dong, E., Du, H., & Gardner, L. (2020). An interactive web-based dashboard to track COVID-
19 in real time. The Lancet Infectious Diseases, 20(5), 533–534. https://doi.org/10.1016/S1473-
3099(20)30120-1 
Drozd, L., & Tavares, M. (2020). Responding to Covid-19: A Note (April, 2020). FRB of 
Philadelphia Working Paper No.20.14. https://doi.org/10.21799/frbp.wp.2020.14 
Dushoff, J., Plotkin, J. B., Levin, S. A., & Earn, D. J. D. (2004). Dynamical resonance can 
account for seasonality of influenza epidemics. Proceedings of the National Academy of 
Sciences, 101(48), 16915–16916. https://doi.org/10.1073/pnas.0407293101 
ECDC. (2020). COVID-19 situation update worldwide, as of 17 August 2020. 
https://www.ecdc.europa.eu/en/geographical-distribution-2019-ncov-cases [Accessed: 
18.08.2020] 
Felbermayr, G., Hinz, J., & Chowdhry, S. (2020). Après-ski: The Spread of Coronavirus from 
Ischgl through Germany. CEPR Press - COVID ECONOMICS, 22, 177–204. 
https://cepr.org/sites/default/files/news/CovidEconomics22.pdf 
Ferguson, N., Laydon, D., Nedjati Gilani, G., Imai, N., Ainslie, K., Baguelin, M., Bhatia, S., 
Boonyasiri, A., Cucunuba Perez, Z., Cuomo-Dannenburg, G., Dighe, A., Dorigatti, I., Fu, H., 
Gaythorpe, K., Green, W., Hamlet, A., Hinsley, W., Okell, L., Van Elsland, S., … Ghani, A. 
(2020). Report 9: Impact of non-pharmaceutical interventions (NPIs) to reduce COVID19 
mortality and healthcare demand. Imperial College London. https://doi.org/10.25561/77482 
Fernández-Villaverde, J., & Jones, C. I. (2020). Estimating and Simulating a SIRD Model of 
COVID-19 for Many Countries, States, and Cities (Working Paper No. 27128; Working Paper 
Series). National Bureau of Economic Research. https://doi.org/10.3386/w27128 
Fischer, E. P., Fischer, M. C., Grass, D., Henrion, I., Warren, W. S., & Westman, E. (2020). 
Low-cost measurement of face mask efficacy for filtering expelled droplets during speech. 
Science Advances, 6(36), eabd3083. https://doi.org/10.1126/sciadv.abd3083 
Flaxman, S., Mishra, S., Gandy, A., Unwin, H. J. T., Mellan, T. A., Coupland, H., Whittaker, 
C., Zhu, H., Berah, T., Eaton, J. W., Monod, M., Ghani, A. C., Donnelly, C. A., Riley, S., 
Vollmer, M. A. C., Ferguson, N. M., Okell, L. C., & Bhatt, S. (2020). Estimating the effects of 
non-pharmaceutical interventions on COVID-19 in Europe. Nature, 584(7820), 257–261. 
https://doi.org/10.1038/s41586-020-2405-7 
Funk, S., Gilad, E., Watkins, C., & Jansen, V. A. A. (2009). The spread of awareness and its 
impact on epidemic outbreaks. Proceedings of the National Academy of Sciences, 106(16), 
6872–6877. https://doi.org/10.1073/pnas.0810762106 



28 
 

Ghinai, I., McPherson, T. D., Hunter, J. C., Kirking, H. L., Christiansen, D., Joshi, K., Rubin, 
R., Morales-Estrada, S., Black, S. R., Pacilli, M., Fricchione, M. J., Chugh, R. K., Walblay, K. 
A., Ahmed, N. S., Stoecker, W. C., Hasan, N. F., Burdsall, D. P., Reese, H. E., Wallace, M., … 
Uyeki, T. M. (2020). First known person-to-person transmission of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) in the USA. The Lancet, 395(10230), 1137–1144. 
https://doi.org/10.1016/S0140-6736(20)30607-3 
Ghinai, I., Woods, S., Ritger, K. A., McPherson, T. D., Black, S. R., Sparrow, L., Fricchione, 
M. J., Kerins, J. L., Pacilli, M., Ruestow, P. S., Arwady, M. A., Beavers, S. F., Payne, D. C., 
Kirking, H. L., & Layden, J. E. (2020). Community Transmission of SARS-CoV-2 at Two 
Family Gatherings—Chicago, Illinois, February–March 2020. MMWR. Morbidity and 
Mortality Weekly Report, 69(15), 446–450. https://doi.org/10.15585/mmwr.mm6915e1 
Götzinger, F., Santiago-García, B., Noguera-Julián, A., Lanaspa, M., Lancella, L., Carducci, F. 
I. C., Gabrovska, N., Velizarova, S., Prunk, P., Osterman, V., Krivec, U., Vecchio, A. L., 
Shingadia, D., Soriano-Arandes, A., Melendo, S., Lanari, M., Pierantoni, L., Wagner, N., 
L’Huillier, A. G., … Riordan, A. (2020). COVID-19 in children and adolescents in Europe: A 
multinational, multicentre cohort study. The Lancet Child & Adolescent Health, 4(9), 653–661. 
https://doi.org/10.1016/S2352-4642(20)30177-2 
Hamer, M., Kivimäki, M., Gale, C. R., & Batty, G. D. (2020). Lifestyle risk factors, 
inflammatory mechanisms, and COVID-19 hospitalization: A community-based cohort study 
of 387,109 adults in UK. Brain, Behavior, and Immunity, 87, 184–187. 
https://doi.org/10.1016/j.bbi.2020.05.059 
Hamner, L., Dubbel, P., Capron, I., Ross, A., Jordan, A., Lee, J., Lynn, J., Ball, A., Narwal, S., 
Russell, S., Dale, P., & Leibrand, H. (2020). High SARS-CoV-2 Attack Rate Following 
Exposure at a Choir Practice—Skagit County, Washington, March 2020. MMWR. Morbidity 
and Mortality Weekly Report, 69(19), 606–610. https://doi.org/10.15585/mmwr.mm6919e6 
Hartl, T., Wälde, K., & Weber, E. (2020). Measuring the impact of the German public shutdown 
on the spread of Covid-19. Covid Economics, 1, 25–32. 
https://cepr.org/sites/default/files/news/CovidEcon1%20final.pdf 
He, X., Lau, E. H. Y., Wu, P., Deng, X., Wang, J., Hao, X., Lau, Y. C., Wong, J. Y., Guan, Y., 
Tan, X., Mo, X., Chen, Y., Liao, B., Chen, W., Hu, F., Zhang, Q., Zhong, M., Wu, Y., Zhao, 
L., … Leung, G. M. (2020). Temporal dynamics in viral shedding and transmissibility of 
COVID-19. Nature Medicine, 26(5), 672–675. https://doi.org/10.1038/s41591-020-0869-5 
Hethcote, H. W. (2008). The Basic Epidemiology Models: Models, Expressions for R0, 
Parameter Estimation, And Applications. In S. Ma & Y. Xia, Lecture Notes Series, Institute for 
Mathematical Sciences, National University of Singapore (Vol. 16, pp. 1–61). WORLD 
SCIENTIFIC. https://doi.org/10.1142/9789812834836_0001 
Ibarrondo, F. J., Fulcher, J. A., Goodman-Meza, D., Elliott, J., Hofmann, C., Hausner, M. A., 
Ferbas, K. G., Tobin, N. H., Aldrovandi, G. M., & Yang, O. O. (2020). Rapid Decay of Anti–
SARS-CoV-2 Antibodies in Persons with Mild Covid-19. New England Journal of Medicine. 
https://doi.org/10.1056/NEJMc2025179 
James, A., Hendy, S. C., Plank, M. J., & Steyn, N. (2020). Suppression and Mitigation 
Strategies for Control of COVID-19 in New Zealand. Preprint at MedRxiv, 
2020.03.26.20044677. https://doi.org/10.1101/2020.03.26.20044677 [Accessed: 01.07.2020] 
Jang, S., Han, S. H., & Rhee, J.-Y. (2020). Cluster of Coronavirus Disease Associated with 
Fitness Dance Classes, South Korea—Volume 26, Number 8—August 2020—Emerging 



29 
 

Infectious Diseases journal—CDC. Emerging Infectious Diseases, 26(9), 1917–1920. 
https://doi.org/10.3201/eid2608.200633 
Johns Hopkins University Center for Systems Science and Engineering (JHU CSSE). (2020). 
CSSEGISandData/COVID-19. https://github.com/CSSEGISandData/COVID-19 [Accessed: 
16.10.2020] 
Kampen, J. J. A. van, Vijver, D. A. M. C. van de, Fraaij, P. L. A., Haagmans, B. L., Lamers, 
M. M., Okba, N., Akker, J. P. C. van den, Endeman, H., Gommers, D. A. M. P. J., Cornelissen, 
J. J., Hoek, R. A. S., Eerden, M. M. van der, Hesselink, D. A., Metselaar, H. J., Verbon, A., 
Steenwinkel, J. E. M. de, Aron, G. I., Gorp, E. C. M. van, Boheemen, S. van, … Eijk, A. A. van 
der. (2020). Shedding of infectious virus in hospitalized patients with coronavirus disease-2019 
(COVID-19): Duration and key determinants. Preprint at MedRxiv, 2020.06.08.20125310. 
https://doi.org/10.1101/2020.06.08.20125310 [Acccessed: 06.08.2020] 
Kang, C. R., Lee, J. Y., Park, Y., Huh, I. S., Ham, H. J., Han, J. K., Kim, J. I., & Na, B. J. 
(2020). Coronavirus Disease Exposure and Spread from Nightclubs, South Korea—Volume 26, 
Number 10—October 2020—Emerging Infectious Diseases journal—CDC. Emerging 
Infectious Diseases, 26(10). https://doi.org/10.3201/eid2610.202573 
Kermack, W. O., & McKendrick, A. G. (1927). A contribution to the mathematical theory of 
epidemics. Proceedings of the Royal Society of London. Series A, Containing Papers of a 
Mathematical and Physical Character, 115(772), 700–721. https://doi.org/10.1098/ 
rspa.1927.0118 
Lechien, J. R., Chiesa‐Estomba, C. M., Place, S., Laethem, Y. V., Cabaraux, P., Mat, Q., Huet, 
K., Plzak, J., Horoi, M., Hans, S., Barillari, M. R., Cammaroto, G., Fakhry, N., Martiny, D., 
Ayad, T., Jouffe, L., Hopkins, C., & Saussez, S. (2020). Clinical and epidemiological 
characteristics of 1420 European patients with mild-to-moderate coronavirus disease 2019. 
Journal of Internal Medicine, 288(3), 335.344. https://doi.org/10.1111/joim.13089 
Lednicky, J. A., Lauzardo, M., Fan, Z. H., Jutla, A. S., Tilly, T. B., Gangwar, M., Usmani, M., 
Shankar, S. N., Mohamed, K., Eiguren-Fernandez, A., Stephenson, C. J., Alam, M. M., Elbadry, 
M. A., Loeb, J. C., Subramaniam, K., Waltzek, T. B., Cherabuddi, K., Morris, J. G., & Wu, C.-
Y. (2020). Viable SARS-CoV-2 in the air of a hospital room with COVID-19 patients. Preprint 
at MedRxiv, 2020.08.03.20167395. https://doi.org/10.1101/2020.08.03.20167395 [Accessed: 
01.09.2020] 
Li, R., Pei, S., Chen, B., Song, Y., Zhang, T., Yang, W., & Shaman, J. (2020). Substantial 
undocumented infection facilitates the rapid dissemination of novel coronavirus (SARS-CoV-
2). Science, 368(6490), 489–493. https://doi.org/10.1126/science.abb3221 
Li, You, Campbell, H., Kulkarni, D., Harpur, A., Nundy, M., Wang, X., & Nair, H. (2020). The 
temporal association of introducing and lifting non-pharmaceutical interventions with the time-
varying reproduction number (R) of SARS-CoV-2: A modelling study across 131 countries. 
The Lancet Infectious Diseases. https://doi.org/10.1016/S1473-3099(20)30785-4 
Li, Yuguo, Qian, H., Hang, J., Chen, X., Hong, L., Liang, P., Li, J., Xiao, S., Wei, J., Liu, L., 
& Kang, M. (2020). Evidence for probable aerosol transmission of SARS-CoV-2 in a poorly 
ventilated restaurant. Preprint at MedRxiv, 2020.04.16.20067728. https://doi.org/10.1101/ 
2020.04.16.20067728 [Accessed: 31.07.2020] 
Liu, R., Wu, J., & Zhu, H. (2007). Media/Psychological Impact on Multiple Outbreaks of 
Emerging Infectious Diseases. Computational and Mathematical Methods in Medicine, 8(3), 
612372. https://doi.org/10.1080/17486700701425870 



30 
 

Liu, Y., Gayle, A. A., Wilder-Smith, A., & Rocklöv, J. (2020). The reproductive number of 
COVID-19 is higher compared to SARS coronavirus. Journal of Travel Medicine, 27(2). 
https://doi.org/10.1093/jtm/taaa021 
Lu, J., Gu, J., Li, K., Xu, C., Su, W., Lai, Z., Zhou, D., Yu, C., Xu, B., & Yang, Z. (2020). 
COVID-19 Outbreak Associated with Air Conditioning in Restaurant, Guangzhou, China, 
2020—Volume 26, Number 7—July 2020—Emerging Infectious Diseases journal—CDC. 
Emerging Infectious Diseases, 26(7), 1628–1631. https://doi.org/10.3201/eid2607.200764 
Lurie, N., Saville, M., Hatchett, R., & Halton, J. (2020). Developing Covid-19 Vaccines at 
Pandemic Speed. New England Journal of Medicine, 382(21), 1969–1973. 
https://doi.org/10.1056/NEJMp2005630 
Ma, Z. (2009). Some Recent Results on Epidemic Dynamics Obtained by Our Group . In Z. 
Ma, Y. Zhou, & J. Wu (Eds.), Modeling And Dynamics Of Infectious Diseases (Issue Vol. 11, 
pp. 1–35). World Scientific / Higher Education Press, China. PDF available at: http://www.redi-
bw.de/db/ebsco.php/search.ebscohost.com/login.aspx%3fdirect%3dtrue%26db%3dnlebk%26
AN%3d305301%26site%3dehost-live 
Mitze, T., Kosfeld, R., Rode, J., & Wälde, K. (2020). Face Masks Considerably Reduce 
COVID-19 Cases in Germany: A Synthetic Control Method Approach. IZA DP No.13319, 31. 
PDF available at: https://www.iza.org/publications/dp/13319/face-masks-considerably-reduce-
covid-19-cases-in-germany-a-synthetic-control-method-approach 
Morawska, L., & Cao, J. (2020). Airborne transmission of SARS-CoV-2: The world should 
face the reality. Environment International, 139, 105730. 
https://doi.org/10.1016/j.envint.2020.105730 
Neher, R. A., Dyrdak, R., Druelle, V., Hodcroft, E. B., & Albert, J. (2020). Potential impact of 
seasonal forcing on a SARS-CoV-2 pandemic. Swiss Medical Weekly, 150(1112). 
https://doi.org/10.4414/smw.2020.20224 
Ng, T. W., Turinici, G., & Danchin, A. (2003). A double epidemic model for the SARS 
propagation. BMC Infectious Diseases, 3. https://doi.org/10.1186/1471-2334-3-19 
Nishiura, H., Oshitani, H., Kobayashi, T., Saito, T., Sunagawa, T., Matsui, T., Wakita, T., 
Team, M. C.-19 R., & Suzuki, M. (2020). Closed environments facilitate secondary 
transmission of coronavirus disease 2019 (COVID-19). Preprint at MedRxiv. 
https://doi.org/10.1101/2020.02.28.20029272 [Accessed: 01.09.2020] 
Pastor-Barriuso, R., Perez-Gomez, B., Hernan, M. A., Perez-Olmeda, M., Yotti, R., Oteo, J., 
Sanmartin, J. L., Leon-Gomez, I., Fernandez-Garcia, A., Fernandez-Navarro, P., Cruz, I., 
Martin, M., Delgado-Sanz, C., Larrea, N. F. de, Paniagua, J. L., Munoz-Montalvo, J. F., Blanco, 
F., Larrauri, A., Pollan, M., & Pollan, M. (2020). SARS-CoV-2 infection fatality risk in a 
nationwide seroepidemiological study. Preprint at MedRxiv, 2020.08.06.20169722. 
https://doi.org/10.1101/2020.08.06.20169722 [Accessed: 13.08.2020] 
Perez-Saez, F. J., Lauer, S. A., Kaiser, L., Regard, S., Delaporte, E., Guessous, I., Stringhini, 
S., & Azman, A. (2020). Serology-informed estimates of SARS-COV-2 infection fatality risk 
in Geneva, Switzerland. Preprint at OSF. https://doi.org/10.31219/osf.io/wdbpe [Accessed: 
13.07.2020] 
Petersen, E., Koopmans, M., Go, U., Hamer, D. H., Petrosillo, N., Castelli, F., Storgaard, M., 
Khalili, S. A., & Simonsen, L. (2020). Comparing SARS-CoV-2 with SARS-CoV and influenza 
pandemics. The Lancet Infectious Diseases, 20(9), E238–E244. https://doi.org/10.1016/S1473-
3099(20)30484-9 



31 
 

Pollán, M., Pérez-Gómez, B., Pastor-Barriuso, R., Oteo, J., Hernán, M. A., Pérez-Olmeda, M., 
Sanmartín, J. L., Fernández-García, A., Cruz, I., Larrea, N. F. de, Molina, M., Rodríguez-
Cabrera, F., Martín, M., Merino-Amador, P., Paniagua, J. L., Muñoz-Montalvo, J. F., Blanco, 
F., Yotti, R., Blanco, F., … Villa, A. V. de la. (2020). Prevalence of SARS-CoV-2 in Spain 
(ENE-COVID): A nationwide, population-based seroepidemiological study. The Lancet, 
396(10250), 535–544. https://doi.org/10.1016/S0140-6736(20)31483-5 
Prather, K. A., Wang, C. C., & Schooley, R. T. (2020). Reducing transmission of SARS-CoV-
2. Science, 368(6498), 1422–1424. https://doi.org/10.1126/science.abc6197 
Pronker, E. S., Weenen, T. C., Commandeur, H., Claassen, E. H. J. H. M., & Osterhaus, A. D. 
M. E. (2013). Risk in Vaccine Research and Development Quantified. PLOS ONE, 8(3), 
e57755. https://doi.org/10.1371/journal.pone.0057755 
Pung, R., Chiew, C. J., Young, B. E., Chin, S., Chen, M. I.-C., Clapham, H. E., Cook, A. R., 
Maurer-Stroh, S., Toh, M. P. H. S., Poh, C., Low, M., Lum, J., Koh, V. T. J., Mak, T. M., Cui, 
L., Lin, R. V. T. P., Heng, D., Leo, Y.-S., Lye, D. C., … Ang, L. W. (2020). Investigation of 
three clusters of COVID-19 in Singapore: Implications for surveillance and response measures. 
The Lancet, 395(10229), 1039–1046. https://doi.org/10.1016/S0140-6736(20)30528-6 
RKI. (2020a). Täglicher Lagebericht des RKI zur Coronavirus-Krankheit-2019 (COVID-19) 
04.03.2020—AKTUALISIERTER STAND FÜR DEUTSCHLAND. https://www.rki.de/DE/ 
Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/2020-03-04-lob=publicationFile 
RKI. (2020b). Täglicher Lagebericht des RKI zur Coronavirus-Krankheit-2019 (COVID-19) 
11.03.2020 – AKTUALISIERTERSTAND FÜR DEUTSCHLAND. 
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/2020-
03-11-de.pdf?__blob=publicationFile 
RKI. (2020c). Täglicher Lagebericht des RK Izur Coronavirus-Krankheit-2019 (COVID-19) 
16.03.2020 – AKTUALISIERTER STAND FÜR DEUTSCHLAND. 
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/2020-
03-16-de.pdf?__blob=publicationFile 
RKI. (2020d). Täglicher Lagebericht des RKI zur Coronavirus-Krankheit-2019 (COVID-19) 
26.04.2020 – AKTUALISIERTER STAND FÜR DEUTSCHLAND. 
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/2020-
04-26-de.pdf?__blob=publicationFile 
RKI. (2020e). Täglicher Lagebericht des RKI zur Coronavirus-Krankheit-2019 (COVID-19) 
23.06.2020 – AKTUALISIERTER STAND FÜR DEUTSCHLAND. 
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/2020-
06-23-de.pdf?__blob=publicationFile 
RKI. (2020f). RKI - Coronavirus SARS-CoV-2—Serologische Untersuchungen von 
Blutspenden auf Antikörper gegen SARS-CoV-2 (SeBluCo-Studie). 
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Projekte_RKI/SeBluCo_Z
wischenbericht.html [Accessed: 22.07.2020] 
RKI. (2020g). Kennzahlen zur Corona-Warn-App. https://www.rki.de/DE/ 
Content/InfAZ/N/Neuartiges_Coronavirus/WarnApp/Kennzahlen.pdf?__blob=publicationFile 
[Accessed: 11.08.2020] 
RKI. (2020h). Täglicher Lagebericht des RKI zur Coronavirus-Krankheit-2019 (COVID-19) 
07.08.2020—Aktualisierter Stand für Deutschland. https://www.rki.de/DE/ 
Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/2020-08-07-
de.pdf?__blob=publicationFile 



32 
 

RKI. (2020i). Täglicher Lagebericht des RKI zur Coronavirus-Krankheit-2019 (COVID-19) 
18.08.2020—Aktualisierter Stand für Deutschland. 
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/2020-
08-18-de.pdf?__blob=publicationFile 
Rossi, N., & Ianni, A. (2020). Describing the COVID-19 Outbreak—Fitting Modified SIR 
models to Data. Preprint at MedRxiv, 2020.04.29.20084285. 
https://doi.org/10.1101/2020.04.29.20084285 [Accessed: 10.08.2020] 
Russell, T. W., Hellewell, J., Jarvis, C. I., Zandvoort, K. van, Abbott, S., Ratnayake, R., Group, 
C. C.-19 working, Flasche, S., Eggo, R. M., Edmunds, W. J., & Kucharski, A. J. (2020). 
Estimating the infection and case fatality ratio for coronavirus disease (COVID-19) using age-
adjusted data from the outbreak on the Diamond Princess cruise ship, February 2020. 
Eurosurveillance, 25(12), 2000256. https://doi.org/10.2807/1560-
7917.ES.2020.25.12.2000256 
Salje, H., Kiem, C. T., Lefrancq, N., Courtejoie, N., Bosetti, P., Paireau, J., Andronico, A., 
Hozé, N., Richet, J., Dubost, C.-L., Strat, Y. L., Lessler, J., Levy-Bruhl, D., Fontanet, A., 
Opatowski, L., Boelle, P.-Y., & Cauchemez, S. (2020). Estimating the burden of SARS-CoV-
2 in France. Science, 369(6500), 208–211. https://doi.org/10.1126/science.abc3517 
Schlosser, F., Hinrichs, D., Maier, B. F., Brockmann, D., & Rose, A. (2020). First Report: 
Mobility in Germany and Social Distancing. https://www.covid-19-mobility.org/reports/first-
report-general-mobility/ [Accessed: 12.08.2020] 
Seow, J., Graham, C., Merrick, B., Acors, S., Steel, K. J. A., Hemmings, O., O’Bryne, A., 
Kouphou, N., Pickering, S., Galao, R., Betancor, G., Wilson, H. D., Signell, A. W., Winstone, 
H., Kerridge, C., Temperton, N., Snell, L., Bisnauthsing, K., Moore, A., … Doores, K. (2020). 
Longitudinal evaluation and decline of antibody responses in SARS-CoV-2 infection. Preprint 
at MedRxiv, 2020.07.09.20148429. https://doi.org/10.1101/2020.07.09.20148429 [Accessed: 
11.08.2020] 
Singanayagam, A., Patel, M., Charlett, A., Bernal, J. L., Saliba, V., Ellis, J., Ladhani, S., 
Zambon, M., & Gopal, R. (2020). Duration of infectiousness and correlation with RT-PCR 
cycle threshold values in cases of COVID-19, England, January to May 2020. Eurosurveillance, 
25(32), 2001483. https://doi.org/10.2807/1560-7917.ES.2020.25.32.2001483 
Spiteri, G., Fielding, J., Diercke, M., Campese, C., Enouf, V., Gaymard, A., Bella, A., 
Sognamiglio, P., Moros, M. J. S., Riutort, A. N., Demina, Y. V., Mahieu, R., Broas, M., 
Bengnér, M., Buda, S., Schilling, J., Filleul, L., Lepoutre, A., Saura, C., … Ciancio, B. C. 
(2020). First cases of coronavirus disease 2019 (COVID-19) in the WHO European Region, 24 
January to 21 February 2020. Eurosurveillance, 25(9), 2000178. https://doi.org/10.2807/1560-
7917.ES.2020.25.9.2000178 
Stang, A., Stang, M., & Jöckel, K.-H. (2020). Estimated Use of Intensive Care Beds Due to 
COVID-19 in Germany Over Time (08.05.2020). PDF available at: 
https://www.aerzteblatt.de/int/archive/article?id=213731 
Stein-Zamir, C., Abramson, N., Shoob, H., Libal, E., Bitan, M., Cardash, T., Cayam, R., & 
Miskin, I. (2020). A large COVID-19 outbreak in a high school 10 days after schools’ 
reopening, Israel, May 2020. Eurosurveillance, 25(29), 2001352. https://doi.org/10.2807/1560-
7917.ES.2020.25.29.2001352 
Stoecklin, S. B., Rolland, P., Silue, Y., Mailles, A., Campese, C., Simondon, A., Mechain, M., 
Meurice, L., Nguyen, M., Bassi, C., Yamani, E., Behillil, S., Ismael, S., Nguyen, D., Malvy, 
D., Lescure, F. X., Georges, S., Lazarus, C., Tabaï, A., … Team, I. (2020). First cases of 



33 
 

coronavirus disease 2019 (COVID-19) in France: Surveillance, investigations and control 
measures, January 2020. Eurosurveillance, 25(6), 2000094. https://doi.org/10.2807/1560-
7917.ES.2020.25.6.2000094 
Streeck, H., Schulte, B., Kuemmerer, B., Richter, E., Hoeller, T., Fuhrmann, C., Bartok, E., 
Dolscheid, R., Berger, M., Wessendorf, L., Eschbach-Bludau, M., Kellings, A., Schwaiger, A., 
Coenen, M., Hoffmann, P., Noethen, M., Eis-Huebinger, A.-M., Exner, M., Schmithausen, R., 
… Hartmann, G. (2020). Infection fatality rate of SARS-CoV-2 infection in a German 
community with a super-spreading event. Preprint at MedRxiv, 2020.05.04.20090076. 
https://doi.org/10.1101/2020.05.04.20090076 [Accessed: 13.07.2020] 
Tabata, S., Imai, K., Kawano, S., Ikeda, M., Kodama, T., Miyoshi, K., Obinata, H., Mimura, 
S., Kodera, T., Kitagaki, M., Sato, M., Suzuki, S., Ito, T., Uwabe, Y., & Tamura, K. (2020). 
Clinical characteristics of COVID-19 in 104 people with SARS-CoV-2 infection on the 
Diamond Princess cruise ship: A retrospective analysis. The Lancet Infectious Diseases, 20(9), 
1043–1050. https://doi.org/10.1016/S1473-3099(20)30482-5 
Tian, H., Liu, Y., Li, Y., Wu, C.-H., Chen, B., Kraemer, M. U. G., Li, B., Cai, J., Xu, B., Yang, 
Q., Wang, B., Yang, P., Cui, Y., Song, Y., Zheng, P., Wang, Q., Bjornstad, O. N., Yang, R., 
Grenfell, B. T., … Dye, C. (2020). An investigation of transmission control measures during 
the first 50 days of the COVID-19 epidemic in China. Science, 368(6491), 638–642. 
https://doi.org/10.1126/science.abb6105 
To, K. K.-W., Hung, I. F.-N., Ip, J. D., Chu, A. W.-H., Chan, W.-M., Tam, A. R., Fong, C. H.-
Y., Yuan, S., Tsoi, H.-W., Ng, A. C.-K., Lee, L. L.-Y., Wan, P., Tso, E., To, W.-K., Tsang, D., 
Chan, K.-H., Huang, J.-D., Kok, K.-H., Cheng, V. C.-C., & Yuen, K.-Y. (2020). COVID-19 re-
infection by a phylogenetically distinct SARS-coronavirus-2 strain confirmed by whole 
genome sequencing. Clinical Infectious Diseases. https://doi.org/10.1093/cid/ciaa1275 
Toda, A. A. (2020). Susceptible-Infected-Recovered (SIR) Dynamics of COVID-19 and 
Economic Impact. Preprint at ArXiv:2003.11221 [Econ, q-Bio, q-Fin]. 
http://arxiv.org/abs/2003.11221 [Accessed: 30.06.2020] 
Van den Driessche, P. (2017). Reproduction numbers of infectious disease models. Infectious 
Disease Modelling, 2(3), 288–303. https://doi.org/10.1016/j.idm.2017.06.002 
Vanella, P., Wiessner, C., Holz, A., Krause, G., Moehl, A., Wiegel, S., Lange, B., & Becher, 
H. (2020). The role of age distribution, time lag between reporting and death and healthcare 
system capacity on case fatality estimates of COVID-19. Preprint at MedRxiv, 
2020.05.16.20104117. https://doi.org/10.1101/2020.05.16.20104117 [Accessed: 30.06.2020] 
Verity, R., Okell, L. C., Dorigatti, I., Winskill, P., Whittaker, C., Imai, N., Cuomo-Dannenburg, 
G., Thompson, H., Walker, P. G. T., Fu, H., Dighe, A., Griffin, J. T., Baguelin, M., Bhatia, S., 
Boonyasiri, A., Cori, A., Cucunubá, Z., FitzJohn, R., Gaythorpe, K., … Ferguson, N. M. (2020). 
Estimates of the severity of coronavirus disease 2019: A model-based analysis. The Lancet 
Infectious Diseases, 20(6), 669–677. https://doi.org/10.1016/S1473-3099(20)30243-7 
Ward, H., Atchison, C. J., Whitaker, M., Ainslie, K. E. C., Elliott, J., Okell, L. C., Redd, R., 
Ashby, D., Donnelly, C. A., Barclay, W., Darzi, A., Cooke, G., Riley, S., & Elliott, P. (2020). 
Antibody prevalence for SARS-CoV-2 in England following first peak of the pandemic: 
REACT2 study in 100,000 adults. Preprint at MedRxiv, 2020.08.12.20173690. 
https://doi.org/10.1101/2020.08.12.20173690 [Accessed; 31.08.2020] 
Weitz, J. S., & Dushoff, J. (2015). Modeling Post-death Transmission of Ebola: Challenges for 
Inference and Opportunities for Control. Scientific Reports, 5. 
https://doi.org/10.1038/srep08751 



34 
 

WHO. (2020a). Novel Coronavirus (2019-nCoV) SITUATION REPORT-1 21 JANUARY 
2020. https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200121-
sitrep-1-2019-ncov.pdf?sfvrsn=20a99c10_4 [Accessed: 27.07.2020] 
WHO. (2020b). WHO Director-General’s remarks at the media briefing on 2019-nCoV on 11 
February 2020. https://www.who.int/dg/speeches/detail/who-director-general-s-remarks-at-
the-media-briefing-on-2019-ncov-on-11-february-2020 [Accessed: 01.06.2020] 
WHO. (2020c). Report of the WHO-China Joint Mission on Coronavirus Disease 2019 
(COVID-19). PDF available at: https://www.who.int/publications-detail/report-of-the-who-
china-joint-mission-on-coronavirus-disease-2019-(covid-19) 
WHO. (2020d). Coronavirus disease 2019 (COVID-19) Situation Report –51. 
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200311-sitrep-51-
covid-19.pdf?sfvrsn=1ba62e57_10 [Accessed: 18.08.2020] 
WHO. (2020e). Draft landscape of COVID-19 candidate vaccines. PDF available at: 
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines 
[Accessed: 19.10.2020] 
WHO. (2020f). Weekly Epidemiological Update  Coronavirus disease 2019 (COVID-19)  31 
August 2020. https://www.who.int/docs/default-source/coronaviruse/situation-
reports/20200831-weekly-epi-update-3.pdf?sfvrsn=d7032a2a_4 [Accessed: 01.09.2020] 
Wölfel, R., Corman, V. M., Guggemos, W., Seilmaier, M., Zange, S., Müller, M. A., Niemeyer, 
D., Jones, T. C., Vollmar, P., Rothe, C., Hoelscher, M., Bleicker, T., Brünink, S., Schneider, J., 
Ehmann, R., Zwirglmaier, K., Drosten, C., & Wendtner, C. (2020). Virological assessment of 
hospitalized patients with COVID-2019. Nature, 581(7809), 465–469. 
https://doi.org/10.1038/s41586-020-2196-x 
World Bank. (2020). Global Economic Prospects, June 2020. Washington, DC: World Bank. 
https://doi.org/0.1596/978-1-4648-1553-9. License: Creative Commons Attribution CC BY 3.0 
IGO. 
Worldometer. (2020). Germany Population (2020)—Worldometer. 
https://www.worldometers.info/world-population/germany-population/ [Accessed: 
31.08.2020] 
Wu, Y.-C., Chen, C.-S., & Chan, Y.-J. (2020). The outbreak of COVID-19: An overview. 
Journal of the Chinese Medical Association, 83(3), 217–220. 
https://doi.org/10.1097/JCMA.0000000000000270 
Yu, D., Lin, Q., Chiu, A. P., & He, D. (2017). Effects of reactive social distancing on the 1918 
influenza pandemic. PloS One, 12(7), e0180545. https://doi.org/10.1371/journal.pone.0180545 
Zhang, R., Li, Y., Zhang, A. L., Wang, Y., & Molina, M. J. (2020). Identifying airborne 
transmission as the dominant route for the spread of COVID-19. Proceedings of the National 
Academy of Sciences, 117(26), 14857–14863. https://doi.org/10.1073/pnas.2009637117 
Zhu, J., Ji, P., Pang, J., Zhong, Z., Li, H., He, C., Zhang, J., & Zhao, C. (2020). Clinical 
characteristics of 3062 COVID-19 patients: A meta-analysis. Journal of Medical Virology. 
https://doi.org/10.1002/jmv.25884 
 


	1.  Introduction
	2.  The Background of the Pandemic
	2.1.  Development and Status Quo
	2.2.  Key Characteristics of COVD-19

	3.  The Phases of COVID-19 in Germany
	3.1.  Phase I: The Pre-Lockdown Development
	3.2.  Phase II: The Lockdown
	3.3.  Phase III: The Post-Lockdown Period

	4.  The Theoretical Model
	4.1.  The Basic SIRDH Model with Time-Invariant Transition Rates
	4.2.  The SIRDH Model with Time-Dependent Infection and Mortality Rates

	5. Application of the SIRDH Model on the Development in Germany
	5.1.  Time-Invariant Infection and Mortality Rates
	5.2.  Time-Dependent Infection and Mortality Rates

	6. Summary and Conclusion
	Appendix
	References

