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A B S T R A C T

Objectives: An outbreak of the novel coronavirus in December 2019 caused a worldwide pandemic. This disease
also impacts European countries, including Germany. Without effective medicines or vaccines, non-
pharmaceutical interventions are the best strategy to reduce the number of cases.
Study design: A deterministic model was simulated to evaluate the number of infectious and healthcare demand.
Method: Using an age-structured SEIR model for the COVID-19 transmission, we project the COVID-19–associated
demand for hospital and ICU beds within Germany. We estimated the effectiveness of different control measures,
including active case-finding and quarantining of asymptomatic persons, self-isolation of people who had contact
with an infectious person, and physical distancing, as well as a combination of these control measures.
Results: We found that contact tracing could reduce the peak of ICU beds as well as mass testing. The time delay
between diagnosis and self-isolation influences the control measures. Physical distancing to limit the contact rate
would delay the peak of the outbreak, which results in the demand for ICU beds being below the capacity during
the early outbreak.
Conclusions: Our study analyzed several scenarios in order to provide policymakers that face the pandemic of
COVID-19 with insights into the different measures available. We highlight that the individuals who have had
contact with a virus-positive person must be quarantined as soon as possible to reduce contact with possible
infectious cases and to reduce transmission. Keeping physical distance and having fewer contacts should be
implemented to prevent overwhelming ICU demand.
1. Introduction

In December 2019, the novel coronavirus (severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2)) was first identified in Wuhan,
China, and then rapidly spread across the country [1,2]. The name of the
new coronavirus disease was announced as COVID-19 on 11 February
2020 by the World Health Organization (WHO). Without natural im-
munity, this disease has spread worldwide to more than 200 countries
and over 3 million cases. In the European countries, on 24 January 2020,
the first three cases were found and identified in France [3,4]. In Ger-
many, four cases with indirect links to Wuhan were reported on 28
January [3]. After that, COVID-19 cases have increased up to 160,000
cases by 5 May.

To control the outbreak, non-pharmaceutical interventions involving
isolation, contact tracing, and social distancing were introduced. The
tc@nu.ac.th (S. Chadsuthi).
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effectiveness of case isolation depends on the time delay from symptom
onset to isolation [5]. Contact tracing of those who have symptoms and
prompt isolation could reduce and control the outbreak [5]. During the
early phase of the COVID-19 outbreak, the basic reproduction number
was around 2–3 [6,7], and the proportion of asymptomatic cases was
high more detail [8–10]. Using only contact tracing and symptomatic
case isolation may not be an effective strategy as asymptomatic cases will
still spread the virus leading to an outbreak again. Some countries have
used mass testing combined with isolation of infected cases and tracing
and quarantining those who have had contact with infectious people,
such as South Korea and Germany [11]. Learning from severe acute
respiratory syndrome (SARS) in 2003, Hong Kong and Singapore
responded by aggressive testing, isolating infected people, and tracing
and quarantine infected contacts [12]. Physical distancing or school
closures have also been studied to reduce the number of infections [13,
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Fig. 1. Flow diagram of the model. The infectious state of an age group is subdivided into three classes, namely, clinically infectious (Ic), sub-clinically infectious (Isc),
and infectious with self-isolation (Qs). Only infectious individuals with severe symptoms (Ic) will need hospitalization (H) and critical care in ICU (IICU ).

Table 1
Description of parameters.

parameter description value References

β Transmission rate calculated
from Rt

–

cij Contacts of age group j made by age
group i

estimated [23]

mi Probability of clinical symptoms for
age group i

estimated [8]

hi Probability of a clinical case in ICU bed
for age group i

estimated [24]

1= σ Latent period (days) 2.9 [25]
[[,26]

1= τs Delay from exposure to self-isolation
(days)

1-2 (varied) –

1= ρ Delay from symptoms onset to
hospitalization from self-isolation
(days)

1=σþ 1=ω�
1=τs

–

1= ω Delay from symptom onset to
hospitalization (days)

4.64 [27,28]

1= τa Delay of testing results (days) 1-2 (varied) –

1= φc Duration of ICU stay (days) 9 [29]
1= φh Duration of hospitalization (days) 10 [30]
1= γ Duration of infectiousness (days) 7 [25,31]
1= γsc Duration of subclinical who isolation

before recovery (days)
1=γ� 1=τa –

1= γs Duration of subclinical who self-
isolation before recovery (days)

1=σþ 1=γ�
1=τs

–

1= μc Duration from ICU admission death
(days)

7 [29,32]

dc Death rate of ICU patients 0.007 [33]
δðtÞ Fraction of testing varied –

yðtÞ Probability of self-quarantine varied –

f Relative infectiousness of subclinical
cases

0.5 [26]
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14]. However, it is unclear that implementation of strict physical
distancing such lockdown alone can control the outbreak of COVID-19.
To effectively reduce the infections, the intensity, duration, and timing
of different mitigation scenarios on the transmission dynamics need to be
investigated.

Mathematical modeling can be used to estimate the effectiveness of
control measures for many infectious diseases. The modified Susceptible-
Exposed-Infectious-Recovery (SEIR) model was used to predict the epi-
demics peaks and sizes for COVID-19 in China [15]. A well-mixed SEIR
compartmental model was also applied to study the effectiveness of
quarantine inWuhan city [16]. Wu et al. also used a modified SEIRmodel
that considered air transportation information to estimate the number of
exported cases fromWuhan to other cities outside China [17]. Prem et al.
studied the effect of control strategies to reduce social mixing using the
SEIR model [13]. Although there were many models that studied the
impact of non-pharmaceutical interventions, none of them focused on
investigating the age-specific demand for hospital and ICU beds [18–20].
In this work, we developed an age-structured SEIR model for investi-
gating the age-specific demand for hospital and ICU beds in Germany. In
addition, we also investigated several combinations of intervention
strategies, e.g., active case-finding, self-isolation, physical distancing,
and cyclic lockdown, to reduce the impact of the COVID-19 outbreak.
Our modelling results may provide a guideline to control and keep the
healthcare services demand below the capacity.

2. Methods

2.1. SEIR model

We modified the SEIR model to study the dynamics of COVID-19
transmission (Fig. 1). The population is divided into 10 compartments,



Fig. 2. Plots of the estimated reproduction number (a), number of daily new cases (b), and cumulative incidences (c). The dots show the observed data, and the solid
lines represent the simulation results. The shaded area indicates the 95% confidence interval.

Table 2
Testing scenarios. The estimated number of total incidences, peak capacity
requirement of non-ICU and ICU beds, and time to peak.

Scenarios Total incidences Requirement at peak Time to peak in days

Non-ICU ICU Non-ICU ICU

Base 22.0 M 832 k 118 k 192 190
1=τa ¼ 2
0.01 21.3 M 786 k 111 k 194 192
0.02 20.6 M 742 k 105 k 196 195
0.05 18.8 M 626 k 87.5 k 202 201
0.10 16.1 M 473 k 65.8 k 212 211
0.20 11.9 M 273 k 37.6 k 229 227
0.50 4.72 M 71.2 k 9.85 k 176 175
1=τa ¼ 1
0.01 20.3 M 726 k 102 k 197 195
0.02 18.9 M 634 k 89.2 k 202 200
0.05 15.1 M 423 k 59.3 k 216 215
0.10 10.5 M 220 k 30.7 k 233 231
0.20 5.01 M 75.6 k 10.5 k 188 186
0.50 1.39 M 47.0 k 6.63 k 49 44
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each with 16 age groups (5-year bands) [21]. We classify the status of the
population into five infection states, susceptible (S), exposed but not yet
infectious (E), infectious (I), and recovery (R) or die (D). To implement
self-isolation and active case-finding strategies, the exposed state will
become self-quarantine, who had contact with an infectious individual
3

and quarantine themselves before infectiousness (Qs) with a probability
of self-quarantine (y), clinical infectious, those who have severe symp-
toms and need treatment (Ic) with a probability of clinical symptoms for
age group i (mi) and, sub-clinical infectious, who are infectious but do not
have any symptoms or have only mild symptoms and do not require
treatment (Isc). We assumed that the infectious individuals with severe
symptoms (Ic) will need hospitalization (H) or critical care in an ICU
(IICU) with a probability of a clinical case in ICU bed (hi). In this model,
ICU cases can either die (D) with a death rate of ICU patients (dc) or be
discharged and remained hospitalized (H) until recovery [22]. We
assumed that the infectious individuals with severe symptoms will
quarantine themselves and go to a hospital, and self-quarantine in-
dividuals will quarantine themselves as soon as with delay from exposure
to self-isolation (1=τs). Thus, active case-finding with testing will only
look for asymptomatic individuals with positive results that will be iso-
lated in their homes (Qsc). We assumed that Germany is a closed system
and well-mixed with a constant population size of 83.5 million [21]. The
system of equations for the age group i can be described by

dSi
dt

¼ � βSi
Xn

j¼1

cij
�
Icj þ fIscj

�,
Nj



Fig. 3. A 1-day delay of testing results. Simulation outcomes for difference testing rate of non-ICU and ICU bed requirements compared to baseline (a) and age-specific
ICU bed requirements at peak with time to peak indicated in the bars (b). The black dashed lines represent the total of 28,000 ICU beds.

Table 3
Self-isolation scenarios. The estimated number of total incidences, peak capacity
requirement of non-ICU and ICU beds, and time to peak.

Scenarios Total Incidence Requirement at peak Time to peak in days

Non-ICU ICU Non-ICU ICU

Base 22.0 M 832 k 118 k 192 190
1=τs ¼ 2
0.001 21.8 M 822 k 116 k 192 191
0.005 21.2 M 783 k 111 k 195 193
0.01 20.5 M 734 k 104 k 198 196
0.02 19.1 M 641 k 90.4 k 204 202
0.05 14.7 M 395 k 55.4 k 224 223
0.10 7.24 M 120 k 16.8 k 236 234
1=τs ¼ 1
0.001 21.6 M 812 k 115 k 193 191
0.005 20.4 M 736 k 104 k 197 196
0.01 18.9 M 645 k 90.9 k 203 201
0.02 16.0 M 480 k 67.5 k 215 214
0.05 7.58 M 140 k 19.5 k 237 235
0.10 935 k 50.0 k 7.12 k 48 44
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dEi ¼ βSi
Xn

cij
�
Icj þ fIscj

�
Nj � ð1� yiÞmiσEi � ð1� yiÞð1� miÞσEi
dt j¼1

,

� yiτsEi

dIci
dt

¼ð1� yiÞmiσEi � hiωIci � ð1� hiÞωIci

dIsci
dt

¼ð1� yiÞð1�miÞσEi � δiτaIsci � ð1� δiÞγIsci

dQs
i

dt
¼ yiτsEi �mihiρQs

i �mið1� hiÞρQs
i � ð1�miÞγsQs

i

4

dIICUi

dt
¼ hiωIci þmihiρQs

i �φcð1� dcÞIICUi � μcdcI
ICU
i

dHi

dt
¼ð1� hiÞωIci þmið1� hiÞρQs

i þφcð1� dcÞIICUi � φhHj

dQsc
i

dt
¼ δiτaIsci � γscQ

sc
i

dRi

dt
¼ð1� δiÞγIsci þð1�miÞγsQs

i þφhHj þ γscQ
sc
i

dDi

dt
¼ μcdcI

ICU
i

2.2. Model calibration

We used parameters from the literature described in Table 1. The
initial cases were estimated to fit with the outbreak in Germany [34]. The
transmission rate (β) was calculated based on the time-varying repro-
duction numbers (Rt) of Germany from 2 March to 23 March 2020. The
estimated Rt was calculated using the EpiEstim R package [35] with a
mean serial interval of 6.6 days and a standard deviation of 4.88 days
[36].

2.3. Intervention analysis

For the baseline (no intervention), we set the time-varying repro-
duction numbers (Rt) of Germany from 2 March to 23 March 2020. After
that, the reproduction number was randomly selected from a Normal
distribution with a mean of 2.08 and a standard deviation of 0.01 and
then held constant after 24 March 2020. We simulated 200 independent
models over 2 years. The intervention scenarios, i.e., active case-finding,
self-isolation, physical distancing, and their combination, were started on
24 March 2020 as we estimated a two-day delay from when the re-
strictions were issued on 22 March.



Fig. 4. A 1-day delay of self-isolation. Simulation outcomes for difference self-isolation rates on non-ICU and ICU bed requirements compared to baseline (a) and age-
specific ICU bed requirements at peak with time to peak indicated in the bars (b). The black dashed lines represent the total of 28,000 ICU beds.
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Active case-finding was defined as the mass testing campaign of
asymptomatic or mild symptom cases (Isc) and then limiting contact with
these infectious individuals by isolating and avoiding contact with the
community. We assumed that individuals during the latent period would
not test positive [37]. The time delay from testing to getting the results
(1=τa) was studied with a one- or two-day delay. Using contact tracing,
individuals who have contact with an infectious person can be quaran-
tined by themselves with no other contact. Public health officials can
promote this self-isolation scenario to help reduce the impact of the
COVID-19 outbreak. We measured the effectiveness of contact tracing
using a time delay from the infectiousness in a person to informing their
contacts to be within one or two days (1=τs). Physical distancing or social
distancing is one of the suggestion scenarios. In this work, we considered
different scenarios for reducing contact, such as the duration of the
lockdown (less contact), reducing contacts by half, and a cyclic scheduled
lockdown [38]. A combination of interventions was considered and
proposed to prevent overloading of the medical system.

3. Results

We first estimated the reproduction number (Fig. 2) from 2 March to
23 March to fit the rate of increase in infected cases. During the early
outbreak, the reproduction number (Rt) was about 4–6, which indicates a
large outbreak. After that, the reproduction number decreases as
awareness of the pandemic increases. On day 22 (24 March), Rt is
reduced when the lockdown strategy was issued. We calibrated the pa-
rameters based on Rt to fit with the observed data (Fig. 2). Without any
interventions, the simulation as a baseline provided the cumulative
incidence of all infection compartments of 22 million with the attack rate
of about 26%. We estimated the number of hospitalization and ICU
admission (Table 2). We found that the infectious individuals aged 25 to
54, referring to people in their prime working lives, will need 78 ICU
beds per 1000 population (median of 200 simulations) more than
infected individuals over 55 years 2.59 times due to the working people
5

have high contact.
Assuming that public health agencies have sufficient testing capacity

for COVID-19, we varied mass random-testing from 1% to 50% of the
population (Table 2). For a 1-day delay in getting the testing results, we
found the total number of incidences was reduced from baseline for an
increasing testing rate. The effectiveness 50% testing rate of a 2-day
delay to get the testing results could not reduce the number of cases as
well as a 1-day delay, as it caused a 79% reduction of baseline compared
to a 1-day delay, it caused 94% reduction of baseline. At every testing
rate, the curve of incidences, non-ICU bed usage, and ICU bed usage was
flatter with a 1-day delay in testing results (Fig. 3) compared to a 2-day
delay (Supplementary Figure 1). To present the results of age-specific ICU
admission, we grouped the 16 age groups into 5 age groups according to
employment rates. People aged less than 15 represent the non-worker
group, people aged 15 to 24 represent the labour group following edu-
cation, people aged 25 to 54 represent a prime working group, people
aged 55 to 64 represent the passing of peak working group, and people
aged more than 64 represent retired [39]. For a 1-day delay in the testing
results, the results of the age-specific ICU admission (Fig. 3) showed a
peak of infectious patients of worker group (aged 25–54) higher than the
other groups and required ICU beds exceeded the total capacity when the
testing less than 20%. Our results suggested that the efficiency of testing
has an impact on control measures. Using the best testing parameters,
such as 50% of the population and a 1-day delay, the number of ICU beds
reduced to about 6630 beds. However, a high testing rate costs a lot of
resources.Where M is a million unit ( � 106) and k is a thousand unit (�
103)

If contact tracing of infected individuals was implemented, in-
dividuals who have been in contact with infectious people may isolate
themselves and make no more contact with others. We varied the plau-
sible rate of self-isolation from 0.005 to 0.10 (Table 3). We found that a
1% self-isolation rate 1-day after exposure to an infectious person could
reduce the total incidences by 14%. The peak of ICU bed usage dropped
below the total capacity [40] when more than 5% of possible exposed



Table 4
Physical distancing scenarios. The estimated number of total incidences, peak
capacity requirement of non-ICU and ICU beds, and time to peak.

Scenarios Total
Incidence

Requirement at
peak

Time to peak
in days

Non-
ICU

ICU Non-
ICU

ICU

Base 22.0 M 832 k 118
k

192 190

Half-lockdown for 30 days 21.7 M 786 k 111
k

261 260
24-Mar to 22 Apr (50% of work,
school and other contacts)

Half-lockdown for 60 days 21.6 M 768 k 109
k

330 329
24-Mar to 22May (50% of work,
school and other contacts)

Half-lockdown for 90 days 21.5 M 761 k 108
k

398.5 397
24-Mar to 21 June (50% of
work, school and other
contacts)

Half-lockdown for 120 days 21.5 M 758 k 107
k

466 465
24-Mar to 21 July (50% of work,
school and other contacts)

Half-lockdown for 150 days 21.4 M 757 k 107
k

534 532
24-Mar to 20 August (50% of
work, school and other
contacts)

Full lockdown for 30 days 21.6 M 782 k 111
k

330 328
24-Mar to 22 Apr (10% of work,
school and other contacts)

Full lockdown for 60 days 21.6 M 779 k 110
k

464 462
24-Mar to 22May (10% of work,
school and other contacts)

Full lockdown for 90 days 21.1 M 778 k 110
k

596 595
24-Mar to 21 June (10% of
work, school and other
contacts)

Full lockdown for 120 days 12.8 M 778 k 110
k

729 727
24-Mar to 21 July (10% of work,
school and other contacts)

Full lockdown for 150 days 1.14 M 99.2
k

14.4
k

729 729
24-Mar to 20 Aug (10% of work,
school and other contacts)

Cyclic lockdown 15 days until
17 Jan 21 (repeated lockdown
and 80% of work, school and
other contacts for 15 days)

263 k 32.0
k

4.89
k

29 28

Cyclic lockdown 30 days until
17 Jan 21 (repeated lockdown
and 80% of work, school and
other contacts for 30 days)

235 k 32.0
k

4.89
k

29 28

Cyclic lockdown 15 days until
17 Jan 21 (repeated lockdown
and full contact for 15 days)

1.04 M 80.5
k

11.7
k

729 729

Cyclic lockdown 30 days until
17 Jan 21 (repeated lockdown
and full contact for 30 days)

974 k 78.2
k

11.4
k

729 729
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individuals’ self-isolation 1 day after contact with an infectious person
(Fig. 4). The age of the ICU admission patients is also shown in Fig. 4. We
observed similar trends for lower self-isolation rates compared to a
higher testing rate. The results of self-isolation 2 days after contact with
an infectious person also showed in Supplementary Figure 2. The results
indicate testing only a small fraction of the population or self-isolation
could not keep the ICU demand below the threshold and could not
delay the outbreak for healthcare service preparation.Where M is a
million unit ( � 106) and k is a thousand unit (� 103)

Physical distancing is a control measure that can reduce contact be-
tween people, reducing the transmission and delaying the peak of the
outbreak. In this work, we simulated several scenarios (Table 4), where
the epidemic curve and age-specific ICU bed usage are shown in Fig. 5.
Our results suggest that only reducing contacts by half for 30 days could
delay the peak of ICU beds for 70 days. However, this control measure
could reduce the total incidences by only 1.4% of the baseline.
6

Comparing a half lockdown with a full lockdown, we found that the total
number of incidences and hospitalization is not different, but a full
lockdown could more delay the peak of ICU beds. We also found that
cyclic lockdown could reduce the incidence rate more than a single full
lockdown. Cyclic lockdowns with an equivalence number of locked-
down working days, with either half-lockdowns or full lockdowns for
long periods, could delay the peak of infected cases. Our results also
suggest that reducing 20% of contacts during the relaxation of a cyclic
lockdown could reduce the incidences and delay the peak more than full
relaxation. We also considered the curve of ICU bed usage during the
early outbreak of some scenarios (Fig. 5 (b)). Considering the short-term
effects, a full lockdown of 150 days is the best strategy to control the
demand for health care services. However, a full lockdown for 3 months
would bring additional problems such as economic and social distress,
compared to a cyclic lockdown.Where M is a million unit ( � 106) and k
is a thousand unit (� 103)

Thus, our results highlighted testing and self-isolation scenarios with
a high rate could reduce the healthcare demand and the total incidence.
The physical distancing could only help in delay the peak of the outbreak.
Without physical distancing, we estimated the effectiveness of combined
testing and self-isolation at reasonable rates (Fig. 6 (a) and Supplemen-
tary Table 1). We found that 5% of testing rate and 2% of self-isolation
could reduce the healthcare demand under the hospital capacity for a
1-day delay.

Scenarios with different combinations of testing, self-isolation, and
physical distancing were considered to estimate the requirement for ICU
beds (Fig. 6 (b) and Supplementary Table 2). For a 1-day delay with 5% of
the mass random testing rate, a contact tracing system (with 1% self-
isolation) and a half-lockdown for 150 days could reduce the number
of ICU beds below the threshold for 2 years simulation. The scenarios
with cyclic lockdowns could delay a large outbreak for longer periods.
Overall, our results showed the most effective strategy is the full lock-
down or cyclic lockdown to delay the peak of cases, including testing and
self-isolation.

4. Discussion

Due to the worldwide spread of COVID-19 and the increasing number
of cases, including in Germany, strategies to control and reduce the
impact of this outbreak are necessary, as well as models to estimate the
healthcare demand. In this work, we modified an age-structured SEIR
model and used it to study the effectiveness of active case-finding, self-
isolation and physical distancing, and combinations of multiple strate-
gies. Without any interventions, high demand for health care services
will occur and overload the system. Having sufficient ICU beds for severe
cases is an important factor to save the lives of the patients who have
severe respiratory failure and need mechanical ventilation for treatment
[22,41]. In Germany, before the outbreak of COVID-19, there were about
28,000 intensive care beds, which are around 34 per 100,000 people
[40]. However, about 80% of ICU beds are routinely occupied [42],
which means that there are about 5,600 beds available.

There is some evidence suggesting that asymptomatic cases and sub-
clinical cases with mild symptoms are potential sources of COVID-19
infection [43–45]. We estimated the effectiveness of mass testing for
sub-clinical or asymptomatic cases as an active case-finding campaign.
Our results suggest using mass testing could reduce the incidence peak,
which agrees with findings from the work of Giordano and co-workers
[46]. Using fast diagnostic tests could reduce a greater number of cases
than slower tests. This level of a testing campaign would use a lot of tests,
which also means spending a lot and cannot test all of the population.
However, we can limit the testing for only the individuals who are at risk
with the help of tracing, which could use a smaller number of tests. Using
a rapid test with high sensitivity and specification is required to reduce
the false negative rates. For example, a rapid test with 99% sensitivity
and 95% specificity would give a false negative result, which is defined as



Fig. 5. The epidemic curve under different physical distancing scenarios. The plot of non-ICU and ICU bed requirement compared to baseline (a) and during the early
outbreak (b) and the age-specific ICU bed requirements at peak with time to peak indicated in the bars (c).
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a person having the disease but receiving a negative result, of 1%. Using
nucleic acid tests such as polymerase chain reaction (PCR) could provide
more accurate results, but this method is more expensive for sample
acquisition, preparation, and device operation [47]. However, this
strategy can be targeted to high risk groups, such as healthcare workers
who are more likely to be exposed to infectious persons [44] and could
help end the epidemic [48]. Mass testing could also provide important
data to understand the infection dynamics, such as infection rate and
duration of symptoms, which could improve the epidemiological models.
7

We also examined different scenarios of self-isolation of people in
contact with an infectious person. Public health officials can promote a
self-isolation campaign using a tracing application, such as a mobile
application, or manual tracing in order to provide the timing and location
where infected cases were found. Self-isolation with contact tracing
could help prevent the transmission of the virus by isolating possibly
infectious persons before they can spread the disease [5]. We found that a
self-isolation rate of only 5% could bring down the peak of ICU bed usage
more than mass testing of 10% of the population, as supported by the



Fig. 6. The epidemic curve and ICU bed requirement with different combination scenarios. The upper figure (a) is the results of a combination of testing rate and self-
isolation rate, and the lower figure is the results of a combination of three scenarios.
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work of Kucharski and co-worker [49]. However, this strategy is less
effective when there is a high rate of transmission before symptom onset
[5]. This strategy also requires a suitable system to quickly trace in-
dividuals and to identify the precise location of infectious cases. Using
both mass testing and self-isolation together could reduce the number of
infected cases more than either used alone. These strategies successful in
control the early COVID-19 outbreak in Korea [50].

The time delay between diagnosis as infectious and self-isolation in-
fluences the effectiveness of these control measures. For example, a 50%
testing rate with a 1-day delay could reduce the peak of ICU admission
compared to a 2-day delay. 10% of people self-isolating within 24 h after
exposure to an infectious individual could reduce the ICU bed usage peak
by twice compared to a 48-h delay in isolating. Thus, timely testing re-
sults and self-isolation should be considered a key method to control the
demand for ICU beds.

To delay the peak of the epidemic, we analyzed some scenarios for
physical distancing. Our results suggest that a half lockdown or full
lockdown for a short period of time results in a delay of incidences and
the ICU peak demand, which is consistent with previous findings [13,46].
However, it cannot reduce the peak of incidences as well as active
case-finding and self-isolation strategies, when the lockdown was lifted
as the number of incidences quickly raised again. Using a lockdown to
suppress COVID-19 will have economic and social costs such as lost jobs.
Another strategy for the lockdown was a cyclic lockdown proposed by
Karin and co-worker [38]. We investigated some cyclic lockdown stra-
tegies and compared them with a full lockdown with an equal number of
locked down days. Our model results in a delay of the ICU peak for the
cyclic lockdowns till much later. Thus, we could use the cyclic lockdown
as an alternative strategy for longer periods, with less economic prob-
lems, as it replaces full employment with part-time jobs instead of un-
employment [38]. An additional campaign such as wearing a mask or
washing hands could raise the awareness of contact between people.
Most of the models added a mask variable by reducing the transmission
rate from infected individuals [51–53].
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This work has some limitations; our mathematical model did not
consider school closures as students may make contact even while
schools are closed. As we could not separate the number of imported
infected individuals from the number of locally infected individuals, the
estimated time-varying reproduction number might not well represent
the transmission dynamics in Germany. Our results are based on the
parameters of the initial outbreak from the literature of serval countries,
which could cause some estimation errors. However, we calibrated the
initial parameters with the observed data in Germany. Our models can
also be re-simulation once updated data is available to more accurately
estimate the response.

Our study analyzed several scenarios to control the pandemic of
COVID-19 and to inform on how to best affect the situation. Healthcare
services must be prepared with sufficient non-ICU and ICU beds to meet
the demand. Governments, hospital administrators, and public health
agencies must carefully use some mitigation measures in order to keep
businesses running and the demand for ICU cases below the ICU bed
capacity. Our results highlight that the individuals who have had contact
with infectious cases must be quarantined as soon as possible to reduce
the transmission rate. Keeping physical distance with fewer contacts
during a lockdown should be issued to not produce overwhelming ICU
demand in the absence of herd immunity or until vaccination is available.
Our results can help in understanding the dynamics of disease trans-
mission and intervention strategies. This modified SEIR model may apply
to other diseases which have similar transmission, such as influenza.
However, using any non-pharmaceutical interventions takes some costs
and economic losses. Using vaccination with suitable strategies should
consider in the future.
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