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Abstract

The novel coronavirus (SARS-CoV-2), identified in China at the end of December 2019

and causing the disease COVID-19, has meanwhile led to outbreaks all over the globe with
about 2.2 million confirmed cases and more than 150,000 deaths as of April 17, 2020. In this
work, mathematical models are used to reproduce data of the early evolution of the COVID-
19 outbreak in Germany, taking into account the effect of actual and hypothetical non-phar-
maceutical interventions. Systems of differential equations of SEIR type are extended to
account for undetected infections, stages of infection, and age groups. The models are cali-
brated on data until April 5. Data from April 6 to 14 are used for model validation. We simu-
late different possible strategies for the mitigation of the current outbreak, slowing down the
spread of the virus and thus reducing the peak in daily diagnosed cases, the demand for
hospitalization or intensive care units admissions, and eventually the number of fatalities.
Our results suggest that a partial (and gradual) lifting of introduced control measures could
soon be possible if accompanied by further increased testing activity, strict isolation of
detected cases, and reduced contact to risk groups.

Introduction

In late December 2019, several cases of acute respiratory syndrome were first reported in
Wuhan City (Hubei region, China) by Chinese public health authorities. A novel coronavirus
was soon found as the main causative agent. It is now known as severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). The disease caused by SARS-CoV-2, which rapidly
spread first through China and then to other countries, is now referred to as coronavirus dis-
ease 2019 (COVID-19). The World Health Organization declare COVID-19 a global pandemic
on March 11, 2020 [1, 2]. As of April 17, 2020, about 2.2 million cases and more than 150,000
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deaths have been reported worldwide [2, 3]. First cases in Germany were reported at the end
of January 2020. As of April 17, 2020, the Robert Koch-Institute (short: RKI) counts over
130,000 confirmed infections and about 4,000 deaths in Germany.

Due to the novelty of the virus, it is reasonable to assume that nobody has prior immunity,
that is, the entire human population is potentially susceptible to SARS-CoV-2 infection [1].
Droplet transmission, occurring when a susceptible person comes in close contact (droplets
are generated by coughing, sneezing or talking) with an infective, seems to be the main infec-
tion route of SARS-CoV-2 in the population. Contact transmission, via surfaces in the imme-
diate environment or objects used by an infectious person may also be possible [4, 5].

After an incubation period which varies from 2 to 14 days, first unspecific symptoms, such
as fever, cough, sore throat, or muscular pains, might appear. The illness can then become
more acute and lead to difficulties in breathing or progress into severe pneumonia. In critical
cases, multi-organ failure can follow and lead to death [5].

Chinese data on the first two months of the outbreak report that about 80% of observed
cases are mild to moderate infections [6]. According to the distribution of reported cases in
early April in Italy [7], about one third are either completely asymptomatic (~7%), pauci-
symptomatic (~15%), or non-specific infections (~13%), about 41% are mild respiratory
infections, which do not require hospitalization, whereas about one fifth showed severe symp-
toms requiring hospitalization (~20%), and about 3% of the reported cases required intensive
care. Severe illness and death are more common among the elderly or patients with other
chronic underlying conditions [8]. Nevertheless, severe illness and death can also occur in
young and healthy persons [9].

Whether asymptomatic infections contribute to the spread of the virus is yet to be clarified
[5]. One study on the first COVID-19 cases near Munich reports that the infection appeared to
be transmitted during the incubation period of the patients, and suggests reconsidering the
role of asymptomatic persons in the transmission dynamics of the current outbreak [10], as
does another study of patients in Guangzhou Eighth People’s Hospital [11].

There is to date no specific treatment nor vaccine against SARS-CoV-2 [1]. Nevertheless,
first studies showed that people infected with the virus develop specific antibodies [12], and
based on previous knowledge of other coronaviruses, like SARS or MERS, it is possible that
also SARS-CoV-2-specific immunity will last for about three years [6].

Since January 2020, several mathematical models for understanding and controlling the
spread of SARS-CoV-2 have been proposed, in particular, concerning the Chinese outbreak
[13-17] and the risk for this to spread to other countries [18, 19]. In all affected regions, non-
pharmaceutical interventions to reduce virus transmission were introduced. Mathematical
methods were developed to study the impact of such interventions [20] and simulate the effects
of relaxing control measures [21]. Possible scenarios for the spread of SARS-CoV-2 in Ger-
many were considered in preliminary studies by an der Heiden and Buchholz [22] who pro-
jected the effect of various model parameters (both related to unknown properties of the
pathogen and the disease and to the effect of control measures) on the number of cases, in par-
ticular of those requiring hospitalization and intensive care, as well as deaths.

Among the key parameters to be approximated by a mathematical approach is the so-called
basic reproduction number (R,), a metric that indicates the average number of secondary
infections generated in a fully susceptible population by one infectious individual over the
course of the infection. The basic reproduction number is a reference parameter in mathemati-
cal epidemiology used to understand if, and in which proportion, a disease will spread among
the population. In simple disease transmission models, R, > 1 implies that the virus will
spread in the population, and the larger the value of R, the harder it is to control the epi-
demic. First studies on the initial outbreak in China estimated that the basic reproduction
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number of COVID-19 could range between 2.2 [13, 14] and 4.71 [15], or could even be larger
than 6 [16]. The (effective) reproduction number R for a given population is the corresponding
time-dependent quantity which reflects the number of secondary infections generated by one
infectious individual in the current population, and is affected by intervention measures
aimed at controlling the spread of the disease. Among the first studies to assess the practical
implications of public health interventions, Tang et al. [16] identified contact tracing followed
by quarantine and isolation, as well as travel restrictions as the most effective measures to con-
tain the epidemic. Meyer-Hermann and coauthors [23] recently predicted the evolution of the
reproduction number for the spread in Germany, with detailed analysis for all federal states
and observed that as of April 3, 2020 the reproduction number R was lowered to values near 1
in all federal states.

In this study, we predict the spread of COVID-19 among the German population by means
of mathematical modeling, simulating the implementation or withdrawal of non-pharmaceuti-
cal interventions. First model results were presented in our preliminary work [24] and impli-
cated in the advisory paper [25]. Here we present a follow-up of our study, including case and
fatality data, and information about testing activity [26], as of beginning of April 2020. The
proposed setting allows investigating how a specific intervention scenario affects the dynamics
of the epidemic, with particular attention to interactions between individuals of the same or
different age groups (children, adults, and people older than 60 years). We consider the follow-
ing scenarios:

o Minimal intervention: The main factor slowing down disease transmission is people’s
increased awareness in response to initial recommendations coming from health institutions
and local governments, and to media coverage (e.g., washing hands, proper coughing and
sneezing, keeping distance from obviously sick persons, limited (self-)quarantine of known
or suspected cases);

« Baseline scenario: Hitherto adopted main control measures (closure of schools and univer-
sities, remote working policy, isolation of identified cases, contact restrictions, a partial eco-
nomic shutdown, and levels of testing activity as of March 15, 2020) are assumed to be
maintained throughout 2020. Model parameters which include such control measures were
calibrated on reported cases in Germany as of April 5, 2020 and were used to project data
until April 14, 2020;

« High vigilance: This scenario is obtained by enriching the baseline measures with signifi-
cantly increased testing activity (not only suspected COVID-19 cases but also persons with-
out symptoms or known close contacts to identified cases) and a strict isolation protocol of
detected COVID-19 cases for about two weeks;

 Educational/economic reopening: Partial lifting of the restrictions imposed thus far, gradu-
ally reopening schools, universities, and resuming economic activities, though largely main-
taining remote working policy and limiting use of public transport service and organized
club activities. Significantly increased testing activity and strict isolation protocol of detected
COVID-19 cases are maintained;

o Phase-out: Gradual lifting of most control measures applied so far (reopening schools,
resuming work, regular public transport service, resuming most social and economic activi-
ties). Increased testing activity and strict isolation protocol of detected COVID-19 cases are
maintained, and the population is assumed to uphold minimal awareness measures;

« Cautious phase-out: As the phase-out scenario, but with slower rollback to educational, social
and economical activities, and with improved measures to protect elderly and people at risk.
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Our model predicts that the current control measures are necessary to slow down or even
suppress the spread of the epidemic and that the removal of restrictions in favor of social and
economic activities will accelerate the growth of case numbers unless it is accompanied by a
significantly strengthened testing and case isolation policy. However, under such increased
vigilance, combined with particular care regarding patients at high risk, we project that a grad-
ual phase out of the most severe measures starting around May 5 will lead to a progression of
the epidemic that is sufficiently slow to be handled by the health care system.

Mathematical models and methods

The mathematical models adopted for this study are based on systems of differential equations
that describe interactions between different groups of individuals in the population. The pro-
posed approach extends the known S-E-I-R (susceptibles-exposed-infected-recovered) model
for disease dynamics [27]. Individuals are classified according to their status with respect to
the virus spread in the community. In particular we distinguish between individuals who have
been exposed to the virus but are not yet infectious, asymptomatic infectives, infectives with
mild or influenza-like symptoms (not reported as SARS-CoV-2 infections), and reported
SARS-CoV-2 infectives. We assume that infected patients without SARS-CoV-2 diagnosis are
unlikely to die of the virus-induced disease. Undetected infections lead to undetected recover-
ies in the population, which cannot be reported unless testing for ongoing (virus detection) or
previous (antibody detection) SARS-CoV-2 infections is performed.

The core model —Homogeneous population

The most basic approach that we adopted to understand the evolution of the epidemic in time
is based on the assumption that the population is homogeneous (in particular with respect to
space, as well as to age and social habits of individuals). Of course, this simplistic assumption
does not reflect the multidimensional complexity of the ongoing situation, but it can help in
determining major factors affecting disease spread. Individuals are classified as follows. Sus-
ceptible individuals (S) are those who can be infected with SARS-CoV-2. Exposed individuals
(E) have been infected with SARS-CoV-2, though they are not yet infectious, nor symptomatic.
After a latent phase (on average about 5.5 days from infection [6]) the first COVID-19 symp-
toms occur (with probability p,) and the exposed individual becomes infectious. We distin-
guish between asymptomatic undetected (U) COVID-19 patients, symptomatic but not yet
detected infectives (I) and reported COVID-19 cases (H). For individuals developing symp-
toms, the probability of the disease being detected immediately is 77y, the probability of detec-
tion at a later stage is denoted by 7. Individuals who recovered from a detected (R) or an
undetected (R,,) infection, as well as patients who died from the infection (D), are removed
from the chain of transmission. The transmission diagram of the model is depicted in Fig 1.
Susceptible individuals can be infected via contacts with asymptomatic (transmission rate Sy),
symptomatic undetected (8;) and reported cases (8g). We assume that asymptomatic infectives
do not restrict their contacts to others, and therefore have higher transmission rates than
symptomatic infected individuals. Detected cases are supposed to reduce their contacts even
further. Due to limitations in the identifiability of the parameters with the available data, we fix
the ratio between S, respectively Sy and By and estimate the latter. Duration of latency (1/y%)
and infectious periods (1/y;, 1/yy and 1/yy, respectively) are assumed in accordance with avail-
able literature. Further details on parameter assumptions are given in Table 1. The dynamics
of the core model described above and shown in Fig 1 is given by the following system of
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Fig 1. Core model structure for COVID-19 outbreak in Germany. Solid arrows indicate transition from one compartment to another, red dashed
arrows indicate virus transmission due to contact with infectives, blue dashed arrows indicate detection of infections due to testing activities. Upon
infection with SARS-CoV-2, susceptible (S) individuals enter a latent phase (E), in which they are not yet infectious nor symptomatic. After the latent
phase, individuals become infectious, may develop symptoms and may be detected as COVID-19 cases. We distinguish between asymptomatic
undetected (U), symptomatic undetected (I) and symptomatic detected (H) infections. Infected individuals who recovered from a detected (R) or an
undetected (Ry) infection, as well as patients who died (D) upon infections, are removed from the chain of transmission.

https://doi.org/10.1371/journal.pone.0238559.g001

differential equations:

S = S susceptibles
E = AS—y,E exposed
U = (1—p,)yE—7,U asymptomatic infected
I = (L=ny)pyE—7I symptomatic infected 1)
H = npv:E+i,97,U+nyI—y,H diagnosed cases
R = (1-06,)y,H recovered from detected infection
D = 6,,H deceased
R, = (L—n)yI+Q—i)y,U recovered from undetected infection,

Table 1. Main model parameters in the core model. Parameter descriptions, values and references.

Description Value (unit) [Refs.]
Bu Transmission rate of asymp. undetected infectives fitted, 1/(d - individual)
Br Transmission rate of sympt. undetected infectives 0.88y (assumed)
Bu Transmission rate of detected infectives 0.18y (assumed)
1/yg Mean incubation period 5.5d [22, 33, 34]
Vyp Uyy Mean duration of symptomatic infection 7 d[6, 23, 35]
1/yy Mean duration of asymptomatic infection 6d [6, 35]
oy Case fatality ratio of detected infections 0.057 [8, 23]
Po Probability of developing symptoms 0.67 [7]
7o Probability of detection during latency fitted
i, Probability of detection while asymptomatic 0.07 (assumed)
m Probability of detection while symptomatic fitted

https://doi.org/10.1371/journal.pone.0238559.t001
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where
A= (ﬁ11+ﬁUU+ﬁHH)/(N_D)

and N ~ 83 million is the total population.

The basic reproduction number of system (1) can be calculated analytically, e.g, by means

of the next-generation matrix approach [28], and is given by
R, = (L= o)oof + & (nopo + (L — o) pon, + (1 — po)ity) + Boll = po) ‘ (2)
Y1 VH Yu

The effective reproduction number R at time ¢ can be obtained by the same formula, substi-
tuting the values of time-dependent parameters in (2) and multiplying this value by the suscep-
tible fraction of the population, S(¢)/(N — D(t)).

To determine model parameters that could not be inferred from the literature, we use the
sum of reported cases from three different time periods (February 28 to March 11, March 11
to March 22, and March 22 to April 11) and fit the data to the sum of H, R, and D using the
trust region reflective method [29] as implemented in SciPy [30]. The first period does not
include any global contact reducing measures except for school closings in the county of
Heinsberg. The second period includes nationwide school closings and an increased use of
working from home where possible. The third period includes the closing of most stores
and general constraints on contacts in the public sphere. For each period we fit 77y, 1 — 179, and
Bu, while keeping f; and By proportional to i, with proportionality factors given in Table 1.
Fitted model solutions at the end of each time interval are taken as initial values for integration
of system (1) over the next time period. To test the sensitivity of the results to variations in
the estimated parameters, we add Monte Carlo sampling of the parameters generating a large
ensemble of model fits. Each of these fits contributes to the solution according to its Akaike
weight. The Akaike weight is determined based on the Akaike information criterion [31]. For
few data points the corrected Akaike information criterion (AICc) [32] takes the form

AICc:n{ln (%)] +2k+(}21k£k—k+_11))7 (3)

where SSE is the sum of squared errors, 7 is the number of data points, and k is the number of
degrees of freedom. The weight of each fit i in a set of J fits is then given as

oDl
w.

i TV a2
S et

where A; = AICc; — AICc,;,. Based on the sample values and their weights, we can construct a

(4)

histogram for each parameter and derived properties (c.f. Fig 2). A narrow peaked histogram
indicates a well determined parameter with a small standard deviation and a corresponding
narrow confidence interval, whereas a flat histogram shows that the parameter may be indeter-
minate and that the fit is not sensitive to its variations. For a sufficiently large number of
points, we can determine, for example, a 95% confidence interval directly from the histogram
by excluding the left- and rightmost 2.5% (marked in light blue in Fig 2).

Sensitivity analysis of R and peak cases in the core model

Sensitivity analysis of the reproduction number and of the number of cases at the outbreak
peak was further investigated by means of scatter plots (results not shown here) and Sobol
analysis (SALib library [36] in Python). The Sobol method is a variance-based method for
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Fig 2. Weighted histograms of 17;, 1 — 1, By, and R (from left to right) based on stochastic variation of 7,, 1 — 179, and By. Each sample contributes
with its Akaike weight, which is based on a fit to the data from February 28 to March 11, 2020, to the histogram (see Eq (4)). Dark blue bins lie within
the 95% confidence interval, light blue bins lie outside. Apparently, 77; cannot be well identified using these data. The red bin indicates the mean value
(of 1 — 19 = 0.74 (0.59-0.92), of By = 1.63 (1.39-1.88), and of R = 6.95 (5.76-8.25)).

https://doi.org/10.1371/journal.pone.0238559.9002

global sensitivity analysis that decomposes the variance or sensitivity of the model output into
contributions of individual parameters or groups of parameters [37, 38]. The first-order sensi-
tivity index (S1)—also called main effect—is the ratio of the partial variance of an individual
parameter with respect to the total variance. The total-order sensitivity index (ST)—also called
total effect—measures the overall influence (including higher-order interactions) of each
parameter on the model output. The values of both S1 and ST range between 0 and 1, where
higher values indicate a greater contribution of the parameter to the model output [39]. When
the total effect due to a parameter is much larger than its main effect, one may need to look at
higher-order sensitivity indices to look for interactions between parameters. However, this
was not the case for the parameters that we have considered (results not shown here).

We computed the sensitivity indices of the parameters that could not be determined from
literature or are expected to vary between populations and over time, viz the transmission
parameters, the probability of developing symptoms, and the probability of being detected. Of
these parameters py, 770, and 7, are varied between 0 and 1, By, is varied between 0 and 3, and f3;
and By are assumed to be fixed multiples of By as detailed in Table 1. All the parameters are
varied simultaneously to also observe their interaction effects.

The first-order sensitivity indices (S1) indicate that B, has the expected very strong effect
on the calculated reproduction number (S1(8y) = 0.87+0.07). Also, the probability of develop-
ing symptoms, py, has an effect on R, but this is much smaller than the effect of Sy, (S1(po) =
0.04+0.02). Early-stage detection also has a similar small impact (S1(7,) = 0.05£0.03), while
the probability of detection while symptomatic has an even lower impact (S1(7;) = 0.002
+0.005), confirming the non-identifiability of this parameter. Both the transmission rate of
asymptomatic individuals and the probability of developing symptoms seem to have strong
effects on the maximum number of active reported infections (S1(8y) = 0.32+0.05, S1(py) =
0.42+0.06). Detection probabilities also have a small impact on the maximum number of active
infections reported (S1(7,) = 0.05+0.03, S1(77;) = 0.05+0.03).

Population structured by age and stages of infection

Refining the core model described above, we include age groups and stages within infective
compartments. This allows considering features like the immune response of individuals dur-
ing infection or social behavior, in particular interactions among individuals of the same or dif-
ferent age groups. Based on the statistical analysis of the RKI data in our previous study [24],
we distinguish three groups: children (0-14y), adults (15-59y) and people 60y or older. For
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each age group the model tracks susceptibles (S), exposed (E), undetected asymptomatic infec-
tives (U), undetected symptomatic infectives (I), diagnosed infectives (H), recovered (R), unde-
tected recovered (R,,), and deceased (D) individuals, as detailed above for the core model. To
obtain more realistic distributions for the duration of the exposed and infective compartments,
we split each of these in three stages (E;, U, I;, Hj, j = 1, 2, 3). This is a classical extension of the
standard disease transmission model to account for non-exponential distributions of incuba-
tion and infectious periods (cf., e.g., [18] for another example of application in modeling
COVID-19). This results in a total of one plus nine infective compartments per age class (stage
E; is assumed to be infective as well, as individuals have been reported to be infectious before
symptoms onset [6, 11]). The age classes evolve in parallel (maturation during the course of
the outbreak is neglected along with demographics in general), but are coupled to one another
by contact rates and disease transmission among individuals of different age groups.

After virus transmission, an exposed individual is assumed to travel through the stages
E,, E;, and E; before entering either of the infection stages I}, Uy, or H;. In the course of the
disease the individual will then pass through the infection stages of the respective compart-
ment. Both symptomatic and asymptomatic infectives in stages U; or I; can enter stages H;, or
H,, respectively, by being tested. The probability of being tested and positively diagnosed is
assumed to be larger for symptomatic than for asymptomatic individuals. Since individuals at
stage E; are already infectious [11], late symptom onset can be viewed as a prolongation of the
latency period. We have therefore omitted any transitions from U to I. The individual leaves
the last stage of infection (Us, I5) by either recovering to R or R,,, depending on whether the
infection has been diagnosed. Given the current efforts to detect and control the spread of the
disease, it seems a justified assumption that the vast majority of deaths caused by SARS-CoV-2
are investigated, hence we assume only diagnosed individuals (H) to be fatally affected by the
disease. Even in the case that the presence of the virus is only discovered postmortem, we
model this as detection followed by death (transition I to D).

Equations and parameters of the age structured model. For each age class A we have the
following compartments

§4 = s susceptibles
Ef = M'SP—yAE, exposed stage 1
EJ{" = yginEr — V5E; exposed stage j = 2,3
Us = (1—pt)yAEL —ya U asymptomatic stage 1
Uf‘ = (=0t )r5-0 Ut — 75U asymptomatic stage j = 2,3
o= (0- 110),00)),35 — At infected stage 1
fj‘ = (L —nt )y ot —vlt infected stage j = 2,3 (5)
HY = nlplylEd + (1 — vt — il HE diagnosed stage 1
HY = vt eIt + i vh) Ul
+ (L= vyl + v o HE — v diagnosed stage j = 2,3
R = (1—oh)yhHE recovered (detected)
D* = Siyi HY deceased
RY = (L—n Al +4U2 recovered (undetected)
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The transmission rate for $* individuals is given by

1
7\‘A — B,A}(B7
N—2.,D° ;ﬁx
where N is the total population and 5" denotes the transmission rate due to contacts of infec-
tious individuals in compartment X € {Es, U;, I;, Hj|j = 1, 2, 3} and age class B, X® with suscep-

tibles in age class A. Contact rates can be summarized in a (3 x 30) matrix B = ( f;‘A

)XAB.A'
Entries of the contact matrix B are assumed to be influenced by (i) the overall aggressiveness
of the virus, 5y, that describes how easily the virus is transmitted and is a common factor for all
entries of B3, (ii) an age specific susceptibility factor o** that describes the average biological sus-
ceptibility to the virus and the average activity level (in terms of social contacts) of the given
age group, A, and is a common factor for each row of 53, (iii) the effective infectivity 1} of each
given compartment X and age group B that depends on the activity level and the plain infectiv-
ity of X, and is a common factor in each column of 3, and finally (iv) a likeness factor ¢"*
that describes the mixing of age group B with age group A. The factor 5, has to be estimated by
fitting the model to data provided by the RKI [34]. The same is true for the age specific suscep-
tibilities that depend on the immune response of the individual (supposedly on average stron-
ger in younger individuals). The effective infectivity 1% is supposed to be lowest for diagnosed
individuals (H;) thanks to deliberate contact reduction. We also assume symptomatic individ-
uals to be less active than asymptomatic ones which means that 1}, is smaller for X = I; than for
X = U}, even though the biological infectivity should be higher for symptomatic individuals
than for asymptomatic ones. This activity reduction results from both the symptoms restrict-
ing the mobility of an affected individual as well as them being aware of their potential to
spread a communicable disease. The likeness factor is hard to estimate. Following the work

by Prem et al. [21], who focused on the population in Hubei province in China, we consider
contacts in three different realms: at home, at work and school, and in other locations, most
notably during leisure activities. For each activity, we assume specific contact distributions
depending on the ages of the individuals. For example, we assume high contact rates among
adults and between adults and children at home. The separation of the realms allows for each
intervention to produce a specific effect. For example, school closures as part of the CS inter-
vention (cf. Table 2) predominantly act on the child-child contacts in the school realm. The
resulting matrix 3 under the influence of different interventions is graphically illustrated in
Fig 3. Both the assumptions and the final overall contact matrices are largely in keeping with
the findings of, e.g., [40] for general communicable diseases.

The progression rates yx are determined by the estimated mean durations of each stage of
the infection. For simplicity, and analogously to [18], we choose all the rates for a given com-
partment to be the same (that is, g1 = ¥g> = Y53 = ¥ and likewise for U, I, and H). In accor-
dance with [35] we assume the mean incubation period to be 5.5 days and therefore put yz =
3/5.5, the factor 3 giving a mean combined duration of stay in E,, E,, and E; of 5.5 days. In the
same manner we take the rates ;= 3/7 and yy = y; = 3/8 corresponding to mean durations of
the infectious period of seven days for asymptomatic individuals and eight days for symptom-
atic ones, in accordance with previous studies [17, 21].

The probability p, of developing symptoms at the end of the incubation period is estimated
to be pj) = 0.25 for juniors who are reportedly often asymptomatic [41], and p? = 0.7 and
p;, = 0.8 for adults and seniors, respectively.

The probability 77, of an infection being discovered by the end of the incubation period is
assumed to be small in the beginning of the simulation. The same is true for the rates 7, for
discovering an infection in the absence of symptoms. For symptomatic individuals, these rates
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Table 2. Summary of control measures for mitigation of COVID-19 infections adopted in Germany as of April 4,
2020. The indicated percentages are meant to be compared to the state without the respective measure (i.e., the whole
has a multiplicative effect).

Label | Policy Description/Working assumptions

CS Closure of all schools, universities, sport clubs. Overall reduction of activities, decreasing all entries
Public events are canceled. Stricter social distancing | by 10% (social distancing). Moreover, a strong effect
encouraged on the shape matrix reducing child-child contacts by

80% (resulting from no contacts in the school realm),
adult-adult contacts by 20% (students in high school
and college, club activities, public events), and senior-
senior by 10%. Adopted nationally from March 14
(day 28), fully in force March 16 (day 30).

HO | Remote working policy (home office), closure of all | Reducing contacts: child-child (- 20%), child-adult (-
restaurants and bars, reduced (use of) public 20%), adult-adult (- 50%), child-senior (- 30%), adult-
transport services. senior (- 30%), senior-senior (- 30%). Assumed to be

applied at national scale from March 13 (day 27),
contact reductions fully achieved after 13 days.

M Awareness raising due to media, canceling big Information and media activities increase social
events distancing and personal hygiene (e.g., washing
hands), starting on February 25 (day 10). Contacts are
on average reduced by 20%, achieved by activity
reduction (higher relative decrease for seniors than
for juniors and adults).

TO Testing Increased testing activity starting February 28 (day
13), most significant increase between March 9 and
March 15 (days 23 through 29)Approx. 10-fold
increase in detection rates compared to previous
levels.

ICO | Isolation of infected cases Identified and suspected infected cases (self)
quarantined for 2 weeks. Reduces effective contact
rates (for individuals in specific groups by up to 40%);
implemented starting on February 28 (day 13), in
effect by March 7 (day 21).

LD | Partial economic and social activities Closing non-critical businesses, gatherings of more
than two or three persons sanctioned, decreases
contact rates by another average 30%, starting March
22 (day 36), in full effect by March 27 (day 41).

https://doi.org/10.1371/journal.pone.0238559.t002

are larger as symptoms provide a strong suspicion of being infected. We assume a certain age
dependence for testing. On the one hand, seniors are at high risk and might be expected to be
tested more frequently but on the other hand, severe respiratory tract infections are common
in people with limited immune competence and may not be taken as implicating a SARS-
CoV-2 infection. Juniors are reportedly not seriously affected, hence we assume that they are
less frequently tested. According to recent RKI reports [26], testing has been dramatically
increased between March 9 and March 15, so we assume that all the testing rates mirror this
increase. In particular, we assume the rates 779 and 77, , to be significantly larger than zero since
individuals are encouraged to go for a test, even in the absence of symptoms if they were in
close contact with a known infective.

The parameters v,, describe the probability of progressing to the next stage while being
diagnosed (i.e. transitioning from an I to an H compartment). Their values are assumed to be
close to 1. Them being smaller would imply the assumption that being tested is somehow asso-
ciated with more severe symptoms and would, therefore, slow down the progression toward
recovery.

To follow weekly oscillations in the reported cases, which show a regular slump over the
weekends, we include time dependent test rates. This allows the simulated case numbers to
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Fig 3. The evolution in time of contacts between juvenile (j), adult (a) and senior (s) susceptible individuals (columns) and infectious individuals
in the late latent phase (E;) or one of the infected phases (I}, . . .H3). (a) In baseline scenario control measures will be maintained over time, hence
contacts and transmission of the virus will remain low, whereas (b) a lift of all control measures (cautious phase-out scenario) after April 15 will slowly
lead to a new increase in contacts and virus transmission.

https://doi.org/10.1371/journal.pone.0238559.g003

closely follow the data as illustrated in Fig 4. For long term simulations of scenarios we
assumed these fluctuations to fade away and removed the time-dependency from the testing
rates. This implicitly represents an assumed increase in testing activities, and de facto increases
the reporting ratio by more than 10%.

[llustration of weekly seasonality in testing

daily new cases

® data
—— model (testing with seasonality)
—— model (contin. testing)

20 25 30 35 40 45 50
days since Feb 15

Fig 4. The weekend effect accounting for fluctuations in case detection and reporting. Black dots denote daily reported
new cases, continuous curves show the model solutions with (blue) and without (red) time-depending testing rates.

https://doi.org/10.1371/journal.pone.0238559.9004
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Modeling control measures

In the structured model we can include control measures that explicitly affect different age
groups. In particular we consider (i) general increased awareness in the population due to the
effect of media (M), as well as (ii) active control due to main intervention measures adopted
throughout Germany since March 2020. These control measures include: (CS) Closure of all
schools, universities, sports clubs and canceling public events; (HO) reduced contacts in work-
places and outside the household (restaurants, bars, public transport); (T0) initial efforts to
improve detection by more testing; (IC0) isolation of infected cases; and lock-down measures
(LD) closing most activities and prohibiting more than two people gatherings in effect by the
end of March. Details are summarized in Table 2.

Reported cases for the three age groups were used to fit the model including control mea-
sures as indicated in Table 2 until April 5 (Fig 5). The obtained setting was used to predict
data from April 6 to April 14, as well as long term predictions of the baseline(BSL) scenario, in
which the control measures applied as of early April (CS, HS, TO, ICO and LD) and the aware-
ness due to the effect of media are maintained until the end of the year (Fig 6(b)). The baseline
scenario has then been modified to simulate different possible future scenarios (cf. Table 3).
On the one hand, we have enriched the current control measures by further increased testing
activity (T1+), stricter isolation of known cases (IC) and increased social distancing from indi-
viduals at risk (I0). On the other hand, we have considered possible rollback scenarios (cf.

Results).

Cumulative cases (data up to Apr 5/Apr 14)

15-59 years (new data)

~APAANDOO0O0OOOSS
Aat e OISO OO OOV

100000 1 —— 0-14 years (model)
—— 15-59 years (model)
60+ years (model)
800001 4 .14 years (data)
e 15-59 years (data)
60000 A e 60+ years (data)
X 0-14 years (new data)
X
400004 X 60+ years (new data)
20000 A
0 e
0 10

20 30 40 50 60
Days since Feb 15, 2020

Fig 5. Age and stage structured model: Data fit and predictions. Continuous curves show model solutions, dots are
reported data up to March 25 (as used in our previous work [24]), cross denotes reported data as of April 15. The model is
calibrated on collected data up to April 5 (day 50), data from April 6 to 14 are used for validation. Colors denote the three
different age groups: juveniles (0-14y, green), adults (15-59y, blue) and seniors (60y and older, red). It should be noted that
the most recent data tend to be lower than expected since not all cases detected on these days have been reported to the RKI,

yet.

https://doi.org/10.1371/journal.pone.0238559.9005
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Fig 6. Model prediction for simulated scenarios. (a) minimal intervention: increased awareness, quarantine of known or suspected cases, testing of
patients with symptoms and contact history; (b) baseline scenario: minimal intervention scenario increased with school closure, high reduction in
economical activities, contact limitation, high testing activity; (c) high vigilance: baseline scenario enriched by isolation of detected cases, combined with
increased testing activity; (d) educational/economic reopening: reintroducing in three phases contacts at schools, workplaces, public transportation
service; (e) phase-out: rollback of all introduced control measures, up to minimal interventions, accompanied by increased testing also of asymptomatic
individuals and strict isolation of identified cases; (f) cautious phase-out: similar to (e), but with slower rollback to regular activities, accompanied by
strongly increased testing also of asymptomatic individuals, strict isolation of identified cases, and reduced contacts with elderly and risk groups.
Solutions are shown in logarithmic scale for both new and active cases, in order to make peak heights in different orders of magnitude visible.
Oscillations up to day 60 are due to the weekend-effect (Fig 4), which is relaxed for long term projections.

https://doi.org/10.1371/journal.pone.0238559.9006
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Table 3. Possible measures included in simulated scenarios, starting from April 7. Some of them are by now in
effect.

Label | Policy Description/Working assumptions

T1+ | Significant further increase of testing Further increase in testing by at least four-fold, not only of
individuals with relevant symptoms and/or contact to
identified cases but also of asymptomatic persons with any
suspicion of being infected; starting on April 15 (day 60).

RB (Partial) Rollback of measures HO, CS, and/ | Gradually taking back the effects of contact rate reductions
or LD according to a possible schedule

CS: (Partially) Reopening schools and child care facilities from
May 4 (day 79), reduces effect, particularly on children, by
approx 70%, reopening universities etc. on May 18 (day 93),
reopening clubs and social activities on June 1 (day 107)

HO: Restricting HO policy to cases where easily applicable and
cautiously reopening restaurants decreases the effect by
approx. 60% by May 18 (day 93), final return to full activity
by June 1 (day 107)

LD: Lifting most severe curfew-like restrictions on May 4 (day
79) reduces effect by 50%, gradual further reductions on
May 18 and June 1 to pre-measure level

IC Stricter isolation of known infectives Reduces activities rates of identified SARS-CoV-2 infectives

compared to ICO by another -50% (compared to IC0), starting on April 10
(day 55), in full effect by April 20 (day 65).

10 General social distancing (incl. self- Includes particular hygienic care when dealing with risk
separation) of individuals at risk, in particular | group individuals, reduction of senior susceptibility by
elderly another 40%, starting on April 7 (day 52), in full effect on

April 10 (day 55)

https://doi.org/10.1371/journal.pone.0238559.1003

Control measures have the fundamental effect to reduce contacts between individuals,
hence transmission of the virus from person to person. Recall that in our modeling assump-
tions, we consider contacts in three different realms: at home, at work and school, and in other
locations. Treating different contact categories separately allows for an easier estimate of the
effects of contact reducing interventions. School closures are an example which beautifully
illustrates the use of separate contact matrices for different realms. A visualization of how con-
trol measures reduce the transmission rates in the baseline scenario is given in Fig 3(a). In con-
trast, in rollback scenarios a partial lift of control measures leads to increased transmission
rates (Fig 3(b)).

Data

The publicly available dataset provided by the Robert Koch Institute (RKI) [34] was used for
this study. Statistical analysis of the dataset was performed (results not shown here) analo-
gously to our previous work [24].

Results

In the core (non-structured) model (1) we estimated how contacts, hence the reproduction
number, decreased in the three considered time slots since the beginning of the epidemic fit-
ting the model to reported data [34]. The left panel of Fig 7 shows the fits on top of the data.
Each period is described by a different value for the reproduction number: R = 6.95 for the
first period, R = 3.38 for the second period, and R = 0.97 for the third period. The value of
R in the early stage may appear rather large when compared to the widely reported values for
different countries. On the other hand, reproduction numbers around 10 have been reported
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Fig 7. Model fit results and extrapolation. The left panel shows the fits in the 3 periods, clearly indicating the ability of the model to capture the
dynamics. The open circles are data points not used for the fit. Due to the inherent latency of the reporting in Germany, these points are not reliable,
yet. The inset shows in addition the prediction for the sum of reported cases. Without intervention the number of infections could have surpassed ten
million cases by mid April. The bands around the lines indicate the 95% confidence level of the fit based on stochastic variation of the parameters (cf.
Fig 2). The right plot shows the number of individuals that require hospitalization either in the low care ward (15-20% of identified cases) indicated by
the blue band or ICU (2-5% of identified cases) indicated by the orange colored band.

https://doi.org/10.1371/journal.pone.0238559.9007

by other authors as well, e.g., [16] for China or [42] for China and the Italian province of Lom-
bardy. An obvious reason for large reproduction numbers could be super-spreading events,
such as large public gatherings. Moreover, decreasing detection ratios upon rising case num-
bers, due to testing capacities being overwhelmed, may lead to lower apparent values of R
when only data for confirmed cases are considered. The significant reduction of the reproduc-
tion number over time clearly indicates the success of the contact reducing measures.

The inset in Fig 7 shows the predictions based on the fits until mid May showing the cata-
strophic increase of infections that would have resulted if no or only insufficient measures had
been taken. The right panel in Fig 7 shows a range for cases requiring hospitalization and
intensive care using the latest prediction of the reproduction number. These are computed
from the number of detected cases predicted by the model, assuming 15-20% hospitalizations
in low care units and 2-5% in intensive care units. Under the current prediction these numbers
could be handled by German hospitals. Though this is an indicative estimate only, it clearly
shows that the reproduction number consequently decreased from R = 7 at the end of Febru-
ary to almost R = 1 at the beginning of April.

In the baseline scenario for the refined age and stage structured model, where control mea-
sures apply continuously over time, we observe that the dominant eigenvalue of the lineariza-
tion of the system about the disease-free equilibrium (DFE, i.e., a completely susceptible
population) decreases in time and eventually crosses zero (Fig 8). This corresponds to the
reproduction number dropping below R = 1 (cf. [28]). The seemingly erratic fluctuations
which can be observed in Fig 8 are caused by the weekly oscillations in testing that we call the
weekend-effect and that we illustrate in Fig 4.

Let us now discuss results on the simulated scenarios in detail. In the minimal intervention
scenario, we assume that no specific measures to reduce contacts between individuals (school
closures, interruption of most social and economical activities) nor increased testing activity
were undertaken. Under these assumptions, the initial rapid increase of cases would have
gone on unabatedly, and the number of infected individuals requiring hospitalization or even
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Fig 8. Evolution in time of the dominant eigenvalue of linearization of the age and stage structured model at the
disease free equilibrium (DFE). The dominant eigenvalue crossing the zero axis corresponds to the reproduction
number crossing the threshold value 1.

https://doi.org/10.1371/journal.pone.0238559.g008

intensive care would have reached unmanageable levels within weeks. This scenario is purely
counterfactual and is only detailed here to evaluate the effects of the measures adopted so far.
Model simulations (Fig 6(a)) show that in this scenario a peak in infections would have been
reached at the beginning of May 2020 (day 79 since February 15), with about 12 million active
infections on the peak day. Over the course of the infection about 75 million people would
have been infected and 1.6 million would have died. Fortunately, taking into account interven-
tions adopted so far, the actual course of the epidemic is less dramatic, and the model simula-
tions predict a significantly better outcome.

Compared to our initial investigations [24], we have adjusted the baseline scenario by taking
into account the further restrictive measures adopted in the last week of March 2020 (reduc-
tion of economic activity, restrictions on meetings in public space, and further increased
remote working activity). Said enhanced intervention scenario suggests that the number of
active cases peaked with about 33,000 infected individuals at the beginning of April 2020 (Fig
6(b)). This is in accordance with recent modeling studies [23], which suggest that the effective
reproduction number R = 1 as of April 2, meaning that the disease free equilibrium is on the
verge of instability (i.e., the leading relevant eigenvalue of the linearization about the equilib-
rium with only susceptible individuals is located close to the imaginary axis, cf. Fig 8). Since, at
least for small numbers of active infections, the leading eigenvalue lying on the imaginary axis
corresponds to the reproduction number R being close to 1, this makes the predictions for
this scenario particularly sensitive to assumptions about the model parameters. The reason is
that variations of R make a striking qualitative difference between further exponentially rising
case numbers or a slowdown of the epidemic.

PLOS ONE | https://doi.org/10.1371/journal.pone.0238559  September 4, 2020 16/22


https://doi.org/10.1371/journal.pone.0238559.g008
https://doi.org/10.1371/journal.pone.0238559

PLOS ONE

The impact of current and future control measures on the spread of COVID-19 in Germany

(a) (b) Total cases at peak (factors of BSL)
minimal minimal
intervention . intervention ® 3612
high vigilance{ ’ high vigilance| @ 1
educational/economic educational/economic
h ! — 40.49
reopening _ reopening
phase-om _ phase_om . e
cautious phase-out _ cautious phase-out O 190.06
o o o o o o o o o o o o o
o < o © o N < o @ o N <
- - = = = &N N
Peak shifting from BSL (days)
(C) Tot detections (factors of BSL) (d) Tot deaths (factors of BSL)
minimal minimal
intervention ®136.75 intervention ® 11339
high vigilance| @ 066 high vigilance] @ 063
educational/economic| L___g 5854 educational/economic PY 0.8
reopening reopening '
phase-out 9 110.75| phase-out 9 80.83
cautious phase-out L 105.35 cautious phase-out O 78.14

Fig 9. Statistical comparison of model output for the baseline (BSL) scenario and the considered possible alternatives. (a) Peak shifting (in days) compared
to BSL; (b) Differences in reported cases (factor) at the day of the peak; (c) Differences in total detected cases (factor); (d) Differences in total deaths (factor).
For all rollback scenarios, results refer to the second peak of the outbreak.

https://doi.org/10.1371/journal.pone.0238559.9009

Taking the latest case numbers (up to April 8) into consideration and assuming that in
the weeks to come the testing activity does not take significant slumps on weekends anymore
(cf. Fig 4), we project the number of infected individuals, both detected and undetected, to
decrease over the coming months. The total number of fatalities would be reduced by more
than 90% as compared to the minimal intervention scenario (Fig 9(d)), and the capacity of the
health care system would not be severely challenged (see also Fig 9(b)).

In the reported data [34], individuals are counted as “recovered” if they are no longer symp-
tomatic and 14 days (supposedly the longest infectious period under normal circumstances)
have passed since the positive test. In contrast, the average infectious period, as chosen for the
simulation, is about 1/y; = 7 days, meaning that individuals on average recover seven days
after becoming infectious. Therefore, the number of recovered individuals according to the
model is higher than the officially recorded figure, and that in turn leads to lower numbers of
active reported cases in the model as compared to the official data. Using data up to April 5 to
estimate parameters, the model predicts 116,000 cumulative reported cases for April 9, and
about 149,000 cases for April 16. Maintaining the baseline measures throughout the year
(we are assuming no seasonality of the disease) would lead to the eradication of the epidemic.
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Simulations of this scenario (Fig 6(b)) suggest about 550,000 infections (about 185,000 thereof
asymptomatic), and 14,000 deaths over the course of the epidemic. Enriching the baseline sce-
nario with further increased testing activities and even stricter isolation of detected and sus-
pected cases (high vigilance scenario, Fig 6(c)) would shorten the time necessary to call the
disease eradicated (beginning of September 2020), but widen the peak of active cases. Stricter
isolation of confirmed and suspected cases and improved testing activity would further reduce
the spread of the virus, forecasting about 361,000 infections (out of which about 108,000
asymptomatic), and 9,000 deaths over the course of the epidemic.

The above scenarios assume that the current restrictions on public life remain in effect over
along period. As this does not seem to be feasible in practice, we consider further scenarios
which include an at least partial lifting of the restrictions imposed thus far. In contrast to
our previously simulated scenarios [24], we assume a gradual reopening of economical and
educational activity (Fig 6(d)). We assume this to start in about three weeks from now (May 4)
with reopening schools and childcare facilities as well as many shops, gradually proceeding to
reopening universities, restaurants and other economic activities, and finally resuming on-site
work and most club activities from June 1 on. Combining this partial rollback with further
increased testing activity and isolation of identified cases (educational/economic reopening sce-
nario) would lead to a (second) peak in active infections (1.3 million, detected and undetected
combined) towards the end of November 2020. If no restrictive measures and interventions
were to be (re)introduced, the simulation of the model results in about 32 million total infec-
tions and 730,000 deaths over the course of the epidemic, which seems to occur only by the
end of the summer 2021 (notice the different time scales for different scenarios in Fig 6) under
the assumption that no reliable treatment becomes available by then.

The last two scenarios that we present here suggest that a complete, though gradual, roll-
back of all introduced control measures would lead to a second peak towards the end of
August 2020 (Fig 6(e), phase-outscenario), or end of September 2020 in case of slower reintro-
duction of regular activities (Fig 6(f), cautious phase-out). In both cases, the second peak
would be anticipated (Fig 9(a)) and the number of infections at this peak would be way larger
than in the educational/economic reopening scenario (7.2 million and 6.3 million active infec-
tions in the phase-out and cautious phase-out scenarios, respectively; cf. Fig 9(b)).

Discussion

In this work we proposed a mathematical model for predicting the evolution in time of
detected COVID-19 infections in Germany taking into account the age distribution of cases.
Distinguishing between people in different age groups allows the model to better characterize
contacts between individuals (e.g., child-child contacts being typically different than senior-
adult contacts, cf. [21]) and to fine-tune the effect of intervention measures on contacts reduc-
tion (cf. Fig 3).

Given the limited knowledge about the novel virus’ properties and the unprecedented con-
trol measures, there are significant uncertainties regarding the precise effects of single mea-
sures on effective contact rates. For example, while school closures can be clearly modeled as
reducing child-child contacts in the school domain (cf. Methods), the effectiveness of this spe-
cific intervention in curbing an epidemic can vary dramatically [43, 44], depending on, e.g.,
the pathogen and its interaction with the immune system of children. Moreover, it is hard to
predict how the impact of control measures might wear off as the population grows tired and
attention fades, or, rather the measures become even more effective as habituation makes fol-
lowing the guidelines easier. Our results indicate that the current measures lead to a significant
reduction in the reproduction number, R, which is approximately 1 in the second week of
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April (Fig 8). This matches with estimations of the RKI [34] and findings by other groups
which are also currently studying the situation in Germany [23, 45]. This naturally results in a
significant uncertainty of the projection since small deviations of the parameters can make the
difference between further growing active case numbers or slowly declining numbers.

We parametrized the core model using, if possible, known or previously estimated parame-
ter values, in particular those concerning the evolution of the disease (latency time, duration of
infection, death rates), or plausible assumptions (e.g., for the relation between infectivity of
detected and undetected infectives) as explained in the Methods section. Uncertainties of
parameters that could not be inferred from the literature or well identified from the data were
investigated via stochastic sampling and Sobol analysis. Such uncertainties could be reduced
by integrating further data in the model, e.g., estimated contacts or estimates for the number
of unreported cases.

For performing the simulations of the age-structured model some of the parameters were
taken from literature, some were inferred from the fit of the core model, and others were fixed
by means of plausible assumptions (cf. Methods) that provided good agreement with the data
reported in the early phase of the outbreak. The parametrization of the structured model could
be improved in the future, in particular assuming that better quality data would be available.
Analogously to what was done for the core model uncertainties could be systematically ana-
lyzed for this model as well.

In our baseline scenario we assumed the current reporting ratio in Germany to be rather
high (over 50% as of mid April). Assuming a lower reporting ratio yields more undetected
cases and therefore leads to a higher estimate of the reproduction number. Analogously, drop-
ping the weekend effect increases the number of active cases at the peak. On the other hand,
lower reporting ratios in early April provide a larger margin for improvement by enhanced
testing as in our high vigilance scenario. While reporting ratios are notoriously hard to estimate
in early phases of an epidemic, and have a potentially enormous impact on the predictions
made by any model [46], several models completely neglect the presence of undetected cases
[33, 45]. The aggressiveness of the virus and hence the mortality among all affected individuals
(whether diagnosed or not) is another unknown, but different assumptions about this parame-
ter can be expected to have similar impacts on all the scenarios discussed here. It may be
assumed that earlier detection (as in all our scenarios with enhanced testing) and hence earlier
and better care for high risk patients may result in a mortality even below the one observed in
Germany so far. The limited capacity of the health care system, in particular of intensive care
units, was not yet directly considered as a parameter of our refined model. However, the pre-
dicted number of infected individuals at its peak can be used as a proxy for the expected
demand for health care resources at the height of the epidemic. Assuming that a fixed propor-
tion of infected individuals will require intensive care, the maximal number of infectives for a
given scenario directly indicates the maximal load on the health care system for this scenario.

For an initial study, considering the limited available data, we decided to apply the model to
the entire German population, treating it as spatially homogeneous. Compartmental models
assuming geographically homogeneous regions were also proposed by other authors for the
spread of COVID-19 in Germany [17, 45] or other countries [47, 48]. Of course, this is an
important simplifying assumption, as the population density and disease incidence vary from
region to region, and from rural to urban areas. Features of the COVID-19 outbreak that
emerged from reported data [34] clearly indicate the heterogeneous distribution of cases with
respect to the age groups, which led us to highlight this property instead of geographic inho-
mogeneities. While the transmission dynamics would essentially remain as presented in this
manuscript, the deterministic (based on ordinary differential equations) approach that we
adopted here could be too coarse when considering much smaller populations distributed over
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more geographic patches. When the number of infectious individuals is small, or demo-
graphic/environmental variability could significantly impact the epidemic outcome, stochastic
models might be better suited [49].

We have conducted simulations covering one year and more starting from the beginning of
the epidemic. Some scenarios predict high peaks in active cases and alarmingly high numbers
of deaths far into the future. However, these scenarios should only be understood as predic-
tions for the future if no appropriate measures were taken to contain the epidemic. In particu-
lar, postponing the date of the peak sufficiently far into the future would provide time for the
development of a vaccine or an effective treatment.
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