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Abstract

We analyze the relaxation of non-pharmaceutical interventions (NPIs) under an increasing

number of vaccinations in Germany. For the spread of SARS-CoV-2 we employ a SIR-type

model that accounts for age-dependence and includes realistic contact patterns between

age groups. The implementation of NPIs occurs on changed contact patterns, improved iso-

lation, or reduced infectiousness when, e.g., wearing masks. We account for spatial hetero-

geneity and commuting activities in between regions in Germany, and the testing of

commuters is considered as a further NPI. We include the ongoing vaccination process and

analyze the effect of the B.1.617.2 (Delta) variant, which is considered to be 40%–60%

more infectious then the currently dominant B.1.1.7 (Alpha) variant. We explore different

opening scenarios under the ongoing vaccination process by assuming that local restric-

tions are either lifted in early July or August with or without continued wearing of masks and

testing. Our results indicate that we can counteract the resurgence of SARS-CoV-2 despite

the Delta variant with appropriate timing for the relaxation of NPIs. In all cases, however,

school children are hit the hardest.

Author summary

One of the greatest challenges within the Covid-19 pandemic is to identify the timing and

amount of non-pharmaceutical interventions (face masks, travel bans, school closures,

etc). In the year 2021 more and more people are getting vaccinated. When can we finally

lift all restrictions and stop wearing masks? In order to provide more insights to this ques-

tion, we use a mathematical model which is capable of simulating the effects of non-phar-

maceutical interventions in Germany while accounting for age-dependent factors as well

as commuting activities between regions. We include the vaccination process and analyze

the much more infectious Delta coronavirus variant. We simulate scenarios that consider

the timing of the return to pre-pandemic contacts as well as when to suspend wearing
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masks and testing. Our results show that a later opening by 1 August in combination with

masks and testing reduces the chance of a further infection wave considerably. From the

retrospective view of the revision, we see that the rise in infections at the end of summer

could have been well predicted by our scenarios that considered lifting of NPIs in July as it

happened in many places. In all of our scenarios, the infection manifests in the younger

age groups.

Introduction

After almost two years, the coronavirus disease 2019 (Covid-19) continues to have a tremen-

dous impact on daily life in many countries. Even though the vaccination process had been

rapidly progressing in Germany over the summer, herd immunity is still far from being

achieved [1]. It still remains questionable whether the vaccination readiness of the population

is sufficiently high to reach the herd immunity threshold [2] in the near future. However,

maintaining compliance with restrictions within the population becomes more challenging as

the duration of the pandemic increases, e.g. the risk perception did not vary systematically

with case numbers in April 2021 in Germany [3] suggesting strong habituation effects. With a

decreasing incidence in summer, relaxation of measures were inevitable and desirable to mini-

mize economic and social costs. Hence, a cautious relaxation of measures in lockstep with

increasing vaccination success is generally considered advisable [2, 4, 5].

The aim of this paper is to simulate different NPI relaxation strategies over the summer and

to consider different restrictions with the upcoming winter to analyze their consequences

while the number of vaccinations continues to rise. We specifically investigate the effect on the

younger age groups. To this end, we employ our previously developed SIR-type model [6]. In

this model, we account for the age-dependence of the severe acute respiratory syndrome Coro-

navirus 2 (SARS-CoV-2) and include realistic contact patterns between age groups. The imple-

mentation of NPIs occurs on changed contact patterns, improved isolation, or reduced

infectiousness when, e.g., wearing masks. In order to account for spatial heterogeneity, we use

a graph approach and we include high-quality information on commuting activities combined

with traveling information from social networks. We expand our model by new compartments

to represent the dynamics of the ongoing vaccination process and even allow for reinfections

or infections after full vaccination. Additionally, we implement the effect of the B.1.617.2

(Delta) Coronavirus variant, which is considered to be 40%–60% more infectious then the pre-

viously dominant B.1.1.7 (Alpha) variant; cf. [7–9]. In this paper, we focus on the comparison

of different strategies based on our mathematical model that was already validated in [6].

From the retrospective view of the revision, we see that the rise in infections could have been

well predicted.

Only few studies analyze the effect of NPIs during the ongoing vaccination process while

also considering age-stratification as well as spatial heterogeneity. Patel et al. [10] introduce an

agent based SEIR-type model for North Carolina which simulates different vaccine coverage

and efficacy scenarios with NPIs without spatial heterogeneity. Moore et al. use an approach

similar to ours for the UK [2, 11]. The focus of these studies is on the vaccine efficacy and cov-

erage without distinguishing between different types of NPIs. Bauer et al. [4] and Viana et al.

[12] examine NPI relaxation strategies without spatial heterogeneity in the EU and Portugal,

respectively. All of these studies are tailored to their specific region, and to our knowledge no

such study exists for Germany. Here, Maier et al. [13] discuss the benefits of delaying the sec-

ond dose of the vaccine without specific focus on NPIs, and the comment [5] generally stresses
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the lift of restrictions in pace with vaccination. The authors of [14] considered different vacci-

nation ratios to avoid further rising of infections in autumn and winter. In this paper we spe-

cifically want to look at the effect of the timing of NPI release, as well as the subsequent effect

of masks while accounting for the impact of school holidays and more contagious variants like

the Delta variant in the different age groups. In the revision, we also added different scenarios

for the upcoming winter period.

The paper is structured as follows: First, we introduce the mathematical model. Then, we

define scenarios with different relaxation strategies and NPIs. Finally, we present the simula-

tion results and discuss their implications for decisions on NPI relaxations or restrictions.

Materials and methods

The methods used in this paper are based on mathematical models. The model is based on our

previously developed hybrid graph-SIR-type or metapopulation model in [6, 15], extended by

partial and full vaccination as well as infection after immunization following infection or vacci-

nation. In order to sufficiently represent reality with our compartmental model, we use two

key ingredients: Age stratification and spatial resolution. Both will be explained in the follow-

ing paragraphs.

Our original model consists of the following compartments: Susceptible (S), healthy individ-

uals without immune memory of SARS-CoV-2; Exposed (E), who carry the virus but are not

yet infectious to others; Carrier (C), who carry the virus and are infectious to others but do not

yet show symptoms (they may be pre- or asymptomatic); Infected (I), who carry the virus, are

infectious and show symptoms; Hospitalized (H), who experience a severe development of the

disease; In Intensive Care Unit (U); Dead (D); and Recovered (R), who could not be infected

again in our original model.

In order to model commuter testing, we use the compartments C+ and I+ from [15] for car-

riers or infected individuals as well as their (partially) vaccinated counterparts CþPV , IþPV , CþV and

IþV In what follows, we will provide details on both the vaccination model as well as on the

details of commuter testing.

SIR-type model with vaccination

We expand the model by the compartments of Partially Vaccinated Susceptible (SPV), individu-

als that have received the first dose of the vaccine; Partially Vaccinated Exposed (EPV), who

carry the virus despite being partially vaccinated but are not yet infectious to others as well as

Partially Vaccinated Carrier (CPV); Partially Vaccinated Infected (IPV); Partially Vaccinated
Hospitalized (HPV); Partially Vaccinated In Intensive Care Unit (UPV). Furthermore, we intro-

duce these compartments for fully vaccinated individuals as SV, EV, CV, IV, and HV. Addition-

ally, the compartment that we previously defined as “Recovered” will now be denoted as

“Immune” to also represent vaccinated individuals.

To account for the vaccination, we make a number of simplifying modeling assumptions.

We equate fully vaccinated individuals one week after the second dose to those who gained

immunity by recovering from Covid-19. In the literature different vaccines show different

effectiveness after about one week of administering the second dose [16, 17], and we also refer

to [18] showing an antibody peak about 6–8 days after the second dose.

We here provide a model where partially vaccinated as well as recovered or fully vaccinated

people can get infected, be infectious to others or experience a severe course of infection [16,

17]. We assume the partial vaccination to take effect after two weeks after the first dose.

We will explain the modeling of vaccine efficacy and provide references for the chosen

parameter ranges in Eq (30) and thereafter.
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Age-stratification and full local model. The model is visualized without age groups in

Fig 1. To resolve age-specific disease parameters, we divide the totality of people N into i = 1,

. . ., n = 6 different age groups as defined in Table 1. Thus, all of our compartments have an

age-dependence that we indicate by the subscript i. We define Zi ≔ fSi;Ei;Ci; . . .g as the set of

all compartments of age group i and ND?
i ≔

P
z2ZinDi

z as the sum of all living individuals of age

group i.

We use the variables T�2
�1

for the time spent in state �1 2 Zi before transition to state �2 2

Zi and m�
2

�1
for the probability of a patient to go to state �2 from state �1.

We write the whole systems of equations as

dSi

dt
¼ � Siri

Xn

j¼1

�i;j

xC;jðCj þ CPV;j þ CV;jÞ þ xI;jðIj þ IPV;j þ IV;jÞ

ND?
j

; ð1Þ

dEi

dt
¼ Siri

Xn

j¼1

�i;j

xC;jðCj þ CPV;j þ CV;jÞ þ xI;jðIj þ IPV;j þ IV;jÞ

ND?
j

�
1

TCi
Ei

Ei; ð2Þ

dCi

dt
¼

1

TCi
Ei

Ei �
1 � m

Ri
Ci

TIi
Ci

þ
m

Ri
Ci

TRi
Ci

 !

Ci; ð3Þ

dCþi
dt
¼ �

1 � m
Ri
Ci

TIi
Ci

þ
m

Ri
Ci

TRi
Ci

 !

Cþi ; ð4Þ

dIi

dt
¼

1 � m
Ri
Ci

TIi
Ci

Ci �
1 � m

Hi
Ii

TRi
Ii

þ
m

Hi
Ii

THi
Ii

 !

Ii; ð5Þ

dIþi
dt
¼

1 � m
Ri
Ci

TIi
Ci

Cþi �
1 � m

Hi
Ii

TRi
Ii

þ
m

Hi
Ii

THi
Ii

 !

Iþi ; ð6Þ

dHi

dt
¼
m

Hi
Ii

THi
Ii

Ii þ
m

Hi
Ii

THi
Ii

Iþi �
1 � m

Ui
Hi

TRi
Hi

þ
m

Ui
Hi

TUi
Hi

 !

Hi; ð7Þ

dUi

dt
¼
m

Ui
Hi

TUi
Hi

Hi �
1 � m

Di
Ui

TRi
Ui

þ
m

Di
Ui

TDi
Ui

 !

Ui; ð8Þ

dSPV;i

dt
¼ � SPV;irPV;i

Xn

j¼1

�i;j

xC;jðCj þ CPV;j þ CV;jÞ þ xI;jðIj þ IPV;j þ IV;jÞ

ND?
j

; ð9Þ

dEPV;i

dt
¼ SPV;irPV;i

Xn

j¼1

�i;j

xC;jðCj þ CPV;j þ CV;jÞ þ xI;jðIj þ IPV;j þ IV;jÞ

ND?
j

�
1

TCi
Ei

EPV;i; ð10Þ

dCPV;i

dt
¼

1

TCi
Ei

EPV;i �
1 � m

Ri
CPV ;i

TIi
Ci

þ
m

Ri
CPV ;i

kTRi
Ci

 !

CPV;i; ð11Þ
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dCþPV;i

dt
¼ �

1 � m
Ri
CPV ;i

TIi
Ci

þ
m

Ri
CPV ;i

kTRi
Ci

 !

CþPV;i; ð12Þ

dIPV;i

dt
¼

1 � m
Ri
CPV ;i

TIi
Ci

CPV;i �
1 � m

HPV ;i
IPV ;i

kTRi
Ii

þ
m

HPV ;i
IPV ;i

THi
Ii

 !

IPV;i; ð13Þ

dIþPV;i

dt
¼

1 � m
Ri
CPV ;i

TIi
Ci

CþPV;i �
1 � m

HPV ;i
IPV ;i

kTRi
Ii

þ
m

HPV ;i
IPV ;i

THi
Ii

 !

IþPV;i; ð14Þ

dHPV;i

dt
¼
m

HPV ;i
IPV ;i

THi
Ii

IPV;i þ
m

HPV ;i
IPV ;i

THi
Ii

IþPV;i �
1 � m

UPV ;i
HPV ;i

TRi
Hi

þ
m

UPV ;i
HPV ;i

TUi
Hi

 !

HPV;i; ð15Þ

dUPV;i

dt
¼
m

UPV ;i
HPV ;i

TUi
Hi

HPV;i �
1 � m

Di
UPV i

TRi
Ui

þ
m

Di
UPV ;i

TDi
Ui

 !

UPV;i; ð16Þ

dSV;i

dt
¼ � SV;irV;i

Xn

j¼1

�i;j

xC;jðCj þ CPV;j þ CV;jÞ þ xI;jðIj þ IPV;j þ IV;jÞ

ND?
j

; ð17Þ

Fig 1. Local SIR-type model with vaccinations. We omit the age-dependence index i as well as the compartments C+ and I+ which do not have inflow

from other compartments. The blue and green boxes represent compartments that have been newly added for the vaccination model. Here, CA = C +

CPV + CV and IA = I + IPV + IV.

https://doi.org/10.1371/journal.pcbi.1010054.g001
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dEV;i

dt
¼ SV;irV;i

Xn

j¼1

�i;j

xC;jðCj þ CPV;j þ CV;jÞ þ xI;jðIj þ IPV;j þ IV;jÞ

ND?
j

�
1

TCi
Ei

EV;i; ð18Þ

dCV;i

dt
¼

1

TCi
Ei

EV;i

1 � m
Ri
CV ;i

TIi
Ci

þ
m

Ri
CV ;i

kTRi
Ci

 !

CV;i; ð19Þ

dCþV;i
dt
¼ �

1 � m
Ri
CV ;i

TIi
Ci

þ
m

Ri
CV ;i

kTRi
Ci

 !

CþV;i; ð20Þ

Table 1. Parameter list for the local SIR-type model. Parameter list for the local SIR-type model as presented in Fig 1. For details on parameter estimations of the base

model, see [6].

range in age group

param. 0–4 5–14 15–34 35–59 60–79 80+

r
ð0Þ

i
[0.028, 0.056] [0.070, 0.098] [0.11, 0.14] [0.14, 0.21]

k [0.1, 0.3]

σδ see (35)

νδ 1.4 or 1.6

ξC,i sigmoidal curve from 0.5 to 1 on incidence 10 to 20

ξI,i sigmoidal curve from [0.0, 0.2] to [0.4, 0.5] on incidence 10 to 150

TC
E [2.67, 4.00]

mR
C [0.20,0.30] [0.15,0.25]

TR
C TI

C þ 0:5TR
I

TI
C sampled with TC

E : TC
E þ TI

C ¼ 5:2

mH
I [0.006,0.009] [0.015,0.023] [0.049,0.074] [0.15,0.18] [0.20,0.25]

TH
I [9.0,12.0] [5.0,7.0]

TR
I [5.6,8.4]

mU
H [0.05,0.10] [0.10,0.20] [0.25,0.35] [0.35,0.45]

TU
H [3.0,7.0]

TR
H [4.0,6.0] [5.0,7.0] [7.0,9.0] [9.0,11.0] [13.0,17.0]

mD
U [0.00,0.10] [0.10,0.18] [0.3,0.5] [0.5,0.7]

TR
U [5.0,9.0] [14.0,21.0] [10.0,15.0]

TD
U [4.0,8.0] [15.0,18.0] [10.0,12.0]

κ 0.5 or 1

pEPV
[0.15, 0.25]

pIPV
[0.3, 0.4]

pHPV
[0.85, 0.95]

pUPV
equal to pHPV

pDPV equal to pHPV

pEV [0.619, 0.719]

pIV
[0.707, 0.807]

pHV
[0.859, 0.959]

pUV
equal to pHV

pDV equal to pHV

TV
PV 49

https://doi.org/10.1371/journal.pcbi.1010054.t001
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dIV;i

dt
¼

1 � m
Ri
CV ;i

TIi
Ci

CV;i �
1 � m

HV ;i
IV ;i

kTRi
Ii

þ
m

HV ;i
IV ;i

THi
Ii

 !

IV;i; ð21Þ

dIþV;i
dt
¼

1 � m
Ri
CV ;i

TIi
Ci

CþV;i �
1 � m

HV ;i
IV ;i

kTRi
Ii

þ
m

HV ;i
IV ;i

THi
Ii

 !

IþV;i; ð22Þ

dHV;i

dt
¼
m

HV ;i
IV ;i

THi
Ii

IV;i þ
m

HV ;i
IV ;i

THi
Ii

IþV;i �
1 � m

UV ;i
HV ;i

TRi
Hi

þ
m

UV ;i
HV ;i

TUi
Hi

 !

HV;i; ð23Þ

dUV;i

dt
¼
m

UV ;i
HV ;i

TUi
Hi
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1 � m

Di
UV ;i

TRi
Ui

þ
m

Di
UV ;i

TDi
Ui

 !

UV;i; ð24Þ

dRi

dt
¼
m

Ri
Ci

TRi
Ci

ðCi þ Cþi Þ þ
1 � m

Hi
Ii

TRi
Ii

ðIi þ Iþi Þ þ
1 � m

Ui
Hi

TRi
Hi

Hi þ
1 � m
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Ui

TRi
Ui

Ui;

þ
m

Ri
CPV ;i

kTRi
Ci

ðCPV;i þ CþPV;iÞ þ
1 � m

HPV ;i
IPV ;i

kTRi
Ii

ðIPV;i þ IþPV;iÞ

þ
1 � m

UPV ;i
HPV ;i

TRi
Hi

HPV;i þ
1 � m

Di
UPV ;i

TRi
Ui

UPV;i

þ
m

Ri
CV ;i

kTRi
Ci

ðCV;i þ CþV;iÞ þ
1 � m

HV ;i
IV ;i

kTRi
Ii

ðIV;i þ IþV;iÞ

þ
1 � m

UV ;i
HV ;i

TRi
Hi

HV;i þ
1 � m

Di
UV ;i

TRi
Ui

UV;i;

ð25Þ

dDi

dt
¼
m

Di
Ui

TDi
Ui

Ui þ
m

Di
UPV ;i

TDi
Ui

UPV;i þ
m

Di
UV ;i

TDi
Ui

UV;i: ð26Þ

Our parameter estimates are essentially based on the parameter ranges and age groups as

gathered and described elaborately in [6], Table 1 & 2]. Here, the transmission risk ρi has

changed due to the Alpha and Delta variant. To make this paper self-contained, we provide all

parameter values and ranges in Table 1. For a description of the parameters, see Table 2.

The transmission risk ρi = ρi(t) depends on the base transmission risk r
ð0Þ

i given in Table 1

and the seasonality sk(t) in Eq (28), and we define

riðtÞ ¼ skðtÞr
ð0Þ

i ; i 2 f1; . . . ; 6g: ð27Þ

In [6], we had to assume a larger transmission risk for age group 80+ than initially assumed to

model difficult transmission dynamics in nursing homes. Given vaccination progress, we

could now reassume the initially assumed transmission risk, corrected for Alpha as

r
ð0Þ

6 2 ½0:14; 0:21�. Note that we include the share of the Delta variant later on by increasing

the transmission risk over time in Eq (36).
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We keep the seasonality factor as established in [6], namely

skðtÞ≔ 1þ k sin p
t

182:5
þ

1

2

� �� �

; ð28Þ

which adjusts the base transmission risk in Eq (27), where t is the day of the year and k 2 [0.1,

0.3]. The chosen parameter k will yield scenarios with modest seasonal influences, i.e. a relative

reduction of 18.2%–46.2% in transmissibility between winter an summer. With seasonality, we

account for increased outdoor contacts during the summer, as opposed to more indoor con-

tacts during the winter and other epidemiological factors regarding seasonality. A recent study

[19] estimates a slightly higher effect with a CI of 25%–53%. However, note that per-country

comparisons of transmissibility between seasons as seen by statistical models in [19] may dis-

regard behavioral and other changes over the course of the pandemic. Another recent study

[4] for Germany uses similar values as we do here.

Age-stratified contact patterns and NPI implementation. For the sake of completeness,

we briefly rephrase how age-resolved and time-dependent contact patterns are obtained. A

baseline contact pattern for the prepandemic phase is obtained from [20, 21]. As in [15], we set

the minimum contact pattern introduced in [6] to zero. For details, see [6, Sec. 2.2] and [15].

The contact pattern between age group i and j is then denoted by ϕi,j and appears in (1), (2),

(9), (10), (17), and (18). The contact frequency matrix F = (ϕi,j)i,j=1,. . .,n represents all (mean)

daily contacts of a person of age groups i with people from age groups j. These contact patterns

are time-dependent and change according to the interventions (NPIs) in place. Let us denote

the baseline number of contacts in the four locations of contact, home, school, work, and other,

by ϕB,� ,i,j,
� 2 {H, S, W, O}. The resulting number of contacts according to the NPIs then reads

�i;j ¼
X

�2fH;S;W;Og

�B;�;i;j

Y2

l¼1

ð1 � rðlÞ�;i;jÞ: ð29Þ

Table 2. New parameters for the local SIR-type model. Description of new or modified (in comparison to [6])

parameters.

parameter description

r
ð0Þ

i
base transmission risk of the Alpha variant; already used in [15]; adaptation for the Delta variant

happens in (36)

σδ share of the Delta variant from June 06, 2021, on; cf. (35)

νδ relative transmission risk of Delta compared to Alpha variant

ξC,i nondetection and nonisolation of carrier; already used in [15]

ξI,i nondetection and nonisolation of infected; already used in [15]

κ reduction factor for time spans of mild infections of vaccinated individuals

pEPV
effectiveness of partial vaccination against asymptomatic infection

pIPV
effectiveness of partial vaccination against symptomatic infection

pHPV
effectiveness of partial vaccination against hospitalization

pUPV
effectiveness of partial vaccination against ICU treatment

pDPV
effectiveness of partial vaccination against death

pEV
effectiveness of full vaccination against asymptomatic infection

pIV
effectiveness of full vaccination against symptomatic infection

pHV
effectiveness of full vaccination against hospitalization

pUV
effectiveness of full vaccination against ICU treatment

pDV
effectiveness of full vaccination against death

TV
PV averaged time between first and second vaccination dose

https://doi.org/10.1371/journal.pcbi.1010054.t002
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Here, rðlÞ
�
2 ½0; 1� is the reduction factor in effective contacts as induced from NPIs. The super-

index l is the intervention level. With l = 1 we describe interventions that yield direct contact

reduction such as gathering bans. With l = 2 we include protective effects from, e.g., face

masks and distancing. In our simulations, wearing masks equates to an averaged 25–35%

reduction in contacts in the categories school, work and other. There is a number of studies

indicating that the reduction in infection spread by mask wearing is likely in this range. First, a

randomized control trial in Denmark [22] comes to the conclusion that wearing masks reduces

the infection risk for the wearer by 18%. By design, this study only measured protection for the

wearer and the protective effect for transmission to others can be assumed to be at least as

high. Comparative studies for different regions of Germany observed reduced infections

between 15% and 75% over a period of 20 days after mandatory introduction of masks [23]. A

recent systematic review [24] reports a pooled reduction in Covid-19 incidence by 53% for

face masks, with substantial heterogeneity across the studies, however. Another recent review

[25] reports values from 15–40% in the discussed studies.

Besides static interventions that are in place at the beginning of the simulation, we define

two sets of locally employed NPIs that lead to a reduction in contacts at home, school, work

and other activities. These NPIs are implemented dynamically on a regional level. These sets of

different strictnesses take effect when the number of currently infected individuals for a region

exceed 35 and 100 per 100 000 individuals, respectively. This corresponds to an average con-

tact reduction of 41% (range 34–47%) for threshold 35 and of 69% (range 63–75%) for thresh-

old 100. For more details, also see the tables in the S1 Appendix. In addition, we consider the

school holidays for each state, which are implemented similar to a school lockdown during

this time. This means that all pupils as well as school staff will have reduced contact rates dur-

ing this time.

Probabilities for partially vaccinated and immunized populations. The probabilities of

partially and fully vaccinated persons to get exposed, asymptomatic, symptomatic, or, e.g., hos-

pitalized are expressed as functions of these probabilities for unvaccinated persons and corre-

sponding reduction factors p. In order to derive the conditional probabilities m
�2Y
�1Y

for Y 2 {PV,

V} and partially and fully vaccinated individuals, we first define the probabilities

PðEYÞ ¼ pEY
PðEÞ

PðIYÞ ¼ pIY
PðIÞ

PðHYÞ ¼ pHY
PðHÞ

PðUYÞ ¼ pUY
PðUÞ

PðDYÞ ¼ pDY
PðDÞ

ð30Þ

to get exposed, infected, hospitalized, critically infected, or to die after having already received

the first or second vaccine dose. Here, P(x), x 2 E, I, H, U, D, is the probability for an unvacci-

nated and susceptible individual to end up in the respective compartment. Further, px, x 2
EPV, IPV, HPV, UPV, DPV, is a reduction factor for partially vaccinated persons to undergo a par-

ticular state and P(x) is the resulting probability. For example, a parameter pIPV
¼ 0:8 meant

that a healthy individual who has received his or her first dose of vaccination is 20% less likely

to get infected than an individual who has not received any vaccination yet.

Using conditional probabilities and elementary statistics, we obtain for both Y 2 {PV, V}

rY ¼ pEY
r ð31Þ
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as well as

m
IY
CY
¼ PðIY jCYÞ ¼

ð�Þ PðIY jEYÞ ¼
PðIY \ EYÞ

PðEYÞ
¼

PðIYÞ

PðEYÞ
¼
ð30Þ pIY

PðIÞ
pEY

PðEÞ

¼
pIY

pEY

PðIjEÞ ¼ð�Þ
pIY

pEY

PðIjCÞ ¼ð��Þ
pIY

pEY

ð1 � mR
CÞ

m
RY
CY
¼ 1 � m

IY
CY

m
HY
IY ¼ PðHY jIYÞ ¼

PðHY \ IYÞ

PðIYÞ
¼

PðHYÞ

PðIYÞ
¼

pHPðHÞ
pIY

PðIÞ
¼

pHY

pIY

PðHjIÞ ¼
pHY

pIY

mH
I

m
UY
HY
¼ PðUY jHYÞ ¼

PðUY \ HYÞ

PðHYÞ
¼

PðUYÞ

PðHYÞ
¼

pUY
PðUÞ

pHY
PðHÞ

¼
pUY

pHY

PðUjHÞ ¼
pUY

pHY

mU
H

m
DY
UY
¼ PðDY jUYÞ ¼

PðDY \ UYÞ

PðUYÞ
¼

PðDYÞ

PðUYÞ
¼

pDY
PðDÞ

pUY
PðUÞ

¼
pDY

pUY

PðDjUÞ ¼
pDY

pUY

mD
U

ð32Þ

Here, we used in (�) that the probability to undergo state CY or C, respectively, given EY or E is

1. In (��), we used that only recovery, R, or symptom onset, I, are possible states from state C,

which comprises pre- and asymptomatic cases.

The particular parameter ranges we use for the protection effects of partial and fully vacci-

nation are based on three recent articles [26–28] and the systematic review [29]. The authors

of [26] report a median effectiveness against symptomatic infection after one dose of vaccina-

tion between 31 and 48% for Alpha and Delta variant, respectively. We consequently vary

pIPV
2 ½0:3; 0:4�. We assume a slightly reduced effectiveness for any infection of

pEPV
2 ½0:15; 0:25�. From [28] and different values of effectiveness for AstraZeneca and Bion-

tech vaccines, we take a weighted average and let pHPV
2 ½0:85; 0:95�. The recently published

systematic review and meta analysis [29] reported pooled median effectiveness of fully vaccina-

tion of 66.9% against any infection, 75.5% against symptomatic infection and of 90.9% against

hospitalization. We thus take pEV
2 ½0:619; 0:719�, pIV

2 ½0:707; 0:807�, and

pHV
2 ½0:859; 0:959�. As the systematic review [29] reported that “No study reported admis-

sion to intensive care unit, intubation or death”, we assume pHPV
¼ pUPV

¼ pDPV
and

pHV
¼ pUV

¼ pDV
.

In our model, people only die after admission to ICU. The case fatality rate (CFR) is there-

fore calculated by the chain of reduced probabilities of being hospitalized, then going to the

ICU, and finally dying. Since certain parameters, such as the time span for critical courses of

the disease, are by simplification assumed to be constant for unvaccinated and vaccinated indi-

viduals, we reuse certain parameters of Eqs (1)–(8) in Eqs (9)–(26) without introducing new

variable names That means, that we use the time spans TCi
Ei
;TIi

Ci
;THi

Ii ;T
Ui
Hi
;TRi

Ui
;TDi

Ui
for the path

of partially and fully vaccinated individuals; see also Fig 1.

Quantification of the infectiousness of vaccinated individuals is still actively studied [30–

34]. While [30, 31] found evidence that viral load is similar in vaccinated and unvaccinated

individuals, [32, 35] found substantially reduced viral loads in individuals that were vaccinated

recently (about 2 weeks to 1–2 months ago). However, this effect was observed to decline with

time distance to the vaccination event. On the other hand, [31, 33, 34] also found a faster

decline of viral loads for vaccinated individuals, indicating a shortened time of high transmis-

sion potential. Summing up these findings, we consider a reduced time span for mild courses

of the disease and (partially) vaccinated individuals. We thus reduce the time span for carrier
or infected to directly recover after the transmission. In order to do so, we introduce the
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parameter κ = 0.5. To show the influence of this parameter, we will also present results for κ =

1 which meant no change in infectiousness period. If not stated otherwise, in the results, we

will use κ = 0.5.

Spatially resolved model. During the whole pandemic, infection dynamics were often

highly heterogeneous even in single countries or federal states. As of, e.g., June 06, 2021, we

saw a large number of German counties with incidences (weekly infections per 100 000 indi-

viduals) below and around 10 while about 5% of the counties showed infection dynamics with

incidences of about 50 or higher; cf. [36]. As of November 04, 2021, incidences ranged from

around 40 to around 700. In order to properly account for this fact, spatially resolved models

have to be used.

To obtain a spatially resolved model, we define a graph where each node represents a single

county in Germany and the edges represent the traveling and commuting activity from one

county to another. Then, each single county will be attributed a full local model as described in

Eqs (1)–(26). Commuter exchange and travel activities will be performed on a daily basis.

According to the mobility from [37] and from geo-tagged tweets, we let a share of the popula-

tion commute or travel to other counties. Severely or critically infected patients (state H or U)

are excluded from mobility. The approach was originally described in [6].

Commuter testing. We also briefly rephrase commuter testing as introduced in [15]. After

having defined the share of the population to travel, we use a given probability to detect pre-

or asymptomatic and symptomatic individuals. Using a generic mix of self-tests,individual and

pool PCR-tests, we assume that 75% of the infected individuals are detected given a test of that

day. The probability to detect infected individuals is then reduced according to the frequency

of tests. For the scenario of one test per week, the probability to detect an infected commuter

reduces to 15% per day. This share of detected individuals is then prevented from traveling

and isolated in their home county. In practice, this is realized by reducing the C� and I� com-

partment and increasing the Cþ
�

and Iþ
�

compartment. For a visualization and more details, we

refer to [15], in particular Fig 2. The compartment C+ does not have any natural influx and

only depends on the number of commuters and testing rates defined between counties on a

daily basis. I+ has only influx from C+ and can also increase due to testing results.

Numerical solution procedure of the local model. The system of nonlinear ordinary dif-

ferential Eqs (1)–(26) is solved using the adaptive Runge-Kutta-Fehlberg45 (RKF45) method

[38]. We use Monte Carlo runs with 500 simulations of sampled parameters from uniform dis-

tributions based on the ranges from Table 1.

Vaccination process. As of November 04, 2021, full vaccination ratios in different federal

states of Germany range from 57% to 78% [39]. The local vaccination rates used by us are

based upon the officially reported numbers in [40]. The highly heterogeneous infection

dynamics and also the largely varying vaccination ratios across different regions strongly advo-

cate regionally resolved models. However, the data reported in [40] is not directly attributable

to the German counties since vaccinations were reported with the county of vaccination and

not by home location of the vaccinated; see [41]. While it can be expected that a large number

of doses were administered to persons in their home county, a non-negligible number of doses

were administered at work places or, e.g., in neighboring counties. However, it is difficult to

make precise assumptions on the true number of vaccinations per county.

Since country- or federal state-wide averages may be averaging out some local effects, we

decided to use intermediate-sized region averages. For this, we use a set of labor market

regions [42, 43] which are built such that interactions within the regions are strong and con-

nections with other outside regions are few. We have taken the 34 regions as provided by [43].

Due to an unrealistically high number of reported vaccinations (i.e., more vaccinations than

inhabitants) in the labour market region of Ulm, we aggregated the regions of Ulm and
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Stuttgart. The remaining 33 intermediate-sized regions are depicted in Fig 2 (left). Over these

regions, we have computed age-dependent averages of full vaccination (in general, this means

second-dose vaccination) for every day since the beginning of the vaccination process in Ger-

many. The averaged vaccination ratios for age group 18–59 as of November 02, 2021 are

depicted in Fig 2 (right).

The population data we use here and in our simulations is the official extrapolation of age-

resolved county population in Germany [44].

In order to not overparametrize the model, we only consider one vaccination path, i.e., one

generic vaccine. As an average from about 80% of administered mRNA and 20% of adminis-

tered vector vaccines [45], we take an average interval TV
PV between first and second dose of 7

weeks (49 days).

For near-future scenarios, we compute the age-dependent vaccination rates based on the

vaccination rates of the previous weeks. This is a reasonable assumption given the slow but

rather constant vaccination speed of the last months [45].

The vaccination process in our model happens on a daily basis and not in the ordinary dif-

ferential equations. In the previous steps, we have explained how to obtain daily vaccination

numbers for the different counties and age groups. Let us consider an arbitrary but fixed age

group and county and let D2ðtÞ be the number of full vaccinations on day t. The number of

people D1ðtÞ that receive their first vaccine dose on day t is obtained from

D1ðtÞ ¼ D2ðt þ TV
PVÞ: ð33Þ

Similar to the commuting step, we adapt the subpopulations in a daily vaccination step by

SðtÞ  SðtÞ � D1ðtÞ;

SPVðtÞ  SPVðtÞ þD1ðtÞ � D2ðtÞ;

SVðtÞ  SVðtÞ þD2ðtÞ:

ð34Þ

Fig 2. Intermediate-sized labor market regions (left; cf. [43]). Reported (center) and approximated (right) vaccination ratios for age group 18–59 as

of November 02, 2021. Ratios computed by dividing vaccinations up to November 02, 2021 by local population size. Using geodata “Verwaltungsgebiete

1:2 500 000, Stand 01.01. (VG2500)” from https://gdz.bkg.bund.de, copyright; GeoBasis-DE / BKG 2021, license dl-de/by-2–0, see https://www.govdata.

de/dl-de/by-2-0.

https://doi.org/10.1371/journal.pcbi.1010054.g002
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Note that age group 0–4 years is excluded from vaccination for now and from age group

5–14 years only children above 12 years can receive vaccination from about August 2021 on

[46].

Alpha and Delta variant

To account for the Alpha variant in Germany [47, Report of Apr. 7], we use a 1.4 times

increased value for the transmission risk ρi [48] compared to the wild-type considered in [6].

The Delta variant of SARS-CoV-2 has already reached Germany and made up approximately

48%–59% of the different variants by July 4 [49, Situation Report of July, 7]. Different studies

tried to assess the increased infectiousness of the Delta variant. The authors of [8] found a 55%

increased reproduction number of Delta compared to Alpha, while even observed 58–120%

increased effective reproduction numbers and [9] agreed on a range of 40–60% and [7]. In our

simulations, we will therefore consider Delta to be 40–60% more infectious than the previously

dominant Alpha variant. In the retrospective analysis, it was safe to assume that Delta contin-

ued to increase its share exponentially as it did in the UK [50]. We assume that its share σδ

doubles each week, so

sd ¼ min 1;
2

t
7

100

0

B
B
@

1

C
C
A ð35Þ

is the share of the Delta variant from June 06, 2021, on. The relative transmission risk of the

Delta variant compared to the Alpha variant is denoted νδ.

Our model reflects this development by increasing the transmission risk ρi = ρi(t) at each

day t. Including the seasonality sk(t) by (27) and (28), we obtain

riðtÞ ¼ ð1 � sdÞ skðtÞr
ð0Þ

i þ sd skðtÞ nd r
ð0Þ

i ; ð36Þ

where r
ð0Þ

i is the base transmission risk of the Alpha variant for age group i as given in Table 1.

Results

In the following, we present different simulations of our extended model that includes the pos-

sibility of infection after full vaccination. Simulations for 90 days from June 06, 2021, onwards

were already available in the first version of this paper submitted in July in which we allowed

for infections after partial vaccination only. From today’s point of view, these are retrospective

scenarios. However, compared to the original results, we only extended the first version model

by possible (re)infection after immunization and adapted the vaccination process and vaccine

efficacy to the most recent study results.

Also, we have corrected the expected vaccination progress by the real progress observed.

Unlike many other European countries, the vaccination progress in Germany slowed down

considerably shortly after the first version of this paper was submitted. While we had seen

10.1m first vaccinations between June 08, 2021, and July 09, 2021, there were only 3.4m further

first vaccinations until August 09, 2021 [45].

For all curves, if we present Infected or ICU information, we aggregate the results for age

group i over the compartments Ii, IPV,i, IV,i and Ui, UPV,i, UV,i, respectively.

The number of individuals in the different compartments at the start of the simulations are

extrapolated from the RKI [51] and DIVI [52] database. Please note that RKI and DIVI only

report case numbers of positive tested individuals and individuals admitted to ICU. Our
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extrapolation formulas are rather intuitive by shifting time series and applying the probabilities

to undergo states that are not reported in the input sources (e.g. exposed). For a detailed expla-

nation of the initialization process, see the S2 Appendix. The full code for extrapolation is

freely available in [53].

Our aim is to analyze the effect of different relaxation strategies of NPIs. Therefore, we

define the following scenario parameters:

1. Timing of the lifting of locally employed NPIs: Regional, dynamic NPIs are no longer

decreed either from July 01 or August 01 on. Lifting these means that the contact patterns

return to prepandemic contact patterns.

2. Testing commuters: We either test individuals coming from counties where local NPIs are

in place once a week or we do not test commuters at all. Commuters will be isolated if tested

positive.

3. Wearing masks: We consider the two cases where masks are continued to be worn after the

local NPIs are lifted or not at all.

The factor space of the above items has a dimension of eight. In the following, we focus on

four out of these eight scenarios, where we combine masks and testing, since their impact

proves not to be significant enough on their own. For each scenario, we do 500 Monte Carlo

runs.

We assume that Delta will make up more then 50% of the different variants within 40 days

on July 16 and over 80% just 4 days later on July 20. In England, infection numbers began to

rise again from day to day when Delta made up 80%. We expect to see a similar effect in our

simulations. If all NPIs are lifted too soon, we expect that the new Delta variant will lead to a

significant increase in the number of infections despite the ongoing vaccination process and

especially in the younger age groups. Even the summer school holidays during the simulation

period might not be enough to counteract the much more infectious variant.

We will first present each scenario for the Delta variant to be either 40% or 60% more infec-

tious than the Alpha variant; see Figs 4, 5, 7, and 8. Here, we will also consider the difference

between (partially) vaccinated individuals having shorter periods of infectiousness; see Figs 5

and 6. Then, we will present age-resolved cumulative numbers of infections for the different

scenarios in Fig 9. Finally, we will present three different scenarios about possible future devel-

opment of the current wave of infections assuming Delta to be 60% more infectious than the

Alpha variant.

As a basis for further analysis, we first consider Fig 3, where we depict the number of people

who have received their first dose of the vaccine, the people who are fully vaccinated to the

virus, and the number of pupils on vacation in Germany. The number of only once vaccinated

Fig 3. Left: Number of individuals that have received the first dose of the vaccine at least two weeks ago and who are

not yet fully vaccinated. Center: Number of individuals that have received their second dose of the vaccine at least

seven days ago. Right: Number of pupils that are currently on summer vacation.

https://doi.org/10.1371/journal.pcbi.1010054.g003
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individuals D1ðtÞ in Eq (33) constantly drops from about 20 million beginning of June to

about 400 thousands beginning of September. On the other hand, we have about 45 million

fully vaccinated individuals in the beginning of September. Since all federal states in Germany

have individual dates for their summer holidays, we provide the number of pupils on holiday

on the right of Fig 3. From 16 June onward more and more pupils will be on holiday with the

maximum reached by the end of July.

Please note that the following evaluation is qualitative and essentially based on the median

results. With a simulation of 90 days, uncertainties accumulate. Many other scenarios are pos-

sible as the p25 and p75 percentiles indicate. Note, however, that we sample all contact reduc-

tion factors from intervals. As contact reduction is one of the most important factors in

mitigation, the median may correspond best to the contact reduction in the center of the given

intervals while p75 and p25 percentiles result from higher or lower sampled contact reduction.

As it is difficult to present all subtle details in a reasonably limited number of images, we also

provide additional information on the median results in the text.

Scenario 1. We start analyzing the scenario with the weakest set of NPIs, namely no com-

muter testing before and a lifting of the regional NPIs in the beginning of July, without keeping

masks after opening (Scenario 1). This basically equates to returning to prepandemic patterns.

The number of infected, ICU admissions and deaths during the simulation are depicted in Fig

4 (top) for an assumed 40% more infectious Delta variant. The median run indicates that the

early opening leads to a rise of infections from about 6–16 July onward. This leads to a contin-

uous increase in the number of deaths. ICU admissions first decrease but start to rise as well

by the end of July. If we assume that Delta is 60% more infectious (Fig 4, bottom), by the end

of the simulation, there are about two or three times as many infected people as if we assume a

40% higher infectiousness of Delta.

Fig 4. Results of Scenario 1: No commuter testing, local NPIs decreed until July 01, 2021 only, no masks after opening. The median of 500 runs is

shown in solid blue; the blue dotted lines are the 25% and 75% percentiles. The top row shows results with an assumed 40% more transmissible Delta

variant compared to 60% in the bottom row.

https://doi.org/10.1371/journal.pcbi.1010054.g004
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Scenario 2. As Scenario 1, Scenario 2 also dismisses all regional NPIs in July. In contrast to

Scenario 1, commuter testing will be done with local NPIs before and masks will continue to

be worn after opening. The prior testing and the continuation of mask wearing already lead to

a substantial decrease in infection numbers by the end of the simulation; cf. Fig 5. While this

scenario may be closest to reality from a retrospective view, simulated average infection num-

bers slightly underestimate the real development. However, there are two effects that have not

yet been modeled and which can probably explain the slight differences in the curves. As [41]

reports for the summer period, a non negligible number of infections had been imported from

other countries. Between 17% (beginning of July) and 24% (end of August) of the detected

cases were traced back to foreign countries. This effect is difficult to model since reliable infec-

tion and tourist numbers for all holiday destinations had to be determined. The corresponding

intra-Germany infection dynamics should then slightly underestimate the true dynamics. Fur-

thermore, an increased testing of pupils after the end of the holidays may have lead to a tempo-

rary break of infection rise. For ICU and death numbers, we find a good prediction for the

first weeks of the simulation period, with a slight underestimation of ICU numbers and a slight

overestimation for death numbers. However, the qualitative predictions for after three months

are quite reasonable.

With Figs 5 and 6, we show the different development of infections numbers if vaccinated

individuals were infectious as long as unvaccinated (κ = 1). In the previous sections and based

on [30–34], we laid out that κ< 1 is a reasonable assumption. In Fig 6, we see how the same

infectious period for vaccinated and unvaccinated would have lead to a steep increase in infec-

tions already in summer.

Scenario 3. Scenario 3 postpones the relaxation of all regional NPIs to August and, similar

to Scenario 1, does not do any commuter testing and lifts wearing of masks after full opening

in August. The median results of Fig 7 (top) show a clear downward trend in case numbers as

well as in ICU admissions. The 75% percentile shows a slow rise but only up to the detected

cases numbers and ICU admissions. In the median, this also holds for Delta-60% (Fig 7, bot-

tom) up to mid of August. Then, however, infection numbers show a steep increase. The

increase is slow at first and gets steeper by August 15 when the number of pupils on vacation

begins to drop. Again, this leads to an increase in the number of ICU admissions. We see that

Scenario 3 would have kept the infection numbers much smaller until mid of August, but

then, the discontinuation of masks would have led quickly to degenerated virus dynamics over

the month of September.

Scenario 4. In Scenario 4, we analyze the most strict set of NPIs. In addition to a late open-

ing in August we test commuters as long as local NPIs are decreed and we even keep the mask

mandate until the end of the simulation. As expected, this scenario has the greatest chance of

continuously preventing another wave of infections. Fig 8 on the bottom shows that even in

the worst case, predicted by the 75%-percentile with Delta-60%, the number of infections at

the end of the simulation are close to the number of the detected cases. A similar argument

can be given for the ICU admissions.

Scenarios 1, 2, 3, and 4. In Fig 9, we clearly see that school children are hit the hardest even

if schools were closed for holidays for up to six weeks during the simulation. From the compar-

ison of the results for Delta-40% (left) and Delta-60% (right), we see the huge difference that is

made by a 60% more transmissible virus compared to 40%. Comparing Scenario 1 and 2, we

see that the continuation of wearing masks and keeping distance has an important effect. The

median results of Scenario 3 and 4 seem to be quite close, but 75% percentiles as well as the

steep increase in case numbers from mid of August for the Delta-60% case (cf. Fig 7) indicate a

new wave of infections after the simulation period.
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Fig 5. Results of Scenario 2: Commuter testing once a week with local NPIs decreed until July 01, 2021, keeping masks and distancing after

opening. The median of 500 runs is shown in solid blue; the blue dotted lines are the 25% and 75% percentiles. The top row shows results with an

assumed 40% more transmissible Delta variant compared to 60% in the bottom row.

https://doi.org/10.1371/journal.pcbi.1010054.g005

Fig 6. Results of Scenario 2 with identical time span for carrier and infected individuals either unvaccinated or partially or fully vaccinated; κ = 1;

cf. Fig 1: Commuter testing once a week, local NPIs decreed until July 01, 2021, keeping masks and distancing after opening. The median of 500

runs is shown in solid blue; the blue dotted lines are the 25% and 75% percentiles. The top row shows results with an assumed 40% more transmissible

Delta variant compared to 60% in the bottom row.

https://doi.org/10.1371/journal.pcbi.1010054.g006
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Fig 7. Results of Scenario 3: No commuter testing, local NPIs decreed until August 01, 2021, no masks after opening. The median of 500 runs is

shown in solid blue; the blue dotted lines are the 25% and 75% percentiles. The top row shows results with an assumed 40% more transmissible Delta

variant compared to 60% in the bottom row.

https://doi.org/10.1371/journal.pcbi.1010054.g007

Fig 8. Results of Scenario 4: Commuter testing once a week with local NPIs decreed until August 01, 2021, keeping masks and distancing after

opening. The median of 500 runs is shown in solid blue; the blue dotted lines are the 25% and 75% percentiles. The top row shows results with an

assumed 40% more transmissible Delta variant compared to 60% in the bottom row.

https://doi.org/10.1371/journal.pcbi.1010054.g008
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In all scenarios, we overestimate the number of infected individuals of the age group 80+.

Age-resolved vaccination data are only stratified in age groups 12–17, 18–59 and 60+. In the

consequence, we cannot assess the vaccination ratios in the distinguished age groups 60–79

and 80+. Also, the studies on the effectiveness of the vaccine are not age-resolved, which

would be needed to better fit our model.

Comparing the curves for the number of deaths, our simulated median slightly overesti-

mates the extrapolated real data. For Scenario 2, we predict between 1554 and 1801 new deaths

while the extrapolated real data shows 1455 deaths. However, the source data does not provide

the exact date of deaths which we have to extrapolated from the day of assumed infection.

Also, deaths may be reported with a substantial time delay. We already discussed this issue in

[6]. Comparing the number of reported deaths in the daily situation reports of June 06 and

September 03, 2021, we even get 3079 reported deaths for the period considered [36, 54].

Scenarios 1F, 2F, and 3F. We now consider three different model scenarios S1F, S2F, and

S3F for the future development. We have started our simulations on October 15, 2021, and

compute results up to January 12, 2021; see Fig 10. In all scenarios, masks and distancing are

applied in school, work, and other (everything except home, school and work) locations but not

in homes. For the Scenario 1F, an additional contact reduction between 5 and 15% is assumed

in school, work, and other. For the Scenario 2F, contact reduction in schools and other is

increased to 35–45% while home office is kept at an average of 10%. For the Scenario 3F, only

home office is increased from 5–15 to 35–45% (compared to the Scenario 2F).

In the first Scenario 1F, we continue to wear masks and keep distance but only reduce con-

tacts by about 10% in most locations. Here, almost all school children will have been infected

by the end of the simulation and a large majority of most other age groups, too. Reducing con-

tacts in schools and other locations by 40% on average, can already substantially reduce the

number of infections (Scenario 2F).

Most interesting is the effect of Scenario 3F. Keeping the settings of Scenario 2F, while only

increasing the share of home office from 10% to 40% on average, reduces the number of infec-

tions in the working population by almost a third. We refer to the analysis of [55] from which

a home office potential of at least 40% of the population could be assumed. Although school

Fig 9. Total number of infections in the different age groups over the duration of the simulation. Bar plots:

Number of infections per 100.000 individuals over 90 days and each scenario for Delta 40% (left) and 60% (right). The

transparent bars are the 75% percentiles (for the sake of scaling omitted for Scenario 1) and the solid bars are the

median values. Table: The median values are also presented in the table below the plot.

https://doi.org/10.1371/journal.pcbi.1010054.g009
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children are not directly affected by that NPI, we even see a 24% reduction in case numbers of

school children aged 5–14.

Discussion

With ongoing vaccination in Germany counteracted by the possible spread of new SARS-

CoV-2 variants, we are faced with the decision on when regional NPIs can be safely lifted or

NPIs like face masks and testing can be relaxed. This question is investigated in our paper, and

we provide a qualitative answer by comparing different scenarios under the assumption that

the Delta variant will be dominant in a few weeks from June 2021 on. In the revision, we

extended the model to allow for reinfections and infections after full vaccination. We further

included three model scenarios with different contact reduction factors to see the potential

impact of the current wave of SARS-CoV-2.

Our results show that an opening with the removal of all NPIs including masks would have

been too early in July and would have lead to another wave of infections (Scenario 1). Due to

the high discrepancy between the confidence intervals in Fig 4, it is hard to predict the magni-

tude of this new wave. However, we can safely assume that the number of infections would

have grown even faster after the end of the simulation by the end of August as these results are

damped by the summer school holidays between July and September. Summer holidays were

particularly effective since pupils below 12 were not yet vaccinated in Germany and pupils

aged 12 and older only started to get vaccination at the end of our simulations. For all scenar-

ios the incidences are highest or second to highest (only S1—40%) in the age group 5–14,

although this age group benefits the most from the school holidays. With our extended model

that allows for infections after recovery or full vaccination, we also see increases in ICU and

death numbers, the more infection numbers rise.

It should be noted, however, that even with a lower death toll, there may be significant costs

to public health by long-term consequences such as post-covid syndrome (PCS) that prevents

approximately 11% of non-hospitalized patients from returning to work more than half a year

after their infection [56]. Additional measures like wearing masks and testing commuters after

the opening in July (Scenario 2) help to reduce the number of cases substantially.

Fig 10. Comparison of three different model scenarios for future developments assuming Delta to be 60% more infectious than the Alpha

variant. In all scenarios, masks and distancing are applied in school, work, and other (everything except home, school and work) locations but not in

homes. For the Scenario 1F, an additional contact reduction between 5 and 15% is assumed in school, work, and other. For the Scenario 2F, contact

reduction in schools and other is increased to 35–45% while home office is kept at an average of 10%. For the Scenario 3F, only home office is increased

from 5–15 to 35–45% (compared to the Scenario 2F). Left: Median simulation results in solid lines for the number of infected individuals over the

period October, 15, 2021 to January 12, 2021. Percentiles p25 and p75 shown in dashed lines. Right: Total number of infections per age group over the

whole simulation period. The median values are also presented in the table below the plot.

https://doi.org/10.1371/journal.pcbi.1010054.g010
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Postponing the relaxation of regional NPIs to the first of August also has a great benefit to

the reduction of case numbers. By the first of July, only about 20–25 million people were fully

vaccinated in our scenarios, whereas there are about 35 million by the first of August as shown

in Fig 3. In addition, the overall transmission of the virus is reduced even further with the late

opening, since the two age groups that are over 60 years old and that have a higher risk of get-

ting infected then people from younger age groups [57] will be vaccinated with even higher

ratios. However, if we dismiss wearing masks and testing immediately (Scenario 3) and if we

assume that Delta is 60% more infectious, we might still see a rise in the number of infections

when Delta is accountable for 80% of the infections on 20 July. The safest scenario in our simu-

lations is the fourth one where we open by the first of August but continue to wear masks and

test commuters. However, slower but new infection waves cannot be excluded.

Even though the difference in the median of Scenarios 2 through 4 is fairly small, there is

still a real world risk of another wave of infections based on the increase in case numbers of

the higher percentiles.

In all of our scenarios we see a clear shift of infections from the older to the younger age

groups and especially to the school children. The quantity of this shift depends on Delta’s

infectiousness and NPIs but in the worst cases the age group 5–14 is overrun by an infection

wave.

Our modeling approach aims at providing a data-based comparison of different scenarios

for lifting regional NPIs with or without the continuation of wearing masks. With the extended

model, we now allow for infections and severe courses after recovery or full vaccination.

Given the current situation, we provided three model scenarios for future developments.

All of these scenarios are insufficient in breaking the current wave of infections, even though

the third one already reduces contacts by 42% on average. What we can infer from these sce-

narios is, first, that school children can be protected by a substantial increase of remote work-

ing individuals. A current limitation of our predictions is that we do not yet consider the effect

of mandatory testing at workplaces. Second, for breaking the current wave of infections, we

either need contact reductions which are substantially higher than 42% or a substantial

increase in vaccinations and tests. For an analysis on test frequency, see also [15].

A limitation of our models and parameters is that we do not have reliable data on the age-

resolved vaccine effectiveness and that we do not yet include reduced vaccine effectiveness

with distance to the vaccination event nor booster or third vaccinations. Furthermore, we do

not model testing of pupils or general individuals. In the scenarios for the summer holidays,

the testing of pupils was less relevant. We do neither consider border regions, i.e., the impact

of systematically higher incidences in a neighbouring country. However, this effect may be sec-

ondary. On the one hand, incidences are now often higher in Germany than in neighboring

countries. On the other hand, data from official sources [37] report the number of incommu-

ters from foreign countries to certain border-near regions to be about 10% of the total number

of incommuters. For the summer period in particular, we cannot account for all travelling

activities during the holidays.

Another limitation of our work is the exact quantification of the strength of distinct NPIs.

While the timing at which the NPIs are lifted is fairly straightforward and testing can be

achieved by isolating a portion of the infected commuting population, other NPI related effects

e.g. wearing masks or social distancing are achieved by reducing the number of contacts. The

effect of wearing masks corresponds to a contact reduction in schools, at work or at other loca-

tions which was sampled from a uniform distribution between 25%–35% in our simulation

and can therefore be replaced by other NPIs that yield the same amount of contact reduction.

We do not aim to predict exact infection numbers, but we provide a comparative evaluation

of how the timing of NPI dismissals increase or reduce the likelihood of a further spread
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SARS-CoV-2 in the light of the Delta variant and vaccination. For the future scenarios, we

show the effect of different contact reduction strategies which must be complemented by

increased vaccination and testing numbers. In all scenarios, it is the school children who have

not yet been vaccinated in whom a fourth wave triggers the highest numbers of infections.

Conclusion

In this study, we analyzed different strategies for lifting and reintroduction of of nonpharma-

ceutical interventions that were in place during the SARS-CoV-2 pandemic, while accounting

for the new Delta variant and the ongoing vaccination process. We have shown that at the cur-

rent rate of vaccination, there is still a great risk of further waves of infections if NPIs are lifted

too early. The relation of deaths to infections will be reduced compared to previous waves due

to the vaccination process. Nevertheless, with Delta having taken over, it seemed advisable to

keep wearing masks and keeping distance for some further time after lifting all other restric-

tions in summer to ensure the population’s safety. Given the current rise of infections in win-

ter, we even face the reintroduction of new NPIs. Due to the many uncertainties regarding the

simulated results, e.g., the true risk of infection of the new Delta variant, the seasonality or

even the compliance of the population, it is of paramount importance that we continue to

monitor the real-world dynamic of the pandemic, continue the vaccination process as fast as

possible and adopt the necessary NPIs accordingly.

Before autumn, it appeared appropriate to take preventive hygiene measures in preparation

of school openings in order to allow for a sustainable education. We have missed the chance to

obtain a sufficient level of vaccinated individuals before autumn. As in summer, we need to

protect the health of school children and their right to normal school operation. In all our sce-

narios rising infection numbers will continue to hit school children the hardest and the season-

ality will further drive the infections.

From the scenarios computed for the future development of the SARS-CoV-2 spread, we

infer that school children can be protected partially by a substantial increase of remote work-

ing individuals. However, a simple contact reduction as of 42% on average will not be suffi-

cient to break the current wave of infections. We either need contact reductions which are

even higher than 42% or a substantial increase in vaccinations and tests.
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Basermann, Michael Meyer-Hermann.

Data curation: Wadim Koslow, Martin J. Kühn, Sebastian Binder, Daniel Abele.
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Funding acquisition: Martin J. Kühn, Sebastian Binder, Margrit Klitz, Michael Meyer-

Hermann.

PLOS COMPUTATIONAL BIOLOGY Appropriate relaxation of non-pharmaceutical interventions

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010054 May 16, 2022 22 / 26

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010054.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010054.s002
https://doi.org/10.1371/journal.pcbi.1010054


Investigation: Wadim Koslow, Martin J. Kühn, Margrit Klitz.
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55. Bonin H, Eichhorst W, Kaczynska J, Kümmerling A, Rinne U, Scholten A, et al. Verbreitung und Auswir-

kungen von mobiler Arbeit und Homeoffice; 2020-10-13. Available from: https://www.bmas.de/DE/

Service/Publikationen/Forschungsberichte/fb-549-verbreitung-auswirkungen-mobiles-arbeiten.html.

56. Augustin M, Schommers P, Stecher M, Dewald F, Gieselmann L, Gruell H, et al. Post-COVID syndrome

in non-hospitalised patients with COVID-19: a longitudinal prospective cohort study. The Lancet

Regional Health—Europe. 2021; 6:100122. https://doi.org/10.1016/j.lanepe.2021.100122 PMID:

34027514

57. Davies NG, Klepac P, Liu Y, Prem K, Jit M, Eggo RM. Age-dependent effects in the transmission and

control of COVID-19 epidemics. medRxiv. 2020. PMID: 32546824

PLOS COMPUTATIONAL BIOLOGY Appropriate relaxation of non-pharmaceutical interventions

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010054 May 16, 2022 26 / 26

https://www.intensivregister.de/#/aktuelle-lage/downloads
https://github.com/DLR-SC/memilio
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/Sept_2021/2021-09-03-de.pdf?__blob=publicationFile
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/Sept_2021/2021-09-03-de.pdf?__blob=publicationFile
https://www.bmas.de/DE/Service/Publikationen/Forschungsberichte/fb-549-verbreitung-auswirkungen-mobiles-arbeiten.html
https://www.bmas.de/DE/Service/Publikationen/Forschungsberichte/fb-549-verbreitung-auswirkungen-mobiles-arbeiten.html
https://doi.org/10.1016/j.lanepe.2021.100122
http://www.ncbi.nlm.nih.gov/pubmed/34027514
http://www.ncbi.nlm.nih.gov/pubmed/32546824
https://doi.org/10.1371/journal.pcbi.1010054


Table 1: NPI parameters for the different scenarios and time spans.

Parameters for baseline NPI before opening.
Contact reductions (l = 1) Protection effects (l = 2)

home 0 0
school 0 [0.25,0.35]
work 0 [0.25,0.35]
other 0 [0.25,0.35]

Parameters for dynamic NPIs if threshold 35 is exceeded locally.
Contact reductions (l = 1) Protection effects (l = 2)

home [0.15,0.25] 0
school [0.25,0.35] [0.25,0.35]
work [0.15,0.25] [0.25,0.35]
other [0.25,0.35] [0.25,0.35]

Parameters for dynamic NPIs if threshold 100 is exceeded locally.
Contact reductions (l = 1) Protection effects (l = 2)

home [0.55,0.65] [0.05,0.15]
school [0.45,0.55] [0.25,0.35]
work [0.25,0.35] [0.25,0.35]
other [0.75,0.85] [0.25,0.35]

Parameters for baseline NPI after opening.
Contact reductions (l = 1) Protection effects (l = 2)

home 0 0

school 0
0 (S1, S3)

[0.25,0.35] (S2, S4)

work 0
0 (S1, S3)

[0.25,0.35] (S2, S4)

other 0
0 (S1, S3)

[0.25,0.35] (S2, S4)

Parameters for common NPIs in future scenarios.
Contact reductions (l = 1) Protection effects (l = 2)

home 0 0

school
[0.05,0.15] (S1F)

[0.25,0.35]
[0.35,0.45] (S2F, S3F)

work
[0.05,0.15] (S1F, S2F)

[0.25,0.35]
[0.35,0.45] (S3F)

other
[0.05,0.15] (S1F)

[0.25,0.35]
[0.35,0.45] (S2F, S3F)

1



Initialization of compartment models from confirmed cases, deaths, ICU and
vaccination numbers

In order to run our compartment models, start values for compartments such as exposed, carrier (asymp-
tomatic and presymptomatic), or hospitalized who are not detected or not reported have to be extrapolated
from reporting of confirmed cases. For the sake of simplicity, we consider a generic age group and generic
region and, thus, drop any corresponding indices. The following applies to any age group or region by
taking the age- and region-specific reported numbers and parameter values.

Let us denote ΣC(t) the accumulated, total number of confirmed cases up to day t. Further denote
ΣD(t) the accumulated, total number of reported deaths and ΣV (t) the accumulated, total number of full
vaccinations up to day t. Finally, denote σU (t) the number of individuals in intensive care units at day
t. These values can be obtained from the official sources [1–3]. For the sake of simplicity, we assume a
detection ratio of one in the following explanations. For a detection ratio d < 1, the corresponding factor
1/d has to be applied to the Σ-terms in the subsequent equations. Likewise, we can in principle apply
time-dependent detection ratios d(t).

Since the German national test strategy was in large parts of the pandemic essentially or primarily
based on testing symptomatic individuals [4], we simply assume the number of confirmed cases to be equal
to the number of symptomatic cases. In the Monte Carlo runs, we can implement an incidence-dependent
detection ratio also for carriers. For more details; see [5, 6].

The number of confirmed cases represents individuals who are either currently infected or who had been
infected previously. We need to consider the confirmed cases of the future with respect to the starting date
of the simulation in order to determine the number of exposed and carrier individuals. Note that this is
not an issue for the algorithm since we always simulate from some day in the recent past to validate the fit
of, e.g., symptomatic individuals at the beginning of the simulation. Let us denote t0 the start day of the
simulation.

Models without vaccination and reinfection

We have to distinguish three cases. First, let us distinguish compartments that correspond to infection
states before detection (e.g., exposed or carrier) and compartments that can be detected or happen after
detection (e.g., infected or hospitalized). Compartments before detection are then again divided between
individuals that will get infected (and detected) and those that recover before possible detection (e.g., the
course of the ”disease” exposed → carrier → recovered).

As in the paper, let µ∗2
∗1

denote the probability of transition from compartment ∗1 to ∗2 and T ∗2
∗1

the
time span in days an individual spends in compartment ∗1 before going to ∗2. Note that since we use
mean-value approaches, we only consider the average time between two infection states.

We use the term presymptomatic for carrier individuals who will develop symptoms and asymptomatic
for carrier individuals that will directly recover without turning symptomatic.

Let us first visualize the case of carrier individuals that will become symptomatic. Individuals who
fall into this carrier category at t0 have turned carrier between t0 and t0 − T I

C . Thus, they will turn
symptomatic at the latest at t0 + T I

C ; cf. the shaded area in Fig. 1. To better understand this, let us
consider the edge cases of individuals who turned carrier at either t0 − T I

C or t0. In these cases, exposure
happened at

tE,1 : = t0 − T I
C − TC

E + ε,

tE,2 : = t0 − TC
E + ε,

(1)

where 0 < |ε| ≪ 1. We visualized four different courses of the disease with moment of exposure at tE,1 and
tE,2 for ε > 0 and ε < 0; see Fig. 1. Blue and gold individuals are carrier at t0 while the red individual is
already symptomatic before t0 and and the purple one only turns carrier after t0. Hence, the number of
confirmed cases ΣC(t0 + T I

C)− ΣC(t0) are carrier individuals at t0.
For the exposed, we consider the moments of exposure

tE,2 = t0 − TC
E + ε,

tE,3 : = t0 + ε.
(2)

1



tE,1, ε < 0

tE,1, ε > 0 tE,2, ε < 0

tE,2, ε > 0
t0 − T I

C − TC
E t0 − T I

C
t0 t0 + T I

C

Figure 1: Presymptompatic individuals at t0 will develop symptoms between t0 and t0 + TC
I and can then

be confirmed by testing symptomatic individuals in the shaded area. Visualization of four courses of the
disease (CODs; red, olive, blue, and purple) with moment of exposure tE,1 and tE,2. The first rectangle in
each color represents exposure, the second the moment turning carrier and the third the moment turning
symptomatic (infected). For visualization, we use TC

E = 3 and T I
C = 2.

cf. Fig. 2 shows four different CODs. Now, individuals purple and red are exposed at t0 and can be
confirmed between t0 + T I

C and t0 + TC
E + T I

C . The blue individual is already carrier at t0 while the golden
only gets exposed after t0. Thus, Σ

C(t0 +TC
E +T I

C)−ΣC(t0 +T I
C) are part of the exposed population at t0.

t0 − TC
E

t0 t0 + T I
C t0 + TC

E + T I
C

tE,3, ε < 0

tE,3, ε > 0tE,2, ε < 0

tE,2, ε > 0

Figure 2: Exposed individuals at t0 who will develop symptoms will do so between t0+T I
C and t0+TC

E +TC
I .

Similar to Fig. 1, we visualize four CODs.

Secondly, we have carrier individuals who will directly recover from an asymptomatic infection and
never develop symptoms. We now estimate the initial number of carrier and exposed individuals that will
never turn symptomatic. Note that the testing strategy defines if these can be confirmed or not at any
point of the asymptomatic infection. As we laid out before, we assume that asymptomatic cases are, in
majority, not tested.

The number of asymptomatic individuals at t0 that will eventually recover without symptoms depends
on the time span TR

C and on the share of asymptomatic infections among all infections µR
C . The number

of asymptomatic individuals recovering at t is proportional to the number of eventually symptomatic
individuals that were exposed at the same day as the asymptomatic cases.

In order to find the interval of exposure of asymptomatic carrier individuals at t0, we use two moments
of exposure

tE,2 : = t0 − TC
E + ε,

tE,4 : = t0 − TR
C − TC

E + ε,
(3)

where 0 < |ε| ≪ 1. The asymptomatic individual that was exposed at tE,4 will recover at

tE,4 + TC
E + TR

C = t0 + ε. (4)

The asymptomatic individual that was exposed at tE,2 will turn asymptomatic at

tE,2 + TC
E = t0 + ε. (5)

Hence, for ε < 0, the individual exposed at tE,4 is already recovered before t0 (and not anymore carrier).
On the other hand, for ε > 0, the individual exposed at tE,2 is still in exposed and not yet carrier state at
t0. We conclude that carrier individuals at t0 which recover without symptoms have been exposed between
t0 − TR

C − TC
E and t0 − TC

E . As before, we visualize four CODs in Fig. 3.
We now estimate the number of asymptomatically recovering individuals from their counterparts

symptomatic counterparts who were exposed in the same range. The presymptomatic individual that was
exposed between t0 − TR

C − TC
E and t0 − TC

E will turn symptomatic between

t0 + T I
C − TR

C and t0 + T I
C ;

2



tE,4, ε < 0

tE,4, ε > 0 tE,2, ε < 0

tE,2, ε > 0
t0 + T I

C − TR
C − TC

E t0 + T I
C − TR

C
t0 t0 + T I

C

Figure 3: Four asymptomatic courses of the disease (red, olive, blue, and purple), i.e., individuals that will
not turn symptomatic. The three rectangles now represent exposure, turn to carrier and recovery (instead
of turning symptomatic). For visualization, we use TC

E = 3, T I
C = 2 and TR

C = 4.

t0 − TR
C − TC

E t0 − TC
E

t0 + T I
C − TR

C

t0 t0 + T I
C

Figure 4: Individuals who got exposed in the left shaded area and who eventually will develop symptoms
and will turn symptomatic in the right shaded area.

cf. Fig. 4; from now on, we skip visualization of different CODs. We then approximate the number
of asymptomatic carriers (i.e., who will not develop symptoms) from their coinfected presymptomatic
counterparts (i.e., who will develop symptoms). Thus, we add

µR
C

1− µR
C

(ΣC(t0 + T I
C)− ΣC(t0 + T I

C − TR
C ))

to the previously obtained number of presymptomatic carriers.
Exposed individuals at t0 that will directly recover from asymptomatic infections have to be estimated

from exposed individuals at t0 that will eventually develop symptoms. Since TC
E is the common time of

both groups to turn carrier after exposure, we add

µR
C

1− µR
C

(ΣC(t0 + TC
E + T I

C)− ΣC(t0 + T I
C))

to the previously obtained number of exposed individuals; cf Fig. 2.
We then set initial values for exposed and carriers as

E(t0) =
1

1− µR
C

(ΣC(t0 + TC
E + T I

C)− ΣC(t0 + T I
C)), (6)

C(t0) =
µR
C

1− µR
C

(ΣC(t0 + T I
C)− ΣC(t0 + T I

C − TR
C )) + (ΣC(t0 + T I

C)− ΣC(t0)). (7)

To summarize, the first part of equation (7) describes individuals that will have an asymptomatic
infection and not turn symptomatic. The second part describes the number of individuals that will develop
a symptomatic infection.

The third case in initialization corresponds to compartments at or after (possible) detection. The
equation for the infected compartment (i.e., symptomatic) is obtained easily. With Fig. 5 and Fig. 6, we
obtain the initialization:

I(t0) = µH
I (ΣC(t0)− ΣC(t0 − TH

I )) + (1− µH
I )(ΣC(t0)− ΣC(t0 − TR

I )). (8)

The infected compartment is obtained from individuals that become hospitalized later on ((µH
I )) and

those who only experience a mild infection ((1− µH
I )).

For hospitalized patients at t0, we add again an additional layer and obtain

3



t0t0 − TH
I

Figure 5: Symptomatic individuals at t0 that will need hospitalization develop symptoms at the earliest at
t0 − TH

I . Otherwise, they are already hospitalized at t0.

t0t0 − TR
I

Figure 6: Symptomatic individuals at t0 that will not need hospitalization (i.e., recover from a mild
symptomatic COD) develop symptoms at the earliest at t0 − TR

I . Otherwise, they are already recovered
at t0.

H(t0) = µH
I (µU

H(ΣC(t0 − TH
I )− ΣC(t0 − TH

I − TU
H )) + (1− µU

H)(ΣC(t0 − TH
I )− ΣC(t0 − TH

I − TR
H )));

(9)

see also Fig. 7 and Fig. 8.

t0t0 − TH
It0 − TH

I − TU
H

Figure 7: Hospitalized individuals at t0 that will need ICU treatment develop symptoms at the earliest at
t0 − TH

I − TU
H and at the latest at t0 − TH

I .

t0t0 − TH
It0 − TH

I − TR
H

Figure 8: Hospitalized individuals at t0 that will not need ICU develop symptoms at the earliest at
t0 − TH

I − TR
I and at the latest at t0 − TH

I .

In theory, the number of ICU patients could be obtained accordingly if no data was available for this.
Here, we take the daily report by [3] and set

U(t0) = σU (t0). (10)

Deaths are reported as well. However, note that in [1], the reported date does not correspond to the
day of the death but to the day the infection of the deceased was assumed, so a time shift of numbers is
needed. We consequently set

D(t0) = ΣD(t0 − TH
I − TU

H − TD
U ). (11)

Individuals that have already recovered from the disease can be computed by taking the confirmed
cases of the simulation start date and subtract all other symptomatic individuals at t0 that have not (yet)
recovered:

R(t0) = ΣC(t0)− I(t0)−H(t0)− U(t0)−D(t0). (12)

Finally, the number of susceptible is set as

S(t0) = P − E(t0)− C(t0)− I(t0)−H(t0)− U(t0)−R(t0)−D(t0), (13)

where P is the population of the specific region and age group.
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Models with vaccination or reinfection

In case of vaccination or possible reinfection, reported case numbers have to distributed accordingly to
the subpopulations (e.g., vaccinated and unvaccinated) at the beginning of the simulation. Let us assume
that we have k + 1 subpopulations denoted by index Y0, . . . , Yk which we distinguish by a different level of
immunization, e.g., each subpopulation may have a different number of vaccine doses and recoveries from
(multiple) infections. For simplicity, Y0 will be the yet unvaccinated and uninfected subpopulation.

In our paper [6], we use Y0 as well as Y1 = PV (one dose of vaccination) and Y2 = V (two doses of
vaccination, recovery from previous infection(s), or a combination of these).

To introduce subpopulation specific parameters, we add the subindex Ym to the compartments names
E, C, I, H, and U of the previous section. For instance, EY0(t0) will be the exposed individuals at t0 that

have not been vaccinated nor had any infection before and T
CY0

EY0
will be the (average) time the individual

stays exposed before turning to carrier state.

Denote by ND⊥

Ym
the sum of all living individuals in subpopulation Ym, m = 0, . . . , k. In our case, we

obtain the number of partially and fully vaccinated individuals from [2]. The share of subpopulation m in
the total population at t0 then is

ND⊥

Ym
(t0)∑k

m=0 N
D⊥
Ym

(t0)
. (14)

In an optimal world, we would continue with (14). This means that we need a continuous reporting
of deaths DYm per subpopulation. This, however, is not given for the German counties and the different

vaccination or recovery states as used in [6]. Since ND⊥

Ym
is unknown for considered regions and since the

number of SARS-CoV-2 related deaths compared to the total population size is small, we consider

NYm(t0)∑k
m=0 NYm

(t0)
, (15)

where NYm ≈ ND⊥

Ym
is the sum of all individuals in subpopulation m and that may have died in the

recent past. For Y1 = PV , we have

NY1
(t0) = ΣV (t0 − 14 + TV

PV ), (16)

where TV
PV is the averaged time span between first and second dose of the vaccine, ΣV (t) the reported

number of full vaccinations up to day t, and 14 the number of days for the first vaccination to take full
effect; cf [6]. However, for m ∈ {0, 2}, NYm(t0) is not directly available in our case. In our model [6], we
make the simplifying assumption that multiple recoveries from infections equates to recovery from a single
infection and that recovery equates to full vaccination. This means that we have to estimate the number of
recovered individuals to obtain NY2

(t0). Of course, we have

P = NY0
(t) +NY1

(t) +NY2
(t), ∀t, (17)

where P is the population of the specific region and age group. Consequently, we have to find either NY0(t0)
or NY2(t0) to use (15). Since the day of recovery is not reported in [1], we do not have the recovered
individuals R(t) up to day t for any region. In order to initialize the population size, we make the rough
approximation

NY2
(t0)= ΣC(t0 − 14) + ΣV (t0 − 7), (18)

where ΣC(t− 14) is based on the assumed recovery time span of 14 days for mild infections [1] (which make
the major part of the overall infections). ΣV (t− 7) means that we take a time span of seven days for the
full vaccination to take effect; cf. [6].

Note that ΣV (t− 14) + ΣC(t− 7) may count individuals twice that get reinfected or infected after full
vaccination. In order to account for this, correspondingly resolved data is needed or approximations have

5



to be done to obtain a better initialization than (28). The more that waning immunity or the Omikron
variant are considered, this can become a real issue. However, for the model scenarios in [6], this was not
yet considered.

Equation (15) is not yet a good approximation for the share of daily new infections since each group
has different protective factors against asymptomatic, symptomatic, or severe infections. For m = 0, . . . , k
and compartment XYm

, respectively, we introduce the factors pXYm
as

P (XYm) = pXYm
P (XY0). (19)

Here, P (XYm
) represents the probability of an individual of subpopulation Ym to undergo state XYm

. We
have pXY0

= 1 for all disease states. For more details, see equation (30) in [6].
The number of new infections at day t and in subpopulation m is then approximated by

NYm
(t) pIYm∑k

m=0 NYm
(t) pIYm

(ΣC(t+ 1)− ΣC(t)). (20)

Based on (6)–(10) and the weighted subpopulation reduction factors for different states of the disease,
we approximate the initial values for subpopulation m by

EYm
(t0) =

NYm
(t0) pEYm∑k

m=0 NYm
(t0) pEYm

[
1

1− µ
RYm

CYm

(
ΣC(t0 + T

CYm

EYm
+ T

IYm

CYm
)− ΣC(t0 + T

IYm

CYm
)
)]

, (21)

CYm
(t0) =

NYm
(t0) pCYm∑k

m=0 NYm
(t0) pCYm

[
µR
C

1− µ
RYm

CYm

(
ΣC(t0 + T

IYm

CYm
)− ΣC(t0 + T

IYm

CYm
− T

RYm

CYm
)
)

+ΣC(t0 + T
IYm

CYm
)− ΣC(t0)

]
, (22)

IYm
(t0) =

NYm
(t0) pIYm∑k

m=0 NYm
(t0) pIYm

[
µ
HYm

IYm
(ΣC(t0)− ΣC(t0 − T

HYm

IYm
))

+ (1− µ
HYm

IYm
)
(
ΣC(t0)− ΣC(t0 − T

RYm

IYm
)
)]

, (23)

HYm(t0) =
NYm(t0) pHYm∑k

m=0 NYm(t0) pHYm

[
µ
HYm

IYm

(
µ
UYm

HYm

(
ΣC(t0 − T

HYm

IYm
)− ΣC(t0 − T

HYm

IYm
− T

UYm

HYm
)
)

+ (1− µ
UYm

HYm
)
(
ΣC(t0 − T

HYm

IYm
)− ΣC(t0 − T

HYm

IYm
− T

RYm

HYm
)
))]

, (24)

UYm
(t0) =

NYm
(t0) pUYm∑k

m=0 NYm
(t0) pUYm

σU (t0). (25)

For the accumulated deaths per subpopulation, the full history of subpopulation sizes and deaths had

to be known. Since DYm
or ND⊥

Ym
are not consistently reported for the German counties and since the

number of SARS-CoV-2 related deaths is small compared to the total population size, we only use one
compartment and start with

D(t0) = 0. (26)

The extrapolated accumulated number of deaths for the total population until t0 is approximated by

D̃(t0) = ΣD(t0 − T
HR0

IY0
− T

UR0

HY0
− T

DR0

UY0
), (27)

since T
HRm

IYm
= T

HRn

IYn
, T

URn

HYn
= T

URn

HYn
, and T

DRm

UYm
= T

DRn

UYn
for 0 ≤ m,n ≤ k + 1.

6



For the number of recovered and susceptible at t0, we can now proceed as follows. Due to the simplifying
assumption that multiple recovery from infections equates to recovery from a single infection and that
recovery equates to full vaccination, we do not have separate compartments SY2

, RY0
, RY1

, or RY2
but only

one immune compartment R; cf. Fig. 1 in [6]. This immune compartment is initialized by

R(t0) = min

{
P, max

{
0, ΣV (t0 − 7) + ΣC(t0)−

∑
m

(
IYm

(t0) +HYm
(t0) + UYm

(t0)

)
−D(t0)

}}
. (28)

Note that this more precise approximation of the recovered cases than ΣV (t0−7)+ΣC(t0−14) (cf. (18))
can only be computed after (21)–(25) has been obtained with the help of NYm

, m ∈ {0, 1, 2}.
The number of partially vaccinated susceptibles (i.e., of Y1 = PV ) is set to

SY1
(t0) = max {0, NY1

− EY1
(t0)− CY1

(t0)− IY1
(t0)−HY1

(t0)− UY1
(t0)} . (29)

The number of unvaccinated susceptibles (i.e., of Y0) at t0 is set to

SY0
(t0) = max

{
0, P −

∑
m

(
EYm

(t0) + CYm
(t0) + IYm

(t0) +HYm
(t0) + UYm

(t0)

)
− SY1

(t0)−R(t0)−D(t0)

}
.

(30)
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Corrections on Appropriate relaxation of non-pharmaceutical interventions
minimizes the risk of a resurgence in SARS-CoV-2 infections in spite of the

Delta variant

December 14, 2022

• On page 4, we write: We use the variables T ∗2

∗1 for the time spent in state ∗1 ∈ Zi before transition to state ∗2 ∈ Zi

and µ∗2

∗1 for the probability of a patient to go to state ∗2 from state ∗1.

However, the understanding of µ∗2

∗1 as probability only holds true if T ∗2

∗1 = T ∗3

∗1 for any combination of ∗1, ∗2, and ∗3.
In other cases, the final relation of cases in the corresponding target compartments is defined by the parameters T
and µ together, which would give the meaning of a probability.

• Furthermore, if we want to understand µ as probability and if we want to use κ ̸= 1, we also need to add κ to the
equations (12)-(16).

dCP V ,i

dt
= 1

T Ci

Ei

EP V ,i −

(
1 − µRi

CP V ,i

κT Ii

Ci

+
µRi

CP V ,i

κT Ri

Ci

)
CP V ,i, (0.1)

dC+
P V ,i

dt
= −

(
1 − µRi

CP V ,i

κT Ii

Ci

+
µRi

CP V ,i

κT Ri

Ci

)
C+

P V ,i, (0.2)

dIP V ,i

dt
=

1 − µRi

CP V ,i

κT Ii

Ci

CP V ,i −

(
1 − µHP V ,i

IP V ,i

κT Ri

Ii

+
µHP V ,i

IP V ,i

κT Hi

Ii

)
IP V ,i, (0.3)

dI+
P V ,i

dt
=

1 − µRi

CP V ,i

κT Ii

Ci

C+
P V ,i −

(
1 − µHP V ,i

IP V ,i

κT Ri

Ii

+
µHP V ,i

IP V ,i

κT Hi

Ii

)
I+

P V ,i, (0.4)

dHP V ,i

dt
=

µHP V ,i
IP V ,i

κT Hi

Ii

IP V ,i +
µHP V ,i

IP V ,i

κT Hi

Ii

I+
P V ,i −

(
1 − µUP V ,i

HP V ,i

T Ri

Hi

+
µUP V ,i

HP V ,i

T Ui

Hi

)
HP V ,i, (0.5)

dCV,i

dt
= 1

T Ci

Ei

EV,i

(
1 − µRi

CV ,i

κT Ii

Ci

+
µRi

CV ,i

κT Ri

Ci

)
CV,i, (0.6)

dC+
V,i

dt
= −

(
1 − µRi

CV ,i

κT Ii

Ci

+
µRi

CV ,i

κT Ri

Ci

)
C+

V,i, (0.7)

dIV,i

dt
=

1 − µRi

CV ,i

κT Ii

Ci

CV,i −

(
1 − µHV ,i

IV ,i

κT Ri

Ii

+
µHV ,i

IV ,i

κT Hi

Ii

)
IV,i, (0.8)

dI+
V,i

dt
=

1 − µRi

CV ,i

κT Ii

Ci

C+
V,i −

(
1 − µHV ,i

IV ,i

κT Ri

Ii

+
µHV ,i

IV ,i

κT Hi

Ii

)
I+

V,i, (0.9)

dHV,i

dt
=

µHV ,i
IV ,i

κT Hi

Ii

IV,i +
µHV ,i

IV ,i

κT Hi

Ii

I+
V,i −

(
1 − µUV ,i

HV ,i

T Ri

Hi

+
µUV ,i

HV ,i

T Ui

Hi

)
HV,i, (0.10)

• In the final revision we added the possibility of infection after recovery or two vaccinations. As for simplicity, twice
vaccination, was assumed to have the same effect as recovery, the states SV or R cannot be separated. We thus have

dSV,i

dt
= −SV,iρV,i

n∑
j=1

ϕi,j
ξC,j(Cj + CP V ,j + CV,j) + ξI,j(Ij + IP V ,j + IV,j)

ND⊥
j

1



+
µRi

Ci

T Ri

Ci

(Ci + C+
i ) +

1 − µHi

Ii

T Ri

Ii

(Ii + I+
i ) +

1 − µUi

Hi

T Ri

Hi

Hi +
1 − µDi

Ui

T Ri

Ui

Ui,

+
µRi

CP V ,i

κT Ri

Ci

(CP V ,i + C+
P V ,i) +

1 − µHP V ,i
IP V ,i

κT Ri

Ii

(IP V ,i + I+
P V ,i)

+
1 − µUP V ,i

HP V ,i

T Ri

Hi

HP V ,i +
1 − µDi

UP V ,i

T Ri

Ui

UP V ,i (0.11)

+
µRi

CV ,i

κT Ri

Ci

(CV,i + C+
V,i) +

1 − µHV ,i
IV ,i

κT Ri

Ii

(IV,i + I+
V,i)

+
1 − µUV ,i

HV ,i

T Ri

Hi

HV,i +
1 − µDi

UV ,i

T Ri

Ui

UV,i

• In equation (30) and thereafter, the factors pEY
, pIY

, . . . were printed although 1 − pEY
, 1 − pIY

, . . . were meant
to be used. Furthermore, the equation for C was missing. Corrected it reads: In order to derive the conditional
probabilities µ∗2

Y

∗1
Y

for Y ∈ {PV, V } and partially and fully vaccinated individuals, we first define the probabilities

P (EY )= (1−pEY
)P (E)

P (CY )= (1 − pEY
)P (C)

P (IY ) = (1−pIY
)P (I)

P (HY ) = (1−pHY
)P (H)

P (UY ) = (1−pUY
)P (U)

P (DY ) = (1−pDY
)P (D)

(0.12)

to get exposed, infected, hospitalized, critically infected, or to die after having already received the first or second
vaccine dose. Here, P (x), x ∈ E, C,I, H, U, D, is the probability for an unvaccinated and susceptible individual to
end up in the respective compartment. Further, px, x ∈ EP V , CP V ,IP V , HP V , UP V , DP V , is a reduction factor for
partially vaccinated persons to undergo a particular state and P (x) is the resulting probability. For example, a
parameter pIP V

= 0.2 meant that a healthy individual who has received his or her first dose of vaccination is 20%
less likely to get infected than an individual who has not received any vaccination yet.
Using conditional probabilities and elementary statistics, we obtain for both Y ∈ {PV, V }

ρY = pEY
ρ (0.13)

as well as

µIY

CY
= P (IY |CY ) (∗)= P (IY |EY ) = P (IY ∩ EY )

P (EY ) = P (IY )
P (EY )

(0.12)= (1−pIY
)P (I)

(1−pEY
)P (E)

= (1−pIY
)

(1−pEY
)P (I|E) (∗)= (1−pIY

)
(1−pEY

)P (I|C) (∗∗)= (1−pIY
)

(1−pEY
) (1 − µR

C)

µRY

CY
= 1 − µIY

CY

µHY

IY
= P (HY |IY ) = P (HY ∩ IY )

P (IY ) = P (HY )
P (IY ) = (1−pHY

)P (H)
(1−pIY

)P (I) = (1−pHY
)

(1−pIY
) P (H|I) = (1−pHY

)
(1−pIY

) µH
I

µUY

HY
= P (UY |HY ) = P (UY ∩ HY )

P (HY ) = P (UY )
P (HY ) = (1−pUY

)P (U)
(1−pHY

)P (H) = (1−pUY
)

(1−pHY
)P (U |H) = (1−pUY

)
(1−pHY

)µU
H

µDY

UY
= P (DY |UY ) = P (DY ∩ UY )

P (UY ) = P (DY )
P (UY ) = (1−pDY

)P (D)
(1−pUY

)P (U) = (1−pDY
)

(1−pUY
) P (D|U) = (1−pDY

)
(1−pUY

) µD
U

(0.14)
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