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Managemensummary

This project wasmade possible by a contribution of the BMS CG)Dundfrom the University of
Twente.With this study, we gained understanding in the spread of CO}A0n the Netherlands. The
study contributes with asystem dynamicsodel thatpredicts the spread of the pandemic and with
insights developed in measures and their impacts.

The pandemic o€OVIEL9 affects and has been affecting the social and economic life of the world
severely.Governmentsall over the world are taking severalagasures to control the pandemic. Yet,
governments do not know exactly how much impact measures have on limiting the spread of the
pandemic and how factors such as weather impapread Our model predicting spread of CIDvL9
includeskey factors and meases with areasonable influence on thgpread.Factorswe studyare
incubation period infectious period, asymptomatic fractionyeproductionrate, fatality ratio, age,
weather (temperature, humidity, wind speed)ontact rate (population density, adoptio of
government measureglacesof infection) testingcapacity Measures we study are event allowance,
school openings, catering services openings, facemaskisselquarantine

A way to express spread afvirusis with the effective reproduction rateindicating therate of
transmission. The effective reproduction ratenisrmally determined with help of the number of
infected cases or the number of confirmed cases on a dapending on availability of dataA
drawback of this approach is thtte effective reproductioncan only be accurately determined two
weeks after, sincéhe incubation period, testingelayand reporting delay take timé&Vith backward
linear regression, we develop ragressionmodel, calledy o hthat can predictthe effective
reproductionrate on dayt with help ofvalues foikey factors and measures dayt.

Y 0 p& ¢ poAOAOMIADAOAGRAACA EETTBAAEACERRAOOAOARERQET OO
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In this model, adoption of government measurespressedvith the variablestaying home behaviour

and traveling behaviouyihas major impacon the effective reprduction rate. Ambient £mperature

also shows a considerable impact, with a higher reproduction rate when temperature decrédses.

the measuresve study event allowane has mosimpact Impact of this measure is comparable to

the impact of traveling behawur. £hool openings, catering service openings, and facemablshow

a positive relation to the effective reproduction rat€onsequently, spread increases withicter

measureswhich issemarkable because thindicates that stricter measuredeadto more spreadAn

explanation for thee positive relations could be that the effect of a certain measure (e.g. school

openings) is partially expressed with another variable (e.g. traveling behaviour), since traveling

behaviour decreases when schools alesed. Thesekind of interactons between variablescan be

expressed with interaction terms. We check whether interacting teaud valuefor prediction of

spread by comparing performance of ihinteraction model with the linear modeWe express

performance of the models in test error, indieal with Mean Squared Error (MSE), aWd An’Y

close to 1 indicates that the model explains a large proportion of variance in the response variable.

While theinteraction model outperformsy o in performance,we consider the model to be

overfit. This means that patterns found with training data do not existnseendata.

In oursystem dynamicsiodel, we determine the number of infected cases with o . Next to the
number of infected cases, we havepcedictthe number of confirmed cases on a ddye estimate
the number of confirmed casegith help of multiple linear regressiohe number of confirmed cases
on dayt is estimatedwith the number of testand the nunber of infected casesn dayt. We found
that a logarithmic responsenproves prediction of the number of confirmed casksding to the
following regression model for the number of confirmed cases
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With help of the regression models and thgstem dynamicmodel, wedeterminethe effect of key
factors and measuresn spreadsimultareously We proposeseveralpoliciesto prevent spread of
COVIEL9. Performance of thesgoliciesis compared to performance of thactualpolicy, in terms of
spread and number of days with strict measurBsoof the proposedolicies eliminationof the virus
and doing nothindo prevent spreagare not considered to be feasililethe caseof COVIBLY, since
these policiesvould cause major damage to public health and econoR@asibleolicieswe studyare
mitigation, curbing, testing capacity (high/lovgnd facemasks (impteented/not implemented). Of
these policiesmitigation and curbing determine their policy based on signal valere mitigation
accepts circulation of the virus to a certain extent, curbing strives for little infections as po3sible
Dutch governmendeveloped a route mapo indicate which measures to implement when certain
signal values are reachedgor curbing we considéwo additionalversions referred to as curbing type
2 and curbing type 3, to see how stricter measuresaf§preadin short,curbing type 1 acts according
to signal value®r the number of confirmed cases per day in the route map of the governneeanbing
type 2 applies only very soft measures or very strict measures, and curbing type 3,apphkedles
of spreadfwo weeksof soft measures and two weeks of strict measures sequentially.

Thepolicy withhigh testing capacitghows the lowest valuedsf spreadof all feasiblegpolicies Curbing
type 2 and type 3how the lowest valuesf spreadthereafter, yet with a considerably lower number
of days with strict measurahlan thepolicywith high testingcapacityandthe actualpolicy. Mitigation
results in lower valuesf spreadthan actualvalues on 31 Novembgbut at the same time needa
much higher nmber of days with strict measurethan the actual policy. Curbing type Iresults in
somewhathigher valueof spread than the actugbolicy andsomewhat lower number of days with
strict measuresWe question theeliability of results fothe policyfacemaks. According to the model,
spread would greatly reduce when no facemasks would have been implemantegould greatly
increase when they are implementebh reality, facemasks were obliged from 1 December until date
of writing, and sprad hasnot greatly reducedor increasedwithin this time.Therefore we thinkve
might not havesufficient observationdor this measure to determine its effect, or this measure
interacts with other factors or measureEhe reason for curbing type 2, curbitype 3 and higtesting
capacity to perform well is found to be the high number of tests per, thayt leads to aelatively high
number of confirmed cases in quarantin@irbing type 2 and type 3 amsofound to perform well
sincethesepoliciesquicky react to spred by applying only strict measures. Curbing type 2 was found
to perform better than curbing type 3 due to the timingiofplementedmeasures.

We study obustness of our modekith multivariate and univariate sensitivity analysishere we
change input vales for sensitivity parameters. Sensitive parameters are considered to be the basic
reproduction rate initial number of infected cases (&hFebruary), quarantine fractiofnumber of
confirmed cases effectively entering sqliarantine) and the fraction 6 asymptomatic cases. We
learn from the sensitivity analysis that our model is very sensitive for chaRgegxample, the
pandemic would have stopped existing after the firstapavith a basic reproduction rate of.2
Therefore, alibrated values of inputparametersin our model are considered to be good
approximations, but mightleviatea little in reality. We conclude from the sensitivity analysis that it is
very important to conbine a high testing capacity with a high quarantine fractibigh testing
performs very well in terms of spread, yet when the quarantine fraction beconvesclarbing type 2,
curbing type 3 and mitigation outperforrthe policy high testing. When the quantine fraction
becomes highpolicies with actual, high, and low@sting capacity all ouperform remaining policies in
terms of spreadConcluding, combining dagh testing capacityith ahigh quarantine fractioris even
more importantto reduce spreadhan strictness and timing of implementation of measures.
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1. Introduction
On315 SOSYOSNI HampsE GKS /2dzyiNBE hTFAOSwashforinédS 21 h
aboutsS@S NI £ OF aSa 2 Wwith drdiioNd chuseliy SidtpBeyimohia outbreak was
identified as a novel coronavirus a few days la@m30 January 2020the WHO declared the outbreak
of the coronavirus to be of internationahtteat for public health and on 11 Mar@020the WHO
declared the diseasasa pandemigqWHO, 2020b)This novel coronaviruss calledSAREC0\2 (Severe
Acute RespiratorySyndromecoronavirus-2). The disease that is caused by SEB®2 is calledCOVID
19 (Goronavirus Disease 2019)The pandemic has been affecting andl stiffects the social and
ecanomic life of the world severely. Accurate prediction of the spread of the virus is key to deal with
the pandemic and keep our social and economic life going. In this chdlpeéecharacteristicsand
developmentof the viruswill bediscussedvith afocus on the Netherlands. At the endithe chapter
the research motivation, research objective and research approftiis studyare provided.

1.1Development and characteristics of a novel coronavirus

1.1.1Virus transmission

The deelopment of effectivepublic health and infection prevention measures assentiato reduce

the transmission rateof SARSC0V2. It is however not yetully understood how, when and in what

types of settingsthe virus spreadsTwo important factors thahave to beunderstande to reduce

spread are knowing how the virus is spreading and when an infected person can spread theovirus.

both of thesefactorsis not (yet) enough evidence available to be able to apply effective measures.
According to the WHGgurrent evidence is suggesting that the virus is transmitteanly when an

infected person is in close contact with another person. Virus spreads primarily vigoggticdes that

can be different in sizZe { YI £ £ SNJ LI NI A Of Sa rgeNPartices aré Safed a | S NP
AGNBALIANI G2NBE RNRLX Sia¢ o wSycadsingdspiead\decondingBoldbrdni & | NE
evidence(WHO, 2020d)infected persons spread respiratory droplets by talking, coughing, sneezing,

or singing Evidence furtler showsthat SARSC0Vf2 can survive outside the bodynly for a limited

amount of time,ranging from hours to dayd his dependsn type of surfacetemperature andthe

humidity of the environmentThe WHO states that higluality research is urgeribr understandng

the relative importance of different routes of transmission. Most impottaacording to the WHO is

to find out the role of airborne transmissions without aerosol generating procedures, risk factors and
settings of superspreading events, thequired dose of the virus needed for transmission, and the

extent of transmission botpre-symptomatically and asymptomatica(lywHO, 2020c)

1.1.2Symptoms

Theincubation periodbf COVIELY is estimated tdoe on averagdive to sixdays but can also be as

long as 14 daysAfter this period,main symptoms of the disease are fever, cough, fatigue, slight
dyspnoea, sore throat, headache, conjunctivitis, and gastrointestinal is&ueid form of the disease

is shown in about 890% of the cases. Serious symptoms are shown in approximately 10% of the cases
and a critical condition develops in around 5% loé tases. Thesgritical cases show pneumonia,
shock, respiratory failure, multiorgan failure, and in twerst case deathRisk groups for a poor
outcome of the disease mainly include higher aged individuals, or individuals with ischaemic heart
disease, thbetes mellitus, hypertension, and chronic lung disedBascarella et al., 2020\ext to

cases with symptomatic disease, there are also cases with an asymptalisgtise Thefraction of
asymptomatic casess not yet discovered. According katri Manninen, this fraction is estimated to

be 40%. Katri Manninen developed a graph thisualizes the typical progress of COY®) with
estimatesupdatedin October 202(Qsee Figurel). This graph is made according to estimates from
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Figurel Development of the typical progress of COVAD

among others theVHO, EDC (European Centre for Disease Prevention and Cordral)the CDC

(Centers for Disease Control and Prevention). What we see in this graph of #ilhinfected cases

approximately 0.5.% diegKatri Manninen, 2020)The aproximationis lower than some previous
coronaviruses, with SAR®V and MERSoV having anortality rate of respectively 10% and 35%
(Pascella et al., 202Q)

1.1.3Worldwide spread of the virus

Atthe beginning of March 2020, the number of new caisethe worldstarted to grow exponentially.
Approximately one month later, the number of cases per day flatteadtening of the curvewas
the result ofsocial distancingneasures that were implemented everywhere in the worldMany
countriesimplementedstrict distancing measures (elgckdown) to be able to handle the number of
people with the diseaseAfter a while, economic and social prasss faced by governments and
organizations forced them to gradually and safediease thesocial distancingneasuresagain.On
date of writing, 19 Janugr 2021, the WHO reported 93,956,88®nfirmed cases of COVID
worldwide, including2,029,084deaths(WHO, 2020e)

1.1.4Spread of the virus in the Nettands

On 27 February, the first infected case of COGM0Dvas identified in the NetherlandRIVM, 2020h)
This case and the new confirmed cases the few tlagreafter were most probably infectéin Italy
(RIVM, 2020i, 2020g)The number ofconfirmed cases per day in the Netherlands started an
exponential increase arouhthe beginning of Marchwhich we visualise in Figure(RIVM, 2020f)
After apeak with aproximately 1000 new cases peayd Ol f £ SR { K,3he aufnkeNdf (i
confirmedcases started to decline around the middle of April.



At the beginning of May the declirtopped andhe numberof confirmed cases remained Idiar a
while. Around the middle of July the numberaainfirmedcases started to increase again
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Figure 2 Number of confirmed cases per day in the Netherlands

The first deceased case of CONMDIin the Netherlands was announced 6 March 2020. A few days
later,a press conferenceddythe Dutchprime minister was held to express seriousness of the COVID
19 situation in the Netherlandg.he prime ministestated that the current economic situation in the
Netherlands was good @uto a low national debt, low dedits, low unemployment, and promising
economic grow expectations. Baé mentionedalsothat the pandemic could have a severe impact on
all of this(Rijksoverheid, 2020c)

The declineafter the first peakwas the result of the implementation of s0OF f f SR G Ay (St f
lockdowr¥. This lockdown was called intelligdmcauseDutch residents hadomewhatmore freedom

for movement compared to other countries that implemented @aldockdown(RTLnieuws, 2020b)

The lockdown as expected had a severe impact on the Dutch economy and the social life of people
The Dutchgovernment was forced to gradually release the lockdowrer@his however lack of
scientific evignce on how this can be achievedthout causing damagéBlock et al., 20201 imited
experience on how to gradually and safely release the lockdown is the cause of a new peak starting in
the middle of July.This new peak became probletia after summer holidays, resultingn ia
significantly higher number of confirmed casearthn the first peak. The number of confirmed cases

per day declined a little for a few weesfler implementation oftricter measures, yet increased again

at the beginning of December to an even higlremmber of confirmed case#t time of writing, the

spread of COVHDI is stillworryingand the government is still trying to find the most appropriate
measures.

Up until 31 December 2020, the RI\tHe Dutch Nationalnstitute for Public Health and Eneitment)
counted a total of 529,304 confirmed cases of COGMDThe total number of cases that were
hospitalizedon this dateis27,738 and a total number of confirmed deaths of 11,62IWVM, 2020f)



1.2Research motivation

The number of new cases is still growing wdevide, the Netherlands igealing with ahird peakand

the number ofhospitalizations andeaths does not seem to decresanywhere soon. The desire for

a solution becomegreaterwith time, since problems caused by the virus are growing in number and
siz. Many people deal witlpsychological dtress due tostrict measuresand the impact on the
economy is severe everywhere in the wolthwever govemnmentsareforcedto take these measures

to ensurethat the number of diseased peoptemainsmanageableand hospitalsare able to handle

all care(Nicola efal., 2020; Qiu et al., 2020)

1.2.1Problem cluster

To be able toimprove impactof COVIEL9 on social life and economy and to prevent hospitals from
overflowing findingthe coreproblem of this problem contexs key The core problem can be found
with help of a problem cluster. A problem cluster identifies the cause and effect relationships in the
context of a problem, which leads to a core problémblemswe identified inthis studycan be found

in the problem cluster ifrigure 3 Arrows indicate the relationship between problems by pointing from
cause to effect. The problenvgithout any causere possible core problem8y improvinglone of)
these problems, the probms at thetop will beimprovedas well(Heerkens & van Winden, 2017)

Hospitals and |C units

Severe |mpac1_0n social life | ‘ Severe impact on economy | overflow
Preventive measures -
taken by the government Number of infected
are not sufficient people increases
Little information about key
factors that influence the There is no vaccine for the There is no treatment for
spread of the COVID-19 disease the disease
virus

Figure 3 Problem cluster

Little information about key factors that influence the spread of CQ¥ID

As stated by the WHO, higjuality research is urgent to derstand the relative importance of
different routes of transmission. This is required to develop effective public health and infection
prevention measures, which is essential to reduce the prditalaif transmitting the virus. Since it is
not yet fully understood how, when and in what typexf situationsthe virus spreads, obtaining
knowledge about the key factors that influence the spréaonportant

Vaccination is not (yet) effective enoughprevent spread of COVID

The development of aafevacaéne takes a long time. Normally it takes years to develop a vaccine, but
the developmentof a vaccine for COVHDO happers rapidly due to the high need for this vaccine
worldwide. At the beginningof January 2021, vaccination started in the Netherlarfelem this
moment, it still takes months before everybody in the Netherlands has received a vacarghe
whole Dutch population is protected against infection



There is no treatment for the diseas

Until now, there is no effective treatment for the diseadlain therapies that are currently used
treat the diseasare respiratory therapy, antiviral drugs, and chloroquine/hydroxychloroquine. While
there were many therapies proposed to prevent ictien or treat the disease, onlynplementing
lockdownmeasureshas shown to be effectivior decreasing theate of transmissionThough global
and economic consequenceslotkdownmeasures are sevel@ascarella et al., 2020)

1.2.2Core problem

The core problenchosen to be solved in thistudyA & G[ AGGE S AYTF2NNIGA2Y | C
influence the sprad of COVIim ¢ ¥Vé chose this core problefnecausethe governmentcan only

apply effective masureswhen there is sufficient information about key factors that influence the

spread of the COVID9 virus.With sufficient information,impact of the virus on social life and

economy can be reduced, atite number of diseased people can tentrolled Sinceit currently still

takes months befor@accinationleads to a protected populatigrthe need for sufficient information

is still relevant. To make the scopef the research manageabknd discover the effect of country

specific measureat the timethis thesis is writtenthe scope of this study is limited to the spread of

COVIELI in the Netherlands.
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1.3Research objective and gi®ns

Until the start of this project, there has been no unified and holistic approach bringing all valuable
knowledge about key factors that influence the spread of the virus together and taking into account
preventive measures to model the spread@®DVIELI in the NetherlandsExisting models are quite
generic and do not include measures that differ per country. @asure of schodlsThis study will

look at the impact ofjovernmentmeasurege.g.lockdown and other factors€.g.incubation perial,
weather on the spread of a pandemic in a countkyfactor is identified as a key factor if it considerably
influences the spread of the virus. We willilt a modelto predict the future spread of the pandemic

by usingdata from the current spreadUsing the model, the impact of government measures as well
as other factors on the spreadf the viruscan be investigat@ Indicators (e.g. number of infections)
will be used to be able to evaluate the spre@tis studyocusses on thepread in theNetherlandsy
includng measuresand factorsthat are relevant for the Netherlands) particular. In short, he
objective ofthe study is as follows:

1.3.10bjective
Understandhe spread ofCOVIBEL9 by studying key factors affecting the spread of C@\@R@nd the
impact of measures taken to reduce the spread of CQVYID the Netherlands

Thekeyfactorsthat affectspread d COVIEL9 will be studied with help of a simulation mod&he
simulation modehelpsto develop insight for policymakingVe chosdo use system dynamics tauild
the model System dynamicg an approach that can help to understand Horear kehaviour of
complex systems over timgMarshall et al., n.d.)The spread of COVUI® can be seen as sueh
complex systemwhichthe whole world is trying to understand.

The research objectiieads to themainresearch question:

1.3.2Main researchguestion
What are the impact of governmembeasureson the spread o€OVIEL9 in the Netherlandand how
can we learnrbm this for futureoutbreaks and pandemi@s

We defined several research questiondie able to answer thmainresearch questionlThe research
guestions will be answered with help of sghestions.Theresearch questions and stquestionsare
provided kelow.

1.3.3Research questions

1. How didthe spread ofCOVIBL9 develop in the Netherlan@s
Numberghat indicatethe spreadn the Netherlandsre required to find out to what extdrihe impact
of COVIEL9 can be reduced with help of the proposed measwaethe end of the reportWe use
historical data from the RIVNb acquire these numberdBesides,he development ofthe spread of
COVIBL9 and itsrelation to implemented measurdzas to be knowro be able to develop a reliable
model All of this will le outlinedin Chapter 2.

a) What indicatorscan provide a useful indication for the severity of spread

b) How didthe indicatorsof spreadevolve diring thepandemic in the Netherlan@s
c) What measuresvereimplemented to prevent spread in the Netherlands?

d) Whatare the dfferencesin spread of the virubetween province®
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2. What factors and measusshould be considered in the model?
Next to the required historical databout spread key factors that influence the spread of thgus
have to bediscovered A literature review will be performed to find out which factors possibly
influence spread oftte virus and therelevance othosefactors.Besides the factors thatill be used
as inputfor the model,we have to studyneasureghat can be implemented in thBletherlands The
government currently implemented several measures to control spread of the virus. However, the
extent to which applied measures are implemented could be adjusted. For exawtp®,to open
schools owhether to wear facemask3 he literatire review wil be done in Chapter 3.

a) What factorspossibly influence the spread of COMIE?

b) Whatisthe relevance othesefactorsaccording to current literature?
c) What measuresanbe considered t@revent spreadn the Netherland®
d) What arethe effects of thesemeasuresaccording to current literature?
e) How tomodelspreadof the virus in the populatioh

3. How to include the key factors and measures in the model?
It isverylikelythat not all factors identified inhe literature reviewshould be includd in the model.
Somefactorsmay notconsiderablynfluence spreaaf the virusandcan be left out. Of the key factors
and measureshat are influendng spreadin the Netherlandst should be clear how to include these
as parametersn the system dynamiemodel. This will beleterminedusingstatistical analysis, which
we clarifyin the Method (Chapter 4).

a) What are the key factormfluencingspread of thevirusin the Netherland®
b) What is the relation between differerteyfactors?

c) What is the relatiorbetweenkeyfactors and measures?

d) What input values should be uséoarameter estimatiorf)

e) How can thesystem dynamicmodel be validated?

4. Whatpolicycaneffectivelyreduce spread of the virus in the Netherlaf?ds
In Chapter 4 we determinethow key fators and measuresffect spread of COVHD9 in the
Netherlands. In Chapter, &e propose severgoliciesto identify acombination of measurethat can
effectively redee spreadTheperformanceof thesepolicieswill be determinedwith help ofasystem
dynamicsmodel.Evaluation ofeasiblepolicieswill be done in theConclusio(Chapter 6).

a) Whatpoliciesexist to prevent spread of a virus?

b) Whichpoliciescan effectiely reduce spread of COVID in the Netherlands?
c) How dothe policiesperform (comparedto the currenty appliedpolicy)?

d) How robust is the model for changes in parameters (sensitivity analysis)?

5. How can the outcome of the model be used?
When it is clear which factors are key factfwsthe spread of COVHD9 and what measuresshould
be implemented to be able to control the spread of the virus, we hawtisoovethow this information
can beusedin practice. This will be done in ti@haper 6 (Conclusion and Discussion)

a) How can the outcome of themodek be usedo identify the besipolicyto prevent
spreadof COVIEL9 in the Netherland

b) In what way can the outcome of thmodel be used ithe fight against spread of
COVIBL9 worldwide?

c) To what extehcan the outcome of the model be usedfuture pandemic8
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An overview of the conterdiddressedper chapter is provided is Figure 4.

Literature review Method Results Conclusions &
Introduction Current situation :
Chapter 3 Chap'ler 4 Chater 5 recommendations
Chapter 1 Chapter 2 What factors and How to include key What pglicy ean Chapter 6
Research How did spread of measures should factors and : How can the
—_— —_— . —
motivation and COVID-19 develop be considered in measures in the ;TZ‘;‘(;"EP;;Z“V‘I‘E outcome of the
objective in the Netherlands? the system system dynamics inF;he Netherlands? model be used?
dynamics model? model? '

Figure 4 Overview of content addsesl per chapter

1.4 Research approach

System dynamics is a simulation modelling method that can capture complex antinean
relationships between components in a complex syst&ging nonlinear models, system dynamics
models are sensitive to input parameters. This reqgirdgorous parameter estimation. EXisting
estimates and publicly available data will be used for parameter estimaSistical learning
methods are used to consider possible relatians incorporate theelation between parametex(key
factors and meaure9. Statistical analysis will be done usifmultiple, nonr) linear regression.
Simulaton ofthe model will be done witlthe system dynamiggrogram VensimThesystem dynamics
model will be calibrateda mimic spreachnd validated by comparing outcas to actual spreadn
the resulting systendynamics model & consider sveral policieswhere different measures are
implemented Lastly, asensitivity analysis will be applied evaluate the outcomef policiesandto
determine uncertainty of parameters wur system dynamicmodel

Deliverables
At the end of the study, the outcome of thgstem dynamicsnodelwill be used to develop a proposal
includingappropriate measurefor the fight against COVAI0 in the Netherlands
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2. Current situation

To be able to reduce the effect of the pandemic on social and economic lives within the Netherlands,
the development of spread of COVID in the Netherlandshould beanalysedn depth.We do this

by describinghe development of four indicators of spredibtween 27 February and 31 December
2020, with a short notion of implemented measures to provide cont&d.observe varying values of
indicators over time in Section22.and varying values across provinces mNetherlands in Section

2.3. These dferences will beanalysed briefly

2.1Development of spread in the Netherlands

In this section, the development of the most important indicators is outlined. Due to our particular
interest and usefulness for preding the severity of the spread, these indicators include the number
of confirmedcases per dagsymptomatic and asymptoatic), the number of hospitalized patients, the
number of occupiedntensive Car€lQ beds,and the number ofdeathsper day All measueswe
provide beloworiginate from press conferences held by the Dutch prime minister and were gathered
from the websie of the Dutch Central GovernmefRijksoverheid, 2020bMost measures were
communicated to the Dutch sidents in the form of advices.

2.1.1 Development ofconfirmed)infectedcases Symptomatic

On Z February, the first infected case watentified in the NetherlandsThe number oftonfirmed
cases per day in the Netherlands started an exponential increase around the beginning bf Afiar
a first peakof approximately 1000 new cases per dédye number ofnew cases per dagtarted to
decline from the middle of AprilAround 10 Maythe decine stoped andthe number ofconfirmed
casesremainsunder 200 per day until the middiend of July.After that, the number of confirmed
cases per dancreasedagain.This lead to a second and thiréakin October and December

The first peak

The first mild measureso prevent spread of the virusvere implemented on 12 March.arge
gatherings were cancelled and people were advised to work from home. Additionally, smaller
gatherings (e.g. eatinginddrinking occasions and spowtBibs) were closed obh5 Marchand people

were urged to keep 1.5 distancen@3 Marchsome effectivaneasures wereefined. All events and
gatherings were prohibited and place$@ve physicakcontact is unavoidablée.g. haidressersvere
closal. The Duch governmentrefers to this combination of soalled lockdown measures as
GAYGStftAISYyle ft201R28y P ¢KAA YSIya O(GKIG LIS2LIX S ¢
stay home. Healthy people were advised to work franme as much as possibl€heintelligent
lockdownshowed to be effectivbecausehe number ofconfirmedcaseger daystarted to increase

less rapid andleclinedafter a while. On 9 Aprithe prime minister spoke positively about the effect

of the measires on the corona numbeis a press conference

Decline after the high peak

On 21 April, a little while after the start of a decline in the new number of cases, the government
decided about looseningomemeasuredrom 11 May The first softened measusamostly affected
children €.g. partially openingprimary schools) After 11 May, additional measures were gradually
being softenedWhile softening measureshé¢ threat of a possible increase of the number of new
casesvas taken in mind by the governmeisbftening of meaureswasparticularlymeantfor helping

the economy and social lifErom11 May, jobs that include physical contact (hairdressers, opticians,
etc.) were allowed to open their doors again, while following the 1.5 meters distance rideleBe
softening ofmeasuresthetesting capacitygradually increased between 11 May and 1 Jursdoi® 1

June, only persons with a higher riskagferious course of the disease or hospitalized patients could
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be tested. After this date, everybody expergmg complaintsvas able totake a test. This may be the
reason for a small increase in the numbercohfirmed casearoundl Jungsee Figure 2)

From 1 June, restaurants, cafes, cinemas, concert halls, and theatres were allowed to open again while
following specifipreventive measures (e.g. disinfection and keeping distance). From this time, the
GGD (Dutclrublic Halth Services) also started a sourcand contact investigationDutch: Bon- en
Gontact Onderzoek; BCO). The goal of this investigaticio isrevent furthe spread of the virus by
focussing on identifying persons with whom an infected person has been in (close) contg&Iwith
2020j) The number otonfirmed cases did not increase after these softened measures, they sgem

to decreag even further.Next to openingcateringservices again on 1 June, pulti@nsport started

to work their normal schedule again (with 40% capac®grthermore,secondaryschoos opened
againwith a strict social distancing policy. This means that not all children were able to attend at the
same time and schools had to adjust their schedulrom 8 June, primary schools and child care
opened fully agairfwith normal capacity andpening hoursiand from 15 Junstudents(MBO, HBO,
WO) were allowed ttake physicalexamsand follow practical education again.

At the beginning of Junenany Dutch residentstarted to think about howo spend their summer
holidays(Rijksoverheid, 202Qf)The government allowethem to spend their holidgs outside the
Netherlands, but advised to postpotieeir holidaysor to stay in the Netherlands. Around the end of
June the prime ministerdeclared that the most important corona numbers were lowegenshowed
alittle decline. For tts reason the govament decided tasoftenmore measuresevenwhile several
(Europeantountriesexperiencedan increase in numbeof confirmed caseafter softeningmeasures
(e.g. Germany

On 1 July, sportsand fitness clubs, saunas, sports canteensl, @asinos were allved to open their
doors again while following strict rule®utside activities were allowed again with a maximum of 250
people (e.g. soccer stadium3he government emphasized the need of keeping 1.5 meters distance
when stepping intosocial life like tls againUniversities were allowed to fully open agawhichwas

in reality at 1 September due to the summer holidays. In public transpedplewere till) required

to wear a facemaskut all seatavere available againNight clubsstay closedWe can seein Figure 2

that after 1 July, the number of new cases per day remained under 200 for quite some time after
softening of these measures.

Secondpeak

Approximatelyone month after the softened measurasn 1 Julythe number of new cases per day
started to increaseagain(see Figure 2)Thistime somewhat less exponential than at the beginning of
March. Most new casesccurredregional,in big citieslike Amsterdam, Ro#rdam, Den Haagnd
Utrecht. While the number ohew casesncreased, the governnm did not decide toimplement
stricter measures gain. After a few weeks, at the beginning of Augusppread of the virustarteda
dangerous rise again. The governmentided to take some additional measures. Introduction periods
of universities were dy allowed when mostly held online and with a strict end ti@atering services
had to follow stricter rules and travellers from countriggh risk for COVIEL9were obliged to stay in
quarantine for two weeks after returning to the Netherlands (everhwiegative test results). At the
end of the visualised period, the middle of August, the government declaredtbatumberof new
cases per day wadill increasing compad to two weeks agolt was now clear that most infections
occurred at home, for xample at a birthday party or a dinner with friendBherefore regional
measures(e.g. wearing facemasksjere implemented (especially in big citieghd people were
advised to limit the number gieople atactivities (e.g. birthday parties) at hortat mostsix people.
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Around 15 August,hie prime minister announced the need for people to keep followinlyiees
strictly, since more and more people were somewhat neglecting ti#efew days latesome regional
measures were taken in big citiéBgether heseseenedto make people aware that they really have

to take measures seriouslgr approximately two veeks since the small increase that started before

15 August stopped for a whil@n 1 Septemberyhen the number of confirmed cases per started to
increase againfew national measures were implemented to prevergecond peak from happening.
These includd prohibiting people to sing or scream when in groups and starting to educate personal
in caring houses about COVIB. On 20 Septembeadditional regional measures were implemented.
People were not allowed to meet with more than 50 people outside angnaod catering services
had to close at 1.00 AM. One week later, more measures were implemented that were active for at
least three weeks. This includeeducing the maximum number of people at home and outsittesing
catering services at 22.00 PM, spgamesonly allowedwithout audience, andecommendation of
wearingfacemasks in risk areas (big citidsihfortunatelythese measures were not enougihprevent
spread At the beginning of September the number of confirmed cases per day increased exiadigent
until the middle of OctoberThe number of confirmed cases becomes around six times as high than in
the first peak.

Around the highest point ofhie second peak,m13 Octoberstrict measures were added to current
measures. Facemasks were recommenitedll public areas. Catering services were closed, all events
anddrinkingalcoholbecameprohibited, andperforming sportsvas only allowed with a aximum of

four people.After these new measureshe number of confirmed cases per day decreased. Thel lev
of confirmed cases before the start of the second peak was however not reathecwumber of
confirmed cases per day fluctuwet around 5,000for have a month and increasel again at the
beginning of December.

Third peak

The third peak thafollowed soon after the second peak reached a higher number of confirmed cases
per day than the second peakhis pealkead the governmento implement a lockdow measureon

15 DecemberThe effecs of the secondockdown seento be leseffectivethan the effects of thefirst
lockdown. This might be caused by the fact that catering services were closed and the maximum
number of people agatherings were small foquite some timealready Or a reason could be that
peoplewere getting more and more tired @l restrictions caused by the virus.

One monthafter the third peak around the middle of January, the number of confirmed cases per day
still fluctuates arond 6,000 per day. With a neand more contagiousariant of COVI9 enteringat

the end of Deember, spreadof the virusremains worrying RIVM, 2020m)Fortunately,vaccination

in the Netherlandsstartedon 8 Januaryvhich provides hopdor the pandemic to finally come to an
end.

2.1.2 Development of infected cases: Asymptomatic

What is important to keep in mind is that in the early period of the pandengstihg capacityvas
limited. This means thahfected casesvith mild symptoms ono symptoms at allvere not tested in
this period. The proportion of asymptomatic infections dewénedin this periodis therefore likely to
be biased However,it is important toidentify the numberof asymptomatic infectionsince these
casegnightbe hidden drivers of the viru®Nikolai,Meyer, Kremsner, & Velavan, 2020)
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The definition of an asymptomatic case that is used by the WHO is an infected person withaut
symptomsand who has been laboratorgonfirmed COVIR9 carrier. Risk of spread of the virus
increases when the sizd the asymptomatic population becomes bigger, which means that it is very
important to make people aware of preventive actions Mashing hands and restricting traveling
(Peirlinck et al., 2020)To be able to minimize risk of the spread, early differentiation between pre
symptomatic and symptomatic infection is important to discover the true proportion of symptomatic
versus asymptomatic cases.

Estimating the proportion of asymptomatic cases

Until now, the actual proportion of asymptomatic cases with COV¥is still uncewin. Recent
evidence is suggesting that early identification of a-pymptomatic case can be found in elevated
serum/plasmalactate dehydrogenase levels, which may facilitate early differentiation. Yet with
current data it is still hard to make a propestenation. Erly estimations are said to be between 18%
and 81%, which is a very broad range. Data of a comparison stskigvisng that characteristics of
pre-symptomatic and asymptomatic infections are not the same and that younger aged people are
more often showing asymptomatic or mild infections, which suggests them tthéémain) hidden
spreaders of the virugdowever snce the average age of COMID infections is far above the age of
children, their role in transmission is not clear yiikolai etal., 2020)

Recent antibody prevalence studies show an increasing amount of evidence for the number of
unreported asymptomic cases. The number of asymptomatic cases could even outnumber the
confirmed symptomatic number of cases by an order of magleitrhis wa®bservedin a study that

was conducted in New York, where the number of confirmed cases was 10 times less thambiex

of cases with antibodie§Worldometers, 2020b)Thiscould have been the reason fareventive
strategies to fail. One study performed at the cruise ship Diamond Princess m@vigeoper
estimation of the asymptomatic proportion due to the number of people and the tracking of
asymptomatic cases. The outbreak of COIAbn the cruise sh led to 712 of 3711 persons being
infected with the virus. At the time of testing, 58% of these infected persons were igehéisbeing
asymptomatic. The majority of those people remained asymptom@akurai et al., 2020)n the
remainder of this report, we assume the estimateKatri Manninen to be the best estimate ftire
proportion of asymptomatic cases (seegurel). Thismeans 40% of all infected cases are assumed to
be asymptomaticBeside, we assume the development of the number of asymptomatic cases to be
similar to the development of symptomatic cases.

2.1.3 Development of the number dfospitalized patients

One of the main reasonsf the Dutch government tamplementlockdownmeasuress to prevent
hospitals from overflowing. Therefore éhnumber of hospitalized patients considered as an
important indicata for the spread of COVADD. In Hgure 5, the number of hospitalized patients per
day can be foundThe graph was gatihed from the RIVMRIVM, 2020f)

We observe that peaks occurred around the same time as the peaks that were observed for the
number of confirmed cas per day. What is remarkable is that the first peak reaches a point that is
almost twice as high as the highest podriitthe second peak and the third peak. This might indicate
that the number of infected cases during the first peak was actually higlaerih the second and third
peak. However, there may also be other reasons for this observation (for exancgleline of the
hospitalization rate of infected cases).
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Figure 5 Number of hospitalized patients per day in the Netherlands

2.1.4Development othe number ofoccupied IC beds

To be able to get insight the experienced pressure at thetensiveCare of hospitals, theumberof
occupied IC beddmissios per dayis providedin Figure6. Thisnumber includes patients that were
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Figure 6 Number of IC bed admissions per day in the Netherlands
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2.1.5 Development of the number oleaths

Around one week after the exponential increase of numbercofifirmed casesthe number of
deceased people in the NegHands started to grow exponentiallgeeFigure7). The number ofleaths
per day similar to the number ohospitalized patients and the number & bedadmissios, did not
increase together with the number @bnfirmedcases in the middle of JuWe b observe a second
and third peak. These peaks are more than half the pesik.In Section 2, we discuss possible
reasons for thiglifference

Deaths per day
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Figure 7 Number of reported deaths per day in the Netherlands
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2.2 Differences betweethe development of indicators

As we could see iBection2.1, all indicatorsshowa rather similar developmenthe biggest difference
is that the number of confirmed cases in the first peak is much lower than in the second and third peak,
while for the other indicators we see the oppositeis important to find out the reason for i#, since
this may help to disaver howwe canprevent hospitals from overflowingVe considerfour possible
reasors for this differencein development of indiators between the peakdrirstlychanges irmge
distribution, which means that the distributioaf the age of infected persons in the first peak differs
from the agedistribution of infected persons in the second peak. Secomwtilgnges ingender
distribution. Thirdlychangedn hospital pressuresincethere was moe pressurein hospitalsduring
the first peakthan in the rest of the periodAndlastly, changesn the number of testsAnother reason
for the difference in development of the number adnfirmedcases and the other indicators could be
that the virus tansformed between the two peakSirce a considerable transformation of the virus
only entered the Netherlands at the end of Decembee,d® not include this possibility in our scape

Reason 1Changes iagedistribution

InFigures8, 9 and 10, the age (and gendey) distribution ofconfirmedcases, hospitalizegatientsand
deathsin the Netherlandsre visualizedespectively Thesefigures originatefrom the weekly COVID
19 update of theRIVM(RIVM, 208j). In Figure9, the distribution of the number of hospitalized

patients shows that older people ameore likely to behospitalized. In the distribution of deaths (Figure
10) thisrelationis even more obvious.
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Figure 8 Aggiender distribution of confirmed cases in the Netherlands (from 27 February to 17 Augt
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In the previous section, we observe thattfirstpeak of the number of confirmed cases is much lower
than the second and third peak, while for the other indicators the first peak is once as high. Based on
the findings above we conclude that when the average age of infected cases decreasednbitavee

first and second peak, this results in a lower number of hospitalizations, IC occupations and deaths
with the samenumberof confirmed caseOne study from th&CDancluding infected cases from all

over Europe indeed confirms that during the fipstaks the age of infected persons was higher than a
few months later. In Europe, 40% of the cases were aged 60 years or older and most cases were
between 50 and 59 yearddbetween January and Mayn the months June and July, 17.3% of the
cases were age@0 years or older and most of the cases were aged between 20 and 29 years (19.5%)
(ECDC, 2020y he effect of changes in aglstribution on spreadwill be studied in more depth in the
literature review (Chapter 3).

Reason 2Changes ingenderdistribution

Next to the distribution of age, the distribution of gesdis visualised in Figus8, 9and 10. We see
that women are more likely to be infected (are tested more often), but that men are more likely to
be hospitalized or talie. Since we did not find any studies abathtanges ingenderdistribution
betweenFebruary and Decembgare leavethe effect of gender on spreault of our scope.

Reason 3Changs inhospitalpressure

During the first peak, hospitals westruggling with their available capacity. This could have caused
differences betweenthe develgpment of indicatorspecausehospitalswere having moresufficient
capacityduring the rest of the periodHospitalcapacitycan especially influence the numbefrdeaths,
because the number of deaths follefrom providedhealthcare.The effect of hospitapressure will

be studied in more depth ithe literature review

Reasort: Changs in number of tests

The number of tests performed per dsiginificantly increased between 27 Februard &1 December
Wherethe number of testgperformed perweek in the irst week ofJune wasround40,000, atthe
end of Decembethis numberhadincreased tabove £0,000per week At the beginning only people
with chance of a severe course of the disease and hospital personnel were able to be Tdsted.
contributed insignificantdifferences in the number of confirmed cadestween the first peak and the
second and third peakhe effect of the humber of teston spreadvill be studied in more depth in
the literature review.
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2.3 Differences between provinces

A drawbackof existing models thaaim to predict the spread of COWD® is that often average
guantities areusedto model spread in darge area. However, individuapecific control measures
show to outperform populatiorwide measuresn an outbreakLloydSmith, Schreiber, Kopp, & Getz
2005) This means that it can be particularly important to predict the spread on local level instead of
national, such that dénations of parameters can bmore precise.We scale down the spread in the
Netherlands to spread in provinces make surehat enough data is availablelnfortunately, there is

far less data available from provinces in specific.

The number otonfirmedcases, the number of hospitalizations and the number of deaths reported
per municipality are visualized in AppendixTheseagraphs are gathered from the RI(RIVM, 2020a)

We took three different moments to explain the differences in spread between provincedimesr
These are the start of the first peak, the end of the first peak, and the start of the second peak in
number ofconfirmed cases

The differences of spreadtween provinced the Netherlandehanged a lot oveime. On 10 March,

the RIVM posted aews reportabout the differences in infections between provinces. At that moment,
there were 23,097 confirmed cases in the Netherlands, of which almost a queirerih the province
NoordBrabant. The number of hospitalizations and deaths was also highedNoordBrabant.
Thereafter the highest number afonfirmed caseshospitalizations and deathsere observedin
Limburg, and in a small part of Gelderland &sdland (see Append®. Groningen showed the least
number of infections (1.99, followed byDrenthe (1.2%), Friesland (1.4%) and Flevoland (1.4%). The
number of confirmed casesn NoordBrabant seemed to flattemfter a whileand the number of
confirmedcasesn the northern partof the Netherlands remained lo@RIVM, 2020k)At the end of

the first peak, the spread was far more equally spread over the entire country. Only the northern part
of the Netherlands showedrelatively low number otonfirmed caseshospitalizations and deaths.

In Section 2.1 we alreadynentionthat the start of the second peak was mostly caused by infections
in bigger cities, different from the spread during thest peak.The provinces NoordHolland, Zuid
Holland, and Utrecht (and one municipality in Friesland) were affected atdbie beginring of the
second peakwhich is where bigger cities are locat&drtunately the number of hospitalizations and
deathsin the whole country remained lowuringthis time. Thisindicates that the Netherlands could
gain profit by implementindpcal controlmeasurego prevent furtherspread.By what extenthis is
true in practicecould bediscoveredy applying different reasures in different provinces in tisgstem
dynamicsnodel Howeverduring the second and the third pe#tie number of cases in the seof the
Netherlands started to increases well At the end of the third peakhe virus had spreadverywhere

in the Netherlands For this reasornwe do not test the effect of applying regional measures in this
study:.

22



2.4 Conclusion
Now we answer research questiondhpw did the spread of COAD develop in the Netherlan#sg

Between the first infected casmn 27Februaryand 31 Decemberthe numberconfirmed cases per day
showedthree peaks. The first peak was flattened by implementing an intelligent lockdéier a
declinein number of casedue to ths intelligentlockdown, measures were gradually softendtie
number decreased to below 200 new cases per @iag remained there for quite some timé&he
number ofconfirmedcases per day started to increase agaiound 1 Julywhen bigger events and
sports were allowed agaito a certain extentAt first sight this increasein confirmed caseslid not

lead to higher valuesf otherindicators. But after some timethe observed number of confirmed cases
reached 10,000 and the number of hospitalizations, IC occupations, and geatdayincreased as
well. Whilethe number of confirmed cases in ttieecondpeakandthe third peak were much higher
than in the first peak the number of hospitalizations, IC occupations, and the number of deaths
observed during the second and third peak were approximdtalfof theobserved valuesluring the

first peak.In the middle of December, lockdown measures were implemented for the second time to
prevent the virus from spreading.

Four possible reasongor the difference in peak®f indicatorswere discussed in Section22 We
observe thata change inagedistribution and a change in number of tests per dagn significantly
influencethe development of indicatotsThis is assumed becausieere is evidence for these two
factors tohavechanged within the studied perioth the secad peak ofconfirmedcases, the age of
infected cases is assumed to be lower than the age during the first. Jdéwk number of tests
performed per day increased with time, causing more and more people with mild or asymptomatic
symptomsto be able tabetested. The effect of both age and number of tests on spread will be studied
in more depth in the literature reviewA dange in hospital pressurean alsocbe a reason for the
difference in peaks of indicatarsince hospital pressure during tifiest peak wa higher than the
experienced hospitapressure thereafterHospital pressure depends on the available and utilized
hospital capacityWe identify in the literature review whether hospital pressure considerable affects
spread.The gender o&ninfected cas seems to influence the course of the disease, but we did not
find evidence of &hange ingendekdistribution between February and Decembédterefore this last
reason inot taken into account ithe scopeof this study

Besides differencein spreadbetween indicators,we observedifferences in spread within the
Netherlands. During the first peagrovinces Brabant and Limburg were mostly affectéte second
peak started in lgger cities in NoordHolland, ZuieHolland, and UtrechiDuringthe second ad third
peak, the virus had spread over the whole countmgplementing regional measures is therefaret
consideredo be an effectivestrategyat this moment in time
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3. Literature research

In this study, ssystem dynamicsnodel will bebuilt to be ableto discover effective measurdsr
preventing spread of COVAD in the Netherland$actors and measurdbat have substantial impact
needto be identified to develop a reliable modeKey factorsand measurewill be usedasinput
parametersfor the modd. In this chapter, wdirst definethe factors weare going testudy. Relevance
of these factors will be determined with help of a literatweviewin Section 3.2In Section 3.3we
identify and explairthe measures thaare considered to prevent spreadf the pandemicAnd in
Section 3.4we determinethe approachthat we use to build thesystem dynamicmodel.

3.1 Factors influencing the spread of CG}AD

As mentionedn Chapter 1, the WHO expressed the urgency to understand the relative importénce o
different routes of transmission required to develop infection prevention measiesides,lie WHO
suggests that the virus spreads primarily via contact routes and réspirdroplets. The WHO finds it
most important that research iperformedto among othersrisk factors settings of superspreading
events, and the extent of transmission both ggmptomatically and asymptomaticall@ne major
reason thatmuch is still unkown abouttransmissioris caused by the highly variableazacteristics

and behaiour of virusesbecause ach virus acts differenfwigginton & Boehm, 2020This means
that it ishard to learn from other viruses ho®ARSC0\,2 spreads through the environment.

For the reason above aride availability of data, thedilowing factors are studied for their importance
in the spread of COVAD®. We divide the factors itree types Disease, demographics and other.

Disease:
Incubation period
Infectious period
Reproduction rate
(Case) Fatality ratio

= =4 =4 4

Demographics:
T Age

Other:
1 Weather (temperature, humidity, wind speed)
1 Contact rate (population densitgdoption of government measurgglacesof infection)
i Testingcapacity

All parameterswill be estimatedwith help of data fromthe period between 27 February (the firs
confirmed case) an81 DecemberWhen considered necessarye providedifferences inestimates
between provincest-or some factors, there may exist some delay that has to be included in the model.
For exampledelay due toincubation timeor testing time. The literature review will help to discover
possible delay antb discover how delay can be includiedthe model.
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3.2Relevance of the factors

In thissection valuesof factorsand their relevancevill be determined with diterature study.As we
mention in Section2.2, values ofindicators are changingdifferently over time. For this reason,
estimaies of some factors may deviate for differemoments in time For these factorsve provide
necessary information to give insight in these deviations.

Fector 1:Incubation period

The incubation period is the time betwedime moment ofinfection andthe moment symptoms are
showing.The incubation period of COVID is estimated to ben average five to six days, but can be
between 214 daygRIVM, 2020dWe assume an average incubation pérbf 5.5 days in our model.
Thetesting andreporting delay for infections is between 1 and 4 days, for which we take an average
of 2 dayslncubation time testing delay andeporting delay together cause a person to be infected on
average seven days € the infected case becomes a confirmed case.

Factor 2infecticus period

The start of the incubation period is different from the start of the infectious peride infectious
period is the time perid in whichan infected person can infect others. @ie is not(yet) enough
information about when an infected person istiis or herinfectious periodln general it imssumed
that an infected person can infect ottewhen the infected person is showing symptarhat there
are indications for transmissimf SARE 02 before symptom onsefThe role ofasymptomatic cases
in spread of the virug still not fully understoodRIVM, 2020d)

Viral detection

Several studieshow that 1 to 3 days before an infected person is showing symptomsirtiseecan be
detected The amount of virus provein the infectecperson is highest at the moment symptoms begin
to showand gradually declineereafter. However, detection of the virus does not necessarily mean
that the person is able to transmit the virugiral detectability could cause overestint of the
infectious period between two and six daykhe time period that the virus can be detected differs
based orthe severity of the disease. For asymptomatic cases, this turns out to be approximately 1 to
2 weeks, for patients with mild to moderatisea® for up to three weeks and for patients with severe
disease this can be even long@/HO, 2020c)5ome studies @orted an association between severity
of diseaseand duration of the infectious period, though evidence for this relation is not st{Byrgpe

et al., 2020)

Duration of infectious period

Byrne et al. (2020who studythe infectious periodvith a literature reviewsuggesthe duration of
the infectious period of asymptomatic infectiotsbe between4 and9.5 days. Thidistribution could
due to viral dynamicshave a longer tail with low probability for up to 20 dalysanother simulation
study, the infectious period for asymptomatic cases is assumed to be 5.7 @aiyBnck et al., 2020)
Theinfectious periodof symptomatic caseis in several papers estimated $tart approximately two
daysbefore symptom onsewith a range between one arft/e days(RIVM, 2020d)The proportion of
transmissons before symptom onsetvas estimated to be 44%etthe accuracy of this estimateas
to be questioneddue to a lack of datarheinfectiousperiod continuedor up to seven days from the
onset of symptoms with a peak at 0.7 dgRByrne et al., 2020)

Since the precise duration of the infemus period is still unknown, we estimate the duration of the
infectious period. From Chapter we findthat amild form of the disease is shown in about 85% of

the cases, of which we assume 40% to be asymptomatic. Serious symptoms are shown in
approximdely 10% of the cases and a critical condition develops in around 5% of the cases. For
asymptomatic cases thiefectiousperiod is assumed to be 6 days, for moderate symptomatic cases 9
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days, and for severe symptomatic cases 15 days. This gives 40% pfaasgtit cases who have an
infectious duration of 6 days and 60% of symptomatic cases for whom we assume an infectious period
of 11 daysThis leads to amverage infectious period & days. In thesystem dynamicsodel, the
infectious period of all casés assumed to be the sam&he duration of the infectious period will only

be distinguished based on severity of disease whegavisider botlrsymptomatic and asymptomatic
caseswhich we do in the sensitivity analysis

Factor 3Reproduction rate

The repoduction rate isa way to indicatespread of a virysand thuscanhelp to define the outbreak
dynamics The reproduction raté’ shows the rate by which the virus spreads. It indicates how many
people are infected by one infected person averageWith arate of 1, the number of infectiongser

day will not change over time. When the rate is lower than 1, the number of infected persons will
decrease and when the rate is higher than 1 the number of infections will incréaseffective
reproductian rateis implemented irour model aghe rate of transmission

Effective reproduction rate

The extem by which an infectious individual transmits the virus is indicated with the reproduction rate.
Yet there is a difference between the basic reproductiate (Y ) and the effective reproduction rate
(Y). The first applies when no outbreakntrolis applied to limit spread, and defines the rate as the
average number of cases produced by an infected individual in a fully susceptible pop{Htjofi, &
Zhu, 2020)Y isinitiallyassumed to be 2.5 in our moddlhis is in accordance with information from
the RIVM, who estimat&y to be between 2 and 2.8RIMW, 2020c) The basic reproduction rateill
eventually be calibrated in Chapter®he effective reproduction rate is influenced by external factors
like contact rate and government measut@sirlinck et al., 2020)

Developmenbf the dfective ieproduction rate in the Netherlands

In first instance, the reproduction rate is calculated with help of the number of hospitalizechtsatie
When thisnumber is very low, there is not enough data to calcukateliablereproduction rate and
the number ofconfirmed case$s used instead. In Figudel and 12, the reproduction rate for the
Netherlands is visualized (indicated with the dark purple lifidsese are estimatiors of the RIVM
(RIVM, 2020))The rate is determined basedcdospitalizations on the left side of the dotted line
(before 15 June)On the right side of theotted line the rate is based on the number of infections
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Figure 11 Development of the reproduction rate in the Netherlands from 17 February until 13 July
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Figure 12 Development of the reprodoctrate in the Netherlagls from 15 June until 28 December

(after 15 June)The light purplearea indicates the bandwidth of the rate. When there is a limited
amount of data available, the uncertainty of the rate is higher and the bandwidth of the itealvith
become widerEstimations of the rateare most accuate with data from 14 days agdue totesting
andreporting delay and time between successive infections. For this rettmrate (dark purple line)

in Figurell stopped around23 Deember.

Aswe can see in FigutEl, the reproduction rate waaround 2 when COVHIDO started to spread in

the Netherlandswith a confidence interval from O to around %he rate remained above 1 until the
middle of MarchWhen comparing Figure 2 to Figur® we obseve thata rate below 1 turned the
increasing numbeof confirmedcaseger dayinto a horizontal line. From the middle of March until

the end of June the rate remained mainly below 1. At the beginning of July the rate increased above
1 again. This causd¢ke number ofconfirmedcases per day to increasgain around the middle of
July.From the beginning of August to the middle of August the rate declined to 1 and increased again
after that. We learn from this is that the reproduction rate i3 affectiveindicatorfor the prediction

of the spread of the wus.

Over and underestimatigthe rate of transmission
Just likefor many other infectious diseases, the true level of transmission for CO¥IB often

underestimated. This is due to people who haeet infected but are not detected as infectadd
thusnot counted as infectecHfects of underestimation may even be enhanced during an epidemic,
whentesting capacitys limited When dealing with limiting testing capacityegple in risk groups are
more likely to be testedqWHO, 2020a)The effecs of testing capacity will beaken into account with

the ¥ I O tegtifgcapacity.

Effective reproduction rate in the system dynamics model

To be able todetermine the number of infected cases in aystem dynamicsnodel, we have to
predictthe effective reproduction rate. Since we wantdeterminethe effect of elevant factors and
measures with our model, we will develop a regression model that predicts the effective reproduction
rate based on the values of relevant factors and measures. This mdulglt i Sectiord.3.
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Factor4: Fatality rafo

The fatalityratio is an important characteristic of an infectious disease. The retlps to understand

the severity of the disease, can evaluate the quality of healthcare and identifies populations at risk
There exist two types of fatality ratios, thefection faality ratio and the case fatality ratio The
infection fatality ratio(IFR)estimates the proportion of deaths among all infections, while the case
fatality ratio (CFR)estimates the proportion of deaths among confirmed casBEse IFRis more
accurate, bttharder to determine.

Calculating thease fatalityratio

Since there exists no reliable data for the number of infected casesnlyealculate theCFRWe use
the calculated CFR as indioator the fatality ratio in the Netherland§'heCFRcan be ckculated with
the following formula:
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be determined when the epidemic has endéd@orldometers, 2020b)Anderson, Heesterbeek,
Kinkenberg & Hollingsworth (2020) suggest that thetbestimate for thdFR of COVHD9 should be
between 0.36and 1%{Anderson, Heesterbeek, Klinkenbetg;lollingsworth, 2020When all infected

cases would be confirmezhsesthe CFR would be equal to the IFR.

We calculate the CFR for each day between 1 April and 17 November. After 17 Novembenate do
have sufficient data available yéh our calculéion, we take the number of deaths of today and the
number of confirmed cases of 3 weeks ago to determine the CFR of today. With these three weeks we
take into accounteporting delay §ssumed days)jncubation time (2; 14 days), and duration of the
diseasebefore death These three weeks lay inside trengeof Katri Maninner(seeFigurel).

Development of thease fatalityatio in the Netherlands

In AppendixB, the development of thestimated CFR is visualised in a grdfr. thiscalculationwe
usethe number of deathseportedto the RIVMHowever, he number of deaths reported to the RIVM
is not the real number of deaths caused by COWY®D According tahe CBS (Central Agency of
Statistics) the number of reported deaths to the RIVM from MarohJune (6,115) was 3,952 less than
the number of deaths reported to the CBS (10,08Wjich is a considerable differen¢€BS, 2020)Ve

do not take this difference into account in our model.

We observe theCFRfluctuatesa lot and see adecreasng trend from approximately 0%to 1%
betweenApriland November According to an article dU.nl, fluctuationsn the ratioare caused by
areportingdelay causing one day with many reported dedfil.nl, 2020f)In reality we assume that
deaths are spreadnore equallyover the week Due to multiple factors that can cause owveor
underestimation, the ratio might be biased at tim&his is the reason for the laglifference in CFR
we observean Appendix BBelow we shortly discuss considerable factors for eweunderestimation

Over and understimating the case fatality ratio

It is important to notice that a fatality ratio is sensitive for ovand underesimation. Bad timing of

the calculation can be a reason for this. For example, overestimation of the CFR was particularly the
case at the bginning of the pandemic, when testing capacity was low and milder or asymptomatic
cases were less likely to be iddim@d as a confirmed case of the disease. Besides testing capacity,
patient characteristics and hospital capacity show to influence the eatd are thus important to take

into account.
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Age groups

Thehigher the age o& person, the higher the CFR turng to be (Wu & McGoogan, 2020The case
fatality ratio of COVIEL9 was estnated to be 2.3% by Wu & MoBgan, where people between 70

and 79 years show a ratio of 8%, people older than 80 years a ratio of 14.8%. While this is an early
approximation of the CFR and likely to be biasedsétdifferences between aggroups provide a

insight in the effect of ge on the CFR.

Hospital capacity

The number of deaths was particularly high during the first peak when hospitals were struggling with
their available capacity. Therefore we consider pressure at hospitals to be able to ieftherrmumber

of deaths.Normal capacity of the 1@ the Netherlands is 1,150 be@€enticare, 2020)Capacity can

be extended when the need is high, which was the case during thep&iedt of infections. Thiway
hospitals were able ttake care of B patients and thdatality ratiois not assumed to have increased
between February and Decembarour model.

Testing capacity

Since before 1 June not every Dutch resident was allowdskttested, we considehe CFR before
this date to be biasedAfter 1 June, the number of tests per day gradually increased until December.
Due to utilization of testing capacity we consider the @ARvembeto be the most accurate CFR for
this study.

Fatality ratio in thesystem dynamics model

Since the number of tests per day gradually increased between April and November, we assume the
average CFR in November to provide the most accurate estimate for the IFR. The average CFR of
November is 0.9%, vith lays inside the suggestion of Andersoralet(2020)We will use the IFR to
determine the number of deaths in th&ystem dynamiceodel. The CFR will be used to express the
fatality ratio, because this ratio is easier to measure since there existelyuvailable data about the
number of confimed caseWHO, 2020a)The correctness of our ratio will be irstegated by
calibrating thesystem dynamiceodel.
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Factor5: Age

In Section 2 we conclude that the age dadn infected case influencethe rate of a case to be
hospitalized or to dieBelow we provide thagedistribution forconfirmedcases, hospil&ations, and
deaths and the differences in aggistributions between provinceso determine the relevance of this
factor on spreadThe agedistribution of indicatorswill be determinedfor three intervalsto provide
insight For the nunber of hospitazations and the number of deaths thesgervalsare thestart of
the first peak(end of March), the periodbetween first and second ped&nd of Apri), and thestart of
the second peabf infections(beginning ofAugust) For the number ofonfirmedcasswe determine
the agedistribution for three moments after 1 July, becaubere is no publicly available data from
before JulyNex to the three aboveindicators, we find thegedistribution of patients whooccupy an
IC bed relevantwhich we assumeto bethe same as thegedistribution ofhospitalized cases

Distribution of the number ahfectedcases over age groups

Unfortunately, there is a limited amount of publicly available data about the agefettedcases. For
this reason we observehistorical data of the number of confirmed casdsom the RIVMof three
moments with approximately one month in betweeData is separated per aggroup and can be
found inTablel. We assume thatostly higher aged indiduals were infectedefore July with a
gradual change to lower aged individuals. Tifghest number of infectionsn 24 Marchisseen in the
agegroup 55 to 59 years and after that between 70 and 85 yefRanzijn, 2020)According to
historical data of the RIVMhe highest number of infectionantil 17 Augusbccured at individuals
agedbetween50 and 59 (see Tabldl). One month later tle agedistribution changed with &ighest
number of infectiondor individuals aged between 20 and Z9onsequentlymnfirmed cass at the
beginning of thestudiedperiod were oraverage older thaat the end with an average age of 58 years
measuredon 14 July and 50 yeanseasuredon 18 SeptembetWe assume thigo mostly be caused
by thefact that most younger people were not allowed to be testdhe beginning of the studied
period, because they were not considered to be part of the risk grdupfind out whether this is the
case we study testadjusted incidence over age groups below

Tablel Agedistributionof confirmedcases in the Netherlands

Age- 14-Jul 17-Aug 18-Sep
group

0-9 1.0% 1.0% 1.0%
10-19 2.0% 4.0% 6.0%
20-29 10.0% 14.0% 19.0%
30-39 10.0% 11.0% 13.0%
40-49 12.0% 12.0% 12.0%
50-59 18.0% 17.0% 16.0%
60-69 12.0% 11.0% 10.0%
70-79 13.0% 11.0% 9.0%
80-89 16.0% 13.0% 10.0%
90> 6.0% 5.0% 4.0%
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Distribution of testadjustedincidenceover age groups

A recent study observed that relative patterns of age, regardless of the epidamige, remain
identical when adjusting for temporal trends of testing and disease incidéfisenan et al., 2020)
According to Fisman et g2020) individuals who are aged older are more frequently testiedn
younger peoplalue toa difference irseverity ofthe diseaseThis study comparesbserved ifection
incidence with testadjusted incidence, whicls found toconsiderably influence incidencespage
group (see Figuré3). This means that whewe take awayeffects of testing,the chang in age
distributionwe observein Tablel would probablynot have occurredFor this reasorwe assumehe
agedistribution of infected casesdid not significanty changebetween February and December 2020,
and observeddifferencesin agedistribution of confirmed cases within the studied periade mostly
caused bydifferences intesting Consequently, we do not distinguish in agr@ups between infected
cases in our model.
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Figurel3 Observedricidenceversus testidjusted incidencper agegroup

Distribution of the number of deaths over age groups

We derive an agedistribution for deaths(Figure %), based on data of the RIVNh this figure v
observe that the number of deaths in the Netherlands is increasing with age with an average age of 81
years andthat the averageage of deceased cas@xreases between thérst peak and the second
peak The percentage of cases agezbve80yearsincressedand thepercentage of cases agéelow

80 yeardlecrease. We believe main causes for to behange in reported number of COMI®deaths

to the RIVM and actual numberf €OVIEL9 deaths between first and second peak, and hospital
personnel knowing kiger how to deal with the diseasaVhile we observe a small change in age
distribution between age groups of death&etaverage age of deatliis the Netherlandgemained
approximately81 years between July and Septemieor this reason, we do not distinigh in age
groups between deaths in our model.

Compared to other countries, the Netherlands shows a relatively low number of deaths under
hospitalizations. This is assumextte due to the level of preparedness in the Netherlag&lsva, van
Mourik, Broeders, Paling, & de Jager, 20Zicordingto Worldometer, a reference website that
provides counters and rediime statistics for diverse topicghe average age afeathsdue to COVID

19 worldwide is approximately79 years(Worldometers, 2020a)which is somewhat lower than
observed in the Netherlands.
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Age distribution of deaths
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Figure 14 Agalistribution of deaths for different phases

Distribution of the number of hospitalized cases overgagaps

We derive an agedistribution of hospitalized cases (Figurg),lbased on data of the RIVNh the
histogram we observa small change iagedistribution baween 27 February and 17 August. The
percentage of young people of the total number of hospitalizations increases over time, while the
percentage of older people decreases a littowever, theaverage age of hospitalizations in the
Netherlands remained & years between July and SeptembEor this reason, we assume tage
distribution of hospitalized cases to remain the same within the witleiedperiod, and we do not
distinguish in aggroups between hospitalizations and IC ocdigpss in our model

Age distribution of hospitalizations

0.35
0.30
0.25

0.20

0.15

0.10

Hil

000 M _mm ulln II I

10-19 20-29 3039 4049 5059 6069 7079 8089 0>

W First peakrise  ®m Low period  mSecond peak rise

Figurel5 Agedistribution of hospitalized patients for different phases
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Differencesn the distribution of agbetween provinces

In Section &, we observedifferences in spread of COVID between provinceDuring the second
peak,the virus mostly sprad in bigger citieand the average age ebnfirmedcases declinedThese
bigger citiesare located in provincesvhere the percentageof peopleaged between 20 and 28
somewhathigherthan in other provincege.g.Noord-Holland, Utrecht To be able téake intoaccount
differences between provinces that are caused by, agedeterminghe number of people in a certain
agegroup(Table2) and the average age (Talefor each provinceData was retrieved from Stiaine
an open database d@he CBSandis from May 202@Statline, 202Q)

Table2 Percentagef peoplein age-group per province

0-9 10-19 | 2029 | 30-39 | 40-49 | 5059 | 60-69 | 70-79 | 80-89 | 90>
Groningen 0.09 0.11 0.16 0.11 0.12 0.14 0.12 0.09 0.04 0.01
Friesland 0.10 0.12 0.11 0.11 0.12 0.15 0.13 0.10 0.04 | 001
Drenthe 0.09 0.12 0.10 0.10 0.13 0.16 0.14 0.11 0.05 0.01
Overijssel 0.10 0.13 0.12 0.12 0.13 0.14 0.12 0.09 0.04 | o001
Flevoland 0.12 0.13 0.13 0.14 0.13 0.15 0.11 0.06 0.02 | 0.00
Gelderland 0.10 0.12 0.12 0.11 0.12 0.15 0.13 0.09 0.04 |0.01
Utrecht 0.11 0.12 0.14 0.13 0.13 0.14 0.11 0.08 0.03 |0.01
Noord-Holland | g 19 0.11 0.13 0.14 0.13 0.14 0.11 0.08 0.04 |0.01
Zuid-Holland | .11 0.11 0.13 0.13 0.13 0.14 0.11 0.08 0.04 |0.01
Zeeland 0.10 0.11 0.10 0.11 0.12 0.15 0.14 0.11 0.05 | 0.01
Noord-Brabant | g 19 0.11 0.12 0.12 0.13 0.15 0.13 0.09 0.04 |0.01
Limburg 0.08 0.10 0.12 0.11 0.12 0.16 0.15 0.11 0.05 | 0.01

Table3 Average age per province

Province Average age
Groningen 41.80
Friesland 42.86
Drenthe 44.26
Overijssel 41.46
Flevoland 38.49
Gelderland 42.26
Utrecht 39.99
Noord-Holland 41.06
Zuid-Holland 40.82
Zeeland 44.26
Noord-Brabant 42.41
Limburg 45.03

In Table2 and 3, we observe small differences in agdistribution betweenprovinces. In first instance
we will not take differences in aggistribution between provinces into account, since the main focus
of this study is to analyse the spread of COY80n the Netherlands.
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Factor6: Weather

Whether theweather plays a role in the tansmission of the virus is not yelear. Since the virus is
spreading worldwvide, it is assumed that seasainfactors do notsignificantly influence the
transmission of COVIID. Yet there is evidence that exposute ozone andperiods with higher
environmental temperaturecanworsen heart, lung, and airway disorderdf it can alsadeteriorate
the course of COVHDO disease is not knowfWarmedagen, 2020)To discover whether seasonal
factors influence the spread of the viruge study the relation between the spread and gwub-factors
temperature, humidity, and wind speedhe development of these factors is outlined bejovith help
of data from the KNM([Dutch Royal Meteorological Institu@NMI, 2020)We assumehe same
valueseverywhere in the Netherlands. Themperature, humidity, and wind speed provided below
were measured in the Bilt, a municipality in the middle of the Netherlands.

Temperature

Theaverageand maximuntemperature per day can be found kigure B. We see in this figure that
temperature is steadily increasirigwards summer andteadilydeclines after summer holidaysAll
peaks ofthe number ofconfirmed casesvere observed when temperature was relatively lomhich
might indicate that a lower tempature has a positive effect on the spreddtcording to a systematic
review, low temperature and low humidity are potentiating factors of spread of the v{idscenas,
da Rosa Moreira Bastos, Rosério Vallinoto, & Normando, 2020)

Temperature per day
40.0

35.0
30.0
25.0
20.0
15.0
10.0

50

— Average temperature Maximum temperature

Figure 16 Average and maximum temperature per day in the Netherlands

Humidity

The air can only contain a limited amount of moister. The amount of moister depends on the
temperature. Both air containing a lot of moister and@ntainng very little moister can be perceived

as uncomfortabl§dKNMI, n.d.) The amount of moister in the air is indicated by humidity. Trrean
relative humidityper dayin the Netherlandss visualized in Figurerl

Air humidity can cause people to perceive the remhperature as anothetemperatureé ¢ 8 Sy a SR
G S Y LIS NI Thedalgiéthie humidity, the higher sensed temperature can become at the same real
temperature. This can be dangerous for people, since it can lead to overheating.
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Relative humidity per day
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Figure 17 Relative humidity pday in the Netherlands

People have to maintain their body temperature at apgimately 37 degrees, but regulation of body
temperature becomes harder when the environmental temperature and humidity increase. A
temperature of 30 degrees Celsius with a hdity of 50% feels like 31 degrees, but with a humidity of
80% this can feel 88 degreesWhether a high sensed temperatuleads to an increase spread will

be identified in the statistical analysis$ this is the caséemperature and humidity togéter providea
better prediction for the spread of the virus than one of the tamits own.

Wind speed

Wind speed is measurdaly the KNMin 0.1 m/s.The scale of Beaufort is used to express the speed of
the wind. The meamvind speed on a day can be fodin Figure B. Based on the information in the
figure t is hard to say somethg about the relatiorof wind speed andpread ofthe virus With help

of statistical analysis we identify whether there exists a relation between spread and wind speed.
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Figure B Average wind speed per day in the Netherlands
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Factor/: Contact rate

Caontact rate indicates the extenby which a person is in contact with other persoiisis rate
significantly influences the way by which COV¥spreadssince people who hawveore contact with
other people are more likely to infect or be infecteBue to thesevereimpact of contact rate,we
identify ways to express this factor and consequently to be able to include contact rate in our. model
We consider a positive correlation between contact rate and threefaators: Population density,
adoption of governmenmeasures, anglaces ofinfection. Belowthese subfactorsare quantified
andtheir developmentbetween February and Decembisrdescibed. These sulactors will be used

to express contact rataithe remainder of this thesis.

Population density

The p@ulation density per province can be found in Tadld he(averagé population density in the
Netherlands is 517 residents per krilVecan see that there are big differences in number of residents
between the provinces. When we take the population densitya province relative to theaverage
number of residentin the Netherlands, we obtain the relative population density (last coluniiabie

4). This ratio is taken as input for the population density in the mdaieta is gathered frorthe online
topographical databas#letatopos(Metatopos, 2020)

Table4 Population densitand spreacper province

Province Population | Relative
density population
(residents | density
per kmz?)
Groningen 252 0.5
Friesland 195 0.4
Drenthe 188 0.4
Overijssel 350 0.7
Flevoland 300 0.6
Gelderland 420 0.8
Utrecht 912 1.8
Noord-Holland 1081 2.1
Zuid-Holland 1374 2.7
Zeeland 215 0.4
Noord-Brabant 523 1
Limburg 520 1

Inthe table in Appendi&, we adjust theshareof infections hospitalizations, and deatlfisr population
densily. This means that wiake the real number of infections, hospitalizations, and deaths for each
province andadjustall relative population densities to 1. In this situation all provinces have the same
population density. We observe that after adjusting pmpulation density thereemain considerable
differences in the percentage of infections, hospitalizations, and deaths per proiWooed-Holland

and ZuidHolland show by far the highest share in infections before adjusting for population density.
The $are of hospitalizationsral deathsin these two provincesire also high compared to other
provinces. After adjusting, Gelderland and No@mhbant show the highest share in infections,
hospitalizations, and deaths in the Netherlands. What we learn frasighthat population dernty
influences spreadbut does not fully explain differences in spread between provincéterBnces in
other factors (e.gcontact density, age, and hospitzpacity)are also causing differences in spread
between provincesThe population density wilhot be included in further analysibecause thigactor
cannot be influenced in reality artle main focus of this study is to analyse spread of CQYIiD the
Netherlands
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Adoption of government measures

It is hard to quantifithe extert by which peopleadopt government measuredVe takethe adoption

of government measureigito accountin two ways We use the numbeof peoplestaying at homeer

day (staying at home behaviougndthe extert by which people travel with publicansport per day
(traveling behaviour Google provides data about how often people stay at hggaedaycompared

to abaseline We quantifytraveling behaviouwith data aboutpublic transport.

Staying ashome behaviar

In Figurel9, data from Google laout mobility in the Netherlandss visualisedrom 10 March (just
before implementation of the first government measures) until 31 Deceni@eogle.nl, 2020)The

higher theobservedvalue, the more people stagt home compared tadhe baseline As a baseline
Googleusesdatafrom January 2020, before thmplementation of measures the NetherlandsWe
observe seasonality within a week, with lower percentages in weekends than on other days. This is
assumed to be caused by peopkaysng at home in weekends more often than other days. To
remove the effect of weekly seasonality, vaelditionally show the averagepercentage of people
staying homeper week.

Staying home behaviour per day
30

25

15 it
” el
5 J UU M\l VMUM\'NI\\M M\IMM’A\I

iR

R

Number of people staying home compared to baseline (%)

= Staying at home behaviour per day Average staying at home behaviour

Figure1l9 Saying at home behavioun the Netherlands

After first measures were implemented on 12 March we see a fast increake jpetrcentage of people
staying at home compared to baseline approximately 18%This percentage gradually declirtes
approximately 4.5%until around 18 September. Around this time government implemented
strictermeasures to prevent spread of t@us. This caused the number of people staying at home to
gradually increase after this dat®n 15 Decemberockdownmeasures were implemented for the
second timeand the number opeople staying homeses quickly to aimilarlevel asat the start of
first lockdownmeasuresWe learn from this that changes implementedmeasures have significant
impact an staying home behaviouithe exact effect will be identified with help of 8&lical analysis
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Traveling behaviour

In Figure20, we provide daa from Translink about the number of cheids per dayn public transport
for 10 March until 31 Decembéranslink, 2020)As a baseline wasethe number of checlins on 8
March to representhe number of checlins per day befre any measures were implemented. The
number of checkns on other dayssitaken relatively to tis baseline. Vé observe the samweekly
seasonalityaswith stayinghome behaviourWe assuméhisagainto be caused by the fact thabefore
the start of the pandemicpeople use public transport less often in weekstigan on other days of
the week To remove the effect of seasonalitye take the average numbef checkins per weeko
representvalues per day.

Traveling behaviour per day
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Figure 20Traveling behaviour in the Netherlands

When first government measures were implemedon 12 Marchthe number of checlns declined

fast Thereater, the number of checlins per day gradually increased until 8 July. On this date summer
holidays started, which means peoptavel to schoobr work less often After 8 July we see a small
decline and around 17 August, whéirst schoolsopenedagain,the number of chechns increased.

On 1 September all schodtarted agairand the number of cheeks per day remained rather equal
until around 10 December

On 28 September and 13 Octobetrister measures were introduced. On both dates we see a dsgre

in traveling behaviour, of which considerable decreasen 13 October. Around one month later,
traveling behaviouhad increasedhgain to almost the level before 13 October. Traveling behayv
remained equal for quite some time thereafter. On 15 Dmber, new lockdown measures made
traveling behaviour decrease to 0.Basedon these observationsve believethat adjusting of
measuresaffects traveling behaviouryet effects do not always fabng. What we learn from this is
that there are considerablechanges in traveling behaviour that can explain the adoption of
government measures.
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Placeof infection

Another subfactor we useto expresscontact rateis with places where people are exped to
infection, which we refer to as places of infectidn someplaces the number of infection#s observed

to be much higher than in otheplaces Most government measures are implemented to reduce
contact ratein places of infectionTheintelligentlockdown implemented in the Netherlands to prevent
spread during the first peak tempered contact rate a lot. Effects of this lockdown were severe, both
negatively and positively. Spread of the virus was mitigated, but economy suffered (seer€hamd

2). After a while social distancing measures were gradually softemedfcilities (e.g. schools,
restaurants) partially opened agaiteading to an increasing contact ratt the end of August the
increasing contact rate lead to a new peakimber ofinfections(de Beus, Rooze, & van Bree, 2020)
Without the implementation of a second lockdown, economic consequenees expected to remain
absent(NU.nl, 2020e)Unfortunately the Dutch government was forced to implement new lockdown
measures to prevent further spread of the viraisthe middle d December

In Tableb, the percentage of infections in a certgitaceis provided Data in this table is based on the
source and contact study of the GGD. Unfortunately, in approximately 60% of the cases the exact
place of infection is hard to identify and thustrknown (van Kempen & Soetenhorst, 2020)he
numbers in Table are therefore only an approximatnh. Data in the table shasvthe average
percentagefor the period from31 August until 12 JanuafRIVM, 2020))

Table 5 Percentage of infections per place of infection reported to the GGD

Place of infection Percentage of
infections

At home 52.7

Visit at home (friends/family) | 22.1

Work 14.2

School 55
Traveling/holidays 0.3

Catering services 0.6

Party/birthday 0.4

By more than half of the infected case&at home is reported as a possiblglace of infection.
Thereafter dworké anddvisit at Fomeg are reported as most probablglaceof infection witha total of
36.300f reported placesSchool, cateringervicestravelingholidaysand party birthdayare reported
by around 5% otessthan 5%of the casesThenumberof reported possiblerifections in remaining
placesare low and herefore not considered separately.

From allreportedplaces of infectiotin Table5, we considetschoof anddcateringservices asplaces
that can have considerable influence on spread andtlaws sensitive for mesures.We believe that
the number ofreported places of infection faratering services lsw (0.84), because catering services
were closedbefore 1 July andhfter 31 AugustWe include theplace ¢eventg, which represerg
gatheringswith more than 30 peple (e.gfestivalg. Big events were prohibiteérom 15 Marchto 31
Decemberand thus not reported to the GGD as possiplaceof infection. However, due to the big
impact this factor might have on sprease include this factor asglace ofinfection n the model.The
placesat home,visit at home work, travelingholidays are taken into account with the stflactors
stayingat homebehaviourand traveling behaviouthat are discussen the previous page In the
remainder of this report, we refer toncludedplacesof infectionas school openings, catering service
openings, and event allowancel Section 3.3, we quantify thegdaces of infection based on
implementation of measuresconcerning school openings, catering services openings, and events
Thereafter we can determinghe effect of resulting measuresn spread, which we do in Section 4.3.
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Factor8: Testng capacity

In Section 2, we mentionthe effect ofa chang intest availabilityon the development ofindicators.

We assume that testing pacity can affect the number of cases in two ways. The first is that testing
capacity can influence the total number of infectioifie second is thaesting capacity can cause a
discrepancy between the number of infected cases and the number of conficases Below, we
outline the development of testing capacity in the Netherlands, provide the number of tests per
week wediscuss testingnd reportingdelay, anddifferences in testing capacity between provinces.

Development of the testing capacity

At the start of the pandemictesting capacity was minimal. Only people in risk groygaients with
high risk on a severe diase and healthcare personnebuld apply for a tesfTesting capacity first
increased on 6 April. T¥exparsionof test capaciy was only meant for workers in healthcare and for
patientswith high risk on severe COVID diseas€RIVM, 2020k)

From1 June, everybody with mild symptoms could apply for a test. The government assumed that in
the firstweek of June the number of requests would be very high, causing the G@&Bdmore time

for testing (Rijksoverheid, 202). From the 500,000 calls the GGD received in the first week, only a
small part was performed. THeIVM calculated that 30,000 tests would have to be performed per day
to be able to treat all people with complaints. But at that moment, pressure couldenbandledvan

de Klundert, 2020)

On 12 July the media company NU.nl wrote about an inereéaghe number of requests. At that
Y2YSyiG DD5Q&a O02dxAZ R aidAfftf KIFIYyRfS GKS LINBtash dzNB =
capacity was almoseached with an increase in the number of requests of approximately 1,000 per
day, fortunately stilsufficient. While testing capacity was sufficient, it remained important to increase
testing capacityo keep upthe increasing number of requestU.nl, 2020a)

From the beginning of September, tasl capacity really becaménsufficientwhen the number of
infections started to increase It could take week before testing capacityould be sufficient,
according to an article of NU.(NU.nl, 2020d)in arother article published on 22 September, the GGD
president declared that from the 38,000 daily requests only 28@8Mld be satisfied. In the same
article, the expectation was made that orflpm October all daily rquests could be satisfiedhis
means that 50,000 tests would have to be available by tfie@S, 2020)Additionally, a thread
developedfor a new peak that could be higher than the first peak. This thread could be even higher
when testing capacityis insufficient(NU.nl, 2020c)From October, esting capacityincreasedand
testingdelay decreasd. Part of thigncrease in capacity is causedthg rise ofso-calleddquicktestst
(Dutch: Sneltesten), which could help tracking of infected cdsesur model, we do not take quick
tests into accounand we assume testing capacity to be sufficieatrf October

Testingand reportingdelay

Test requests are mostly met within 48 hours. The outcome of a test is clear within 24 to 48 hours after
taking the test. This means that after someone thinks thlegw symptoms of the disease, this person
knows whetherthis is caused by COVID between 8 and 96 hourgdRIVM, 2020). Testingand
reporting delay influencehe time between infection and confirmation, and consequently eHect
spread of the virus. With a limiting testimgipacity, peopléaveto wait longer for a testwhichcan

limit the isolation of infectioupopulation and increase the number of infections.
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Number oftests

In Figure?1, we provide the number of tests peay. Data before 1 June was gathered from&maver
(Datagraver, 2020)Data after 1 June was gathered from fhetch central governmer(Rijksoverheid,
2020a) We observea gradual increase imumber of performed testsintil the middle of Octobemvith

a temporarydecreaséan the month NovemberThis decrease happened just after the second peak and
justbeforethe third peak We believe that reduction oinfected caseper day causethis temporary
decline in number of test3.he number of testper day in December is the highest of the whole period.

Development of number of tests per day
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Figure 21 Number of tests per day in the Netherlands

We conclude that thenumber of testdancreased significantly between March and Decemi®hen
the number of tests iMarchwould have been equal to the number of testdiacembeythe number
of corfirmed cases iMarchwould have been much highe®ince ve think there might exist a relation
between the number of tests on a day and the reproduction ragestudythisrelationin the statistical
analysis.Besides, we use the number of tests to deyel regression model for the number of
confirmed cases on aag in Section 4.3.

Differences between provinces

The place of residencaletermineshow fast one can be testedaccording to a podcast of NU.nl
published on 28 Julyorthern provinces lik®veijssel, Frieslandand Groningencanfulfil demand

at the same daybut in a southern provincée.g.Braban) the test has to be taken the next dayainly

due tohigher demandNU.nl, 2020h)Around that time the number of requesti the north of the
Netherlandswvas lower than in the Soutihis causetesting capacityto be insufficient innineregions.
When testirg capacitybegan to lackjt was lacking first at regions with the highest number of
infections. After some time the pressurecould be partlysolved when the regions with sufficient
capacity replaedtheir capaity to regions in need of more capac{ieenstra & Effting, 2020)esting
capacity within the whie countrybegan tobecomeinsufficientfrom the first week of September
(Dupuy, 202Q)0On 10 September, only four of hundred GGD locations had enough testing capacity, all
other locationsexperiencedpressureto deal with demandDifferences in testing capacity within the
Netherlands wilbnly be intuded in further analysis when we consider differences between provinces
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3.3 Measures to consider in the model

The Dutch government implemented several measures to control spread of the Mvugver, the

effect ofapplied measuress not fully understod. In our study we consider the measures facemasks
andselfquarantine, and the measures that express contact rate (i.e. school openings, catering service
openings, and event allowancé. Section 3.3.1, wetudythe effectivenesgacemask, and in Seain

3.3.2 we identify the effectiveness of seffiarantine.In Section 3.3.3we quantify the measures
school openings, catering services openings, event allowance, and facemasks, to belatdentine

their impact an the effective reproduction ratein the next chapter We assume the measure self
guarantine to have a constant value in our model.

3.31 Facemasks

In Chapter 1 we found that the virus spreads primarily via aerosols and respiratory droplets.
Respiratory doplets are more commdwy causing spreadccording to the WHO. These droplets can
spread when an infected person sneezes or coughs. Facemasks do not prevent an individual from
getting infected but might prevent an infected person from spreading the vikliearing facemasks
everywhere outside isot considered to prevent spread. Yet in public transport it might be hard to
keep 1.5 meters distance. Therefore, the use of-noedical facemasks became mandatory in public
transport on 1 June. Nemedical facemaskdo not satisfy the guidelines for usehealthcare, and

can therefore not be used there. Medical facemasks are mandatory in healthcare. We do not take
these into account in the model. Public transport was the only setting wheremexntical facemasks

were introduced until 20 September. AftérOctober, the government strongly urged people to wear

a facemask in public places. The advice to wear a facemask was already given in a press conference in
the middle of September in a few regions in bigger citiethe Netherlands. Two weeks thereafter

the prime minister changed that advice to a strong urge of wearing facemasks in all public places. On
1 December, facemasks became mandatory in all public spaces.

Since there is no strong evidenfor the working ofnon-medical facemasks, we test the et of this
measure with oursystem dynamicsodel. To be able to do this, we identify the relation between
wearing facemasks and the effective reproduction rate in the statistical analysis (Chapter 4).

3.32 Seltquarantine

When a person is infected oraits to be tested, the person has to stay at home until the disease is
gone or the outcome of the test is negative. Thisasure icalled seHguarantine. Selfjuarantine
reduces the probability that an infected person spreads the virus. This measeny isffective, since

it can reduce contact rate significantly. The reason for this is that the number of infectious people is
basedon the infectious period and the number of infections on a (RiM, 2020b)Shortening of the
(effective) infectious period can decrease the number of infectjmegple. Inour model, we assume

that confirmed infected cases can enter sglfarantine and nofconfirmed cases cannot. Whea
confirmed casdasentered selfquarantine, the case cannot infect another anymadiée indicate the
fraction of confirmed casesffectively entering selff dzt NI YAy S A GK  K&did |lj dz NI v
not find evidence for the effectiveness of sgliarantine in literature. Thereforaye initially assume

a proportion of 70% of the casésffectively)entering selfquarantinein our model This value might

have to be calibrated.
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3.33 Quantification of measures

The degree by whichchools and catemng services are openedvents are allowegdand facemasks are
implementedwill be quantifiedper day based on thalefinition of measuresn Table6. In Chapter 4
assignedraluesper dayare used tadentify the effect of school openings, catering serviopenings,
eventallowancesand facemasksn the effectivereproduction rate For examplethere is no contact
between people in schoolshenall schools are closedavhichcanaffect the reproduction rateln the
system dynamicsiodel wecanchange valuesf measuressuch that ware able tadentifythe impact
of adjustments in measuram spreadHistorical valuesf these measureare clarified in Appendi®,
with additional dates of implementation.

Table6 Joecification of values for measures

Measure Value  Definition ‘
Schools Normal education. Fully physical.

openings Mostly physical education / Most schools open.

Partially physical, partially non-physical education / Approx. half of schools opened.
Mostly non-physical education / most schools closed.

All schools closed / only online education.

All catering services normally opened.

All catering services normally opened with distancing measures.

All catering services opened, closing at 12 PM. With distancing measures
All catering services opened, closing at 10 PM. With distancing measures
All catering services closed.

All events allowed.

Some events cancelled.

Big events prohibited.

Events prohibited and gatherings with maximum number of people.

All events and gatherings are prohibited. No maximum

No facemasks.

Facemasks in public transport only.

Urge to wear facemasks.

Strong urge to wear facemasks in all public spaces.

Facemasks mandatory in all public spaces.

Catering
service
openings

Events
allowance

Facemasks

OB WNPFP OO B WDNERPOOBMWODNERPOORMWNDPRE
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3.4 The model

Compartment models in which individuals are passing through several stages of a disease are a
common way for epidemiology models base outbreak predictions gffior example thenumber of
infections The model of Kermack and McKendrick, thecalled SIRnodel, is awell-known
epidemiological modethat can be used to determine the number of infectioBxtensions of this

model are theSEIR anthe SEIIR modellhe SEIR includeslistinction between infectious and nen
infectious incubation periodand the SEIIR includes a distinction between infectious andnfeatious
incubation period and between asymptomatic and symptomatic cases.

3.4.1 The SIR model

This modedistinguishesusceptible, infected, and recovered peopl¢ha population. Thealifferential
equatiors for the susceptible, infected, and recovered population are expressed Wittand Y
respectively

oy roy
0 1 YO
Y 1O

O
O

¢NF YAAGAZ2Y NIGS&a 0S06SSy RATTFSNEBY iandthd irfedtiaus I NB
LIS NJ& 2 R . Fractibns™Wigkand'Y represent the fraction of suscéple, infected, and recovered
individualsrespectively(Peirlinck et al., 2020We assume the infectious period to be 9 days (see
Section 3.2) ad thus obtain a transition rate  -. To obtain thetransition ratef on dayohand
consequently the number of infections on a dayedividethe effective reproduction raté’ o with

the infectious periodA regression model foY o will be developedvith help of a multiple regression
analysis in Section 4t8 be able to expregs 0 .

Howeverin our modelwe want to include the fact that an individuainfected buthasnot yet entered
the infectious perd. This way we can obtain a more accurate prediction of the number of infections
in the case of COVAD®. The SEIRodelincludes this distinction.

3.4.2The SEIR model

A popular model tosimulatethe spread of COVHD9 is the SEIR moddlhis model adslan exposed
part of thepopulation to the SIR model, which is usafuk to the relatively long latency phase of the
disease With this modelwe can include the fact that infected cases are not ipetheir infectious
period. Thedifferential equation for ech compartments:

Y 1o

0 1 °Y®O

0 90 10
Y 10

Here te transition rate from exposed to infectioysexpressed witlthe inverseof the latent (pre
a@YLIi2Y!l GA OU , andStiRracion of exposed individuaBare alded (Peirlinck et al.,
2020) Yetan additional ex¢nsion is requireevhen we wanto be able to include differences between
asymptomatic and syptomatic caseswhich is included in the SEIIR madel
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3.4.3 The SEIIR model

As a fifth compartmentan asymptomatic populatiorcan beincluded to make a clear distinction
between symptomatic and asymptomatic casé&his was done ithe study of Peirlinckteal. (2020)
Thedifferential equation for each compartmeris.

~ 01
6 MO0 80
0 000 [0
D 000 1O
Y 10 10

In this model, he fraction of susceptible cases isided in symptomaticl( ) and asymptomaticl( ),
a distinction is made between contact rate of symptomatic cds@safnd contact rat®f asymptomatic
casesf( ), anda distinction is made betweethe infectious period of symptomatic sas( ) and
asymptomatic cases$ (). Thisleads to a total contact rafe and infectious raté :

01 0T

[ or or
3.4.4 Thesystem dynamicshodel
We will model the spread of COVID basedn the theories of the SEIR and the SEIIR model. In first
instance we determine the spread considerintpe same contact rate forsymptomatic and

asymptomatic caseand thus modespread with the SEIR modéi the sensitivity analysis veensider
differencesbetweensymptomatic and asymptomatcasesand model according to the SEIIR model
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3.5 Conclusion

Now we answer research questiait 2 KI & FF OG2N&E FyR YSI adzZNBa akKz2dzZ R

3.5.1 Factors

Factors thatwve studyin the literaure revieware: Incubation period, infectious period, reproduction
rate, fatality ratio, age, weather, contact rate, and testifidie diseas factors(incubation period,
infectious period, reproduction rate, case fatality rat@@nnot bechangel or confam in association
with other factors.The incubation period is estimated to be between 2 and 14 days with an average
of 5 to 6 daysThere imot enough information abouhe infectious perioget. In general it is assumed
that an infected person can infeother people when the infected person is showing symptoms.
However,there is evidence fopre-symptomatic transmissions, in one study even estimated to be a
proportion of 44% ofotal infections.We assume the duration of the infectious period dependshen
severity of the diseasé.he infectious period of asymptomatic cases is assurnddston average 6
days and the infectious period of symptomatic cagddsdays When assuming an asymptotita
fraction of 40%, this leads to an average infectious peoibdpproximately 9 days he reproduction
rate is the rate by which the virus spredtlindicates how many people are infected by one infected
person on averagelhe basic reproduction rates assumed to be.2 Thebasicreproduction rate is
influencedby external factors likgovernment measuredeading to an effective reproduction rate
The effective reproduction rateill be determined in Chapter. Zhe last disease factare studyis the
fatality ratio. The CFR is the ratio of confirmed cases tdhdeand is estimated to b@.9%. We use
the IFR to determinghe number of deathsn the system dynamicsodel, which is assumed to be
between 0.3% and 1.08md initially included as 0.9% inetlmodel

The ageof an individuainfluences the probability d infection, hospitalization and deathVe believe
provinces experienatdifferences in spreadhich arecaused by differeces inagedistribution.In the

first peak of infections, the number of hospitalizations and deaths was higher than in the secénd pea
At the same time, average age of confirmed cases was considerably lower in the secorfsirppdak

to the disease factors, age of individuadénot be influenced with government measurgsie impact

of agewill thus not beincluded in our model

The rext factor considered to influence spreatiCOVIEL9 is weatherValues of his factor cannot be
influenced with government measureslo express wather, we study thesub-factors temperature,
humidity and wind speedHigher temperature shows to have a rexng effect on spread according to
the literature review. The relation to spread of other factors is not clear from the literature sigly,
determminethe relation between spread and trsaib-factors of weathexvith help of statistical analysis

Next we sudy theeffect of contact rate ospread The goal of rast government measuresto reduce
contact rae, which makes it important to studgontact ratewhen studying the effect of measures.
We usesubfactors population densitygdoption of government masures andplacesof infectionto
expresscontact rate.Higher contact rateare observed in provinces withigher population density
Besiaks, contact rate increaseghen peopletake government measurekess seriousWe express the
extert by which peopleadopt government measures with staying home behaviour and traveling
behaviour. Places of infection we identify to be important for spreas sthools, catering services,
and events. Effestof these places of infectioare taken into account with the meases school
openings, catering services openings, and event allowance.

Next to contact rategffectsof testingarelarge.In periodswith low testing capacity (e.gr«dm February
to Jung, the number of confirmed cases was far less than the number oftedecaseswhen people
have to wait for a test in periodsith aninsufficient testing capacityt is mae likelythat isolation of
infectiouscasess limited This can increagbe number of infections even further
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3.5.2 Measures

In this study, we aasiderthe measuresschool openings, catering services openings, event allowance,
facemasks and sehlguarantine We quanify the measures school openings, catering services
openings, event allowancandfacemaskgper day withavalue 1, 2, 3, 4 and 5,ditating strictness of

the measurgsee Tabl®). Whenadjustingmeasuredater in this studythevalues of these sufactors
canbe tunedaccording to the specification of values in Tabldffectiveness of the measurselt
guarantine on spread is notear (yet). We assume the quarantine fraction, the fraction of confirmed
cases effectively entergnseltquarantine, to be 70%. This value might have to be calibretexbtain
actual spreagwhich we dan the next chapter.

3.5.3The system dynamicsodel

In first instancewe built aSEIR modemeaning that we do not differentiate between symptomatic
and asymptomatic cases. TBEIIR model will bapplied in the sensitivity analysighen differences
betweenasymptomatic and symptomatic infections are colesed
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4. Method

This chapter is especially important for the development of a reliable mbBist.the study design will
be outlinedin Section 4.1In Section 4.2ye estimate values of factonshen necessarandin Section
4.3, we identify relations between parameterswith help of statistical analysidn Section 4.4
parameter values areventuallycalibrated tomimic actual spread

4.1 Study design

We develop two regression modelsat we usen our system dynamics modéb obtain a model that

can predict spread of COMVID. One regression model expresses the effective reproduction rate and
the other expresses the number of confirmed cases on a day. The approach we use to develop the
regression models and the system dyriesmodel is provided iections 4.1.1 and 4.1r@spectively

4.1.1Developinghe regressiormodel

The aim of tls study is to predict the effect of factors and measures on spread of COVibDthe
Netherlands Factors that are tested for their relevance afe2 (i K S NJ (t&np&ati@eNaEngidity,
wind speed staying home behaviour, traveling behavioand testing capacity from Section 3.1
Measures that are tested for their relevance aehool openings, catering service openings, event
allowance, andfacemasksIn Figure22, a flow chart visualizes howe obtain relevant input
parameters which we do in Sgion 4.3

Section 4.2 Section 4.3 Do not include

Estimate values of Ty (EENTE factor/measure

the factor/measure ‘.Mt_h heipol ) in the model
statistical analysis

no

Are relations with Is there a
Are input values other factors and/or considerable relation
— determined in — measures — between —
literature review? yes determined in yes factor/measure and yes
literature review? spread of the virus?

Figure 22 Approach to identify relevant input parameters for the regression model

Factors and measureare considered to be relevant parameters when th&yow a statistically
significant relation to theffectivereproduction rate Togethertheserelevant parameters are used to
predict the effective reproduction ratevith a regression modelNext to the reproduction rate, we
develop a regression modér the number of confirmed cases per day. This will be done with the
number of testsand the number of infected cases aday.

4.1.2Developing and calibratinge system dynamicsiodel

With the regression models fohe effective reproduction rate and the number of confirmed cases on
a day, we are able to develop tlsgstem dynamiceodelin Section 4.4Next tothe relevant factors
and measures iithese regressiormodels disease factors have to be implemented in #yestem
dynamicsnodel.We use fixed input values fdiseasdactors(i.e.incubation period, infectious period,
basicreproduction rate,andfatality ratio), based on stimatesfrom the literature revew. These values
will eventually be calibratetb mimic spreadBesides the disease factors, tingial number of infected
casesandquarantine fractiormight have to be calibratkto obtain actual spreadn Figure23, a flow
chart visualizes thapproach we apply to calibrate parameters
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. Section 4.4
Section 4.2 Calibrate

Estimate values of
value of
the factor/measure
factor
no I I yes

Simulate outcome

Are input values with the identified Calibration of
— determined in values and —_— values —p
literature review? yes compare to necessary? no

historical outcome

Figure 23 Approach to calibrate values of input parameters in the system dynamics model

Beforewe can calibrate the modglve have to know the values of indicators for the simulated period.
Indicators serve asutput of the model,they indicate severity of the pandemim Section 4.4, we
provide actual values of indicators on 31 Novemlsimce values until 31 November are used to train
the model.After calibrationwe still have to validate the modbkfore we can use itThis wil be done

in Chapter 5 with help of data from 1 December until 31 December.

4.2 Estimanhgvalues of factors

Values of the factorsincubation period, infectious periodyasic reproduction ratefatality ratio,
temperature, humidity, wind speed, staying hwe behaviour, traveling behaviouand number of

tests and of the measures school openings, catering service openings, event allowance, and facemasks
have been determined ithe literature review Input valuesof these paraneters are provided iffable

14. Onlythe effectivereproduction ratehasto be estimated

4.2.1 Estimating the effective reproduction rate

The relation between theeffective reproduction rate’Y 0 and all relevantparameterswill be
determined in Section 4.@ith help of multipk linear regressionYet before we caidentify these
relations we have to calculate thactual'Y ¢, to be able to compare the outcome of our model to
the actual reproduction ratéWe refer to thecalculated effective reproduction rate &s 0.

Historical values ofthe effective reproduction ratewill be calculated with the number of
hospitalizations or confirmed cases per daym 27 February until 3December’Y 0 is
calculated in R ith the function est.RO.TDThisis an implementation of the method provided by
Walllinga &TeunigWallinga & Teunis, 2004he method estimates the time dependent reproduction
number, together with a confidence intgal. Before we caruse this function, we have to make
assumptions about the mean generation interval for CGMD The mean generation interval
representsthe averagé A YS 0SG6SSy (GKS AYyFSOUGSR LISNE2YQa TFANE
for the person who infected themThe mean of this interval is approximatéigaysaccording to the
RIVM(RIVM, 2020e)Since the RIVM does not provide estimate for the standard deviation, we
assume thestandard deviatiorof the generation intrvalto be 3 days(Knigh & Mishra, 2020) This
means thatwe assume a gamragdistribution for the generation intervalith a mean o# days and a
standard deviation of 8aysin this function Avisualization ofY o hfrom 20 February until
31 Novenber, is povided in AppendiE, based on the number of infections and the number of
hospitalizations respectivelyWe observe that the confidence interval gf 0 based orthe
number of hospitalizations is larger than thenfidence intervabased on the numberfoconfirmed
casesWe expect thioobservation dnce incidence ohospitalizationsapproaches zero around June
and is much lower thathe incidence of confirmed case#/hen developing the regression model of

'Y 0 in Section 4.3we useY 0 based on the number of hospitalizatiobsfore 1 June
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and’Y 0 based onthe number of confirmed cases after 1 Juagactual’Y o . When
calibrating thesysem dynamicsnodel, we test whether this choice might have toreeonsidered.

We calculate’Y 0 for each day until 1 Junieased onthe number ofhospitalizationgper
dayandY 0 for each dg thereafterbased orthe number of confirmedasesWe o this
to increase reliability 6% 0, because the number of hospitalizationss venjow after the first peak
of infections and before 1 June not every infected person was allowed to texltdshis can causa
distorted approximation of theactual’Y ¢ . Tobe able todetermine’Y 0 based onthe
number of hospitalizationsye have to knowthe day of infection ohospitalizedcasesWe assume
thisto be 10 days beforénospitalizationincludingan incubation period db days testingand reporting
delay of2 days andatime between symptom onset and hospitalization of 3 d&y@r the confirmed
cases we estimate the day of infection to bdays before cofirmation, including an incubation pexo
of 5 daysand atesting delayplusreporting delay of 2 daysVe observe in Figuredzhat these delays
provide a goodfit when comparingY 0 to'Y o0 of the RIVM.Observed differences in
fluctuations are probably caused by differanput settings forthe functionest.R0.TDThe RIVM il
not publishthe exact assumptions they make when calculatihgd with this function(yet). Since we
do not have sufficient datto calculateY 0 after 31 November, our calculation stops there.

Reproduction rate RIVM versus calculated reproduction rate
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Figure24 Comparing the elculated reproduction rateo the reproduction rate of the RIVM

1 During calilbation we discovered thal 0 was tm high after the first peak. Consequently, we were
not able to obtain actual spread and had to upedY 0 . Instead of using the average valoé

Y 0, we now use the lower bound of 0 until 15 May. From 15 May until 1 June we use
the mean of the lower bound o¥ 0 and the average oY 0. Fom 1 June, we use the
mean value ofY 0 based on the number of hospitaations. This way we get a steeper decline of the
infectious population after the first peak and spread in our model comes closer to apteald.
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4.3 Statistical analysis

It is possiblethat not all factorswe studyin the literature review should be included in the model.
Some may not considerably influence spread and can be left out. Of key fantbrseasureghat are
influencing spread of thenus it should be clear how to include these in tegressiormodel.Whether
these parametersnfluence spread and to vt extert will be investigatedn this sectionTo do this,

we express thie effect on theeffective reproduction rate(Y 0 ) with help of a regression modéi
Section 4.3.3Next to'Y 0, we develop a regression model for the number of confirmed cases per
dayin Section 4.3, to be able to estimate the number of confirmed cases per day in oterays
dynamicanodel We provide the dataset we use and we explain the approach we dapmlgvelopthe
regression modalin Section 4.3.1 and Section 4.3A coding in R is provide in Appendix Q.

4.3.1 Datasetfor multiple linear regression

The datasetve useto esiimate effecs of factors and measures 6vi 0 consists oB813days of daa,
starting on ¥ February and ending onlNovember In AppendixF, a summary of the characteristics
of all factors and measuresan be foundFactors and measurdhat are tested on their relation to
Y 0 arerelative humidity, temperature, wind speedtayinghome behaviour, traveling behaviour,
school openings, catig service openings, event allowance, facemasksnumber of tests. Besides
these parameters, we test whether adding the averagjed of two and/or one week beforenproves
prediction accuracyThere remain 85 days of data after removing rows withissing data. Rows with
missing data are mainjue tounavailable data about number of tests per day before 9 March.

4.3.2 Developing a regssion model

With multiple linear regression we can identify the effect of each predictoa ogsponsein our case
onY 0 or on the number of confirmed casesWe can also check whether relations between
predictors factors and/or measuresexist. To identify relabns between predictors we insert
interaction terms in thaegressiormodel and compare thimmodelto the model without interaction
terms. This way we can determinthe added value ofncludng interaction termsfor prediction of
spread We also check whethexddingnon-linear variables mighimprove prediction ofthe spread.

Obtaininga multiple (non-)linear regression model
In the multiple linear regressiome assumethe following formulavhere is the respnse andv are
the predictors

G F Te Ta E o o

Quantifying theresponsewith help of multiple variables known to be a regression problem. Multiple
linear regression is a relatively simpkt yseful method to determine theesponseThe formula above
is a linear model that provides an approximation of reality. In this formula, all predidioese
considered to have a linear effect dnDue to the rough estimations @bmeparameters(e.g.school
openings) we have to acept the fact that it is not possible to reproduce the r&alo and number
of confirmed casesising linear regressioriThe term™ refers to a random error othwhich is
independent of the rest of the formuland has a mean of zero. Coefficientis the average effect on
@ when & increaseswith one unit. Non-linear variablesare addedto the regression formuldy

changingi® to & , where"Gndicates the power. For example, the sgei@oot of a variablenakes®
turn into @ . Interaction termsare addedo the regression formulay multiplyingone or mored Q a ®

2 Note: After some modelling we excludéhe number of tests as predictor for the effective reproductioteta
because we are not able to explain the large positive effect this predictor shows. This means that we only use
number of tests as predictor in the geession model of the number of confirmed cases.
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Multiple linear regression can be used to determine the effect of allligters in the model. Yet, we
first need toidentify the parametersthat add predictive value. Tine exist various methagito select
relevant parametersTo obtainrelevant parameters fotY o, we apply thebackwardregression
method. The backvard regressiormethod automatically elects predictors that are considered to be
important for the model. The method starts with a model that includ#predictors and ondoy-one
removespredictorsfrom the model. The method stops when some stopping criteri@ached. We do
thisin Rwith the function stepAlC Thismethod keeps minimizing theer step AlGvalue to develop a
final set of predictors for the desired response. The AIC (Akaike Information Criteria) quantifies the
amount of information that isemovedin each stepas it is an stimator of outof-sample prediction
error. For the regression modedf the number of confirmed cases, we do not apply backward
regression. This is because w@y have two predictorghe number of infections and the number of
tests on a dayto develop he regression model.

Assessing theuglity ofthe multiple linear regressiarutcomes

We express the statistical significance of the relation between a parameter (e.g. school openings) and
aresponseY 0 or number of confirmed cases) with help of thevalue.We consideparameterso

be statistially significant related to theesponsenvhen thep-value is below 0.0 The * in theoutcome

of a modelindicates the statistical significance of te@ | f dzS® | SNB dpvagiue €0.0&L[ I Y Ra&
GFF & pBRNHZE ¢ n Opdlst @G éf FRNBWILGRR. LS ®

We express thejuality of a regressionmodel with theadjustedY . The adjustedY indicates the
guality of the model vith a value between 0 and 1. The closer the value is to 1, the better the model.
This approach other than the reguldr adjusts for the number of variables in the model, because the
regular’y increases when moreariablesare addel (James, Witten, Hastie, & Tibshirani, 2008k

use the regulaly to determine’Y corrected for optimismin the next paagraph we will outline ha

we correctfor optimism

BesidesxpressingY hwe want the test error of our model to be as low as possibhes is important
to determinethe effect of using our formula on unseen data. We express the test errotthétmean
squared error (MSEKnowingthe test error is especially important whehe ratio of parameterp to
number of samples increases, which is the case for models that include-liv@ar variables and/or
interaction terms. In these models we expect that overfitting might plagle (James et al., 2013)

Validation of thenultiple linear regressioautcomes

We are aware that overfitting is a major problem in regression modg8teyerberg, 2009Y o justify
the quality and outcomesf our regressiormodelk, we validate the obtainethodelsin two ways. First
the quality of the regressionmodels will be corrected for optimism by performing bootstrdjne
bootstrap nmethod estimates the accuracy oféhmethod by running a certain method (in this case
backwardinear regression) multiple times with a different sample (Setmes et al., 2013Jheregular

Y and MSE after correcting for optimiswill be calleddcorrected’Y € and écorrected MSE We run
the backwardselection method 500 times to validate tlggality of our model. Thecorrected’Y and
corrected MSHEre provided in 4.3.3 and are used to compare quality of the models.

Second we testte effect of using different response on thénal regression model. We do this only
for the regression model 6 0, because in this model we do not know which predictors add value
for prediction of spreadTo validatethe regression model 6% o, wetest the quality of the model
with the predictos included inY o andthe number of hospitalizations or number of deaths as
responseValidation is performed with these two responses, because the effective reproduction rate
determinesthe number of infections and consequently the number of hosp##itns and deaths in

our model.This validation will be done in Section 4.3.5.
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4.3.3Regression moddbr the effective reproduction rate
In this section, we first discuss the effect of keguredictorin AppendixF on Y 0 individually.
Thereafter weobtainthe regression model with multiple linear regression.

Effect ofindividualpredictorson the effective reproduction rate

In Table7 and 8, the normalized effects of all predictors can be found in linear forra. pvovide
normalized effects to be able to compare the effect of each predictor on the effective reproduction
rate more easilyThe estimate in the table indicates the value of thefficient! , and the standard
error indicateghe standard errorells us the gerage amount that this estimaferf differs from the
actual value of (James et al., 2013y hus the higher the standard error, the worse #mxuracy of

the estimate bri . Belowwe shortly discuss the effects of all predictseparately.

Table7 Estimated effects ol linearregression mdel (normalized)

Predictor Estimate Std. Error p-value
Intercept 1.233 0.140 2.40e-16 ***
Humidity 0.062 0.061 0.311
Average temperature -0.319 0.077 4.90e-05 *+*
Wind speed -0.003 0.047 0.944
Staying home behaviour | g g52 0.105 2.29e-09 ***
Traveling behaviour 0.469 0.152 0.002 **
School openings 0.269 0.058 6.88e-06 ***
Catering services 0.086 0.079 0.278

Event allowance -0.427 0.069 2.14e-09 ***
Facemasks 0.269 0.045 6.19e-09 ***

Table8 Estimated effects olil linearregression model with average reproduction rate & 2 weeks before (normalized)

Predictor Estimate Std. Error p-value
Intercept 0.198 0.146 0.177

R1 week 0.916 0.073 < 2e-16 ***
R2 weeks -0.102 0.044 0.021 *
Humidity -0.017 0.052 0.749
Average temperature -0.078 0.066 0.239
Wind speed -0.024 0.038 0.522
Staying home behaviour | g 369 0.091 7.26e-05 ***
Traveling behaviour -0.038 0.155 0.804
School openings 0.155 0.049 0.002 **
Catering services 0.202 0.064 0.002 **
Event allowance -0.112 0.082 0.170
Facemasks 0.133 0.038 0.001 ***
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In Table8, we showthe effect d including the average effective reproduction rate of both 1 and 2
weeks before as an additional predictéspecially the effective reproduction rate of 1 week before
captures a lot of information forthe regression modebecausdhe estimae for{ isrelatively high
We call this model théull linear modelof Y 0 . The linear model without these predictors
included(Table7?) is called thefull linear modelof Y 0 . In these two models, & question he
estimate off of predictorswhen thep-value isnot statistically significant>(0.01). As we can see, in
Y 0 thisis the case fohumidity, wind speedand catering servicepenings. ie estimates of

I for thesepredictors is relatively smallin Y 0, the p-value is higher than 0.0for the
predictors humidity, average temperature, wind speed, traveling behaviour, and catering service
openingsSince the effecvf manypredictors in thefull linear modelbf Y 0 isnot statistically
significant, we only discuss eftsmfthe predictors inY 0.

After the intercept, staying home behaviobas most effecton the effective reproduction ratan

Y 0 . When people stajnhome more often’Y 0 decreasesEvent allowance and traveling
behaviour show mostffect on the reproduction ratéhereafter. Stricter measures for the allowance
of events and less travelinmpth reduce’Y 0 . Also average temperature has a relatively large effect
on spread, where higher temperature leads to a lowero . Sricter measures foschool openings,
catering service openings afacemasks increas¥ 0 according to the regressin model The effect

of catering service openings is small and not statistically significant. We think the calsehfatr
caering services were closed for a long time, which might cause the model to have a hard time to
determine the effect of cateringervice openings. Thisould also be the case for the measure
facemasksFacemasks wei@nly implemented as a measure at thedeof the periodused to develop
the regression modelWe believe that both the effect of facemasks and school openimghe
regression modeére quite largeHumidityandwind speed havénhe lowest effect orlY 0 . Decreasing
humidity andincreasingvind speed leadlto adecrease ofY 0.

Regression modefor the effective reproduction rate

Above ve identiy the indvidual effect of predictors in the multiple linear regressislerewe apply
backward regression to remoyeedictors that add no or little predictive valfi®m the full regression
model First, we performbackward regression on the modelth all variades in linear formHereby

we studythe linearrelation betweenY 0 and theparametersin AppendixF. The resulting model is
OFtf SR (KS Setordyve pexdrny duRigd libedr regression with variables in linear and
nortinear form(e.g.i ‘@ ¢én Q¢ Q2@ OF £ f G KA A nvabmede oI KISAaa LR 8 § 2 LIS
multiple linear regression with interaction terms between variablageraction terms were included,
because we think that some parameters are sensitive for interaction with other paraméteis.
Y2RSt A& OF 06 SRy (i KSR fdiagrdps Wd only apply backward regression on
Y 0 . We identify whether addinthe averageY o of two and/or one week beforémproves
prediction accuracin the next paragraph.

Interaction termswe consider irthe backward regrssionare:

1 Humidity * Average temperature
Staying at home behaviour * Traveling behaviour * School openings
Staying at home behaviour * Traveling behaviour * Catering openings
Staying at home behaviour * Traveling behaviour * Event allowance
Staying ahome behaviour * Traveling behaviour * Facensask

=A =4 =4 =4
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Comparing the regression models

The outcomes of the backward regression for the linear model, interaction model, and polynomial
model can be found in AppendiX In the linear model, the backward regression method exddtice
predictor catering serviesopenings. But since we want to lable to expresshe effect ofcatering
services openingsve addthis predictor to the outcome of the backward regression modebm the
interaction model, we exclude predictors that are not statistically signifioglation {-value > 0.01).

In Appendx H, the histogramof residualsof the linear modelnd the interactiormodelare provided.
We observe the residuals to be approximately normal distributed around zero, meaning both models
indicate no nodinearity.

Theoutcomes for the quality of all three models is provided in tabM/@ observe thathe polynomial

modelshowsthe highest MSEWe think this is because the polynommbdelis overfitted. Meaning
the model can predicty o very well with currentdata, but notwith unseen dataThis would also
explain the high values o . Since we find it important to havelaw test error and theesidual plots

indicate no noHinearity, we exclude the polynomiahodel from further analysisThe MSE of the
interaction model is a little lower than the M®Ehe linear model The correctedY of the interaction

model is higher than the correctéd of the linear modelThis indicates thathe interaction model

provides a more accurate prediction'¥f 0 than the linear model.

Table9 Quality of regression modédiar the effective reproduan rate

Model | Adjusted { Corrected 4 Corrected MSE

Linear | 0.791 0.783 0.0197
Polynomial | 0.918 0.858 0.0319
Interaction | 0.882 0.849 0.0136

The final regression model for the effective reproduction rate

When wetest the interaction modeivith unseen datawe observe some strange effects. For example,
when setting traveling behaviour equal to traveling behaviour before the start of the panddmaic,
effectivereproduction rate fluctuates fromround 2.5 to around 0.8nd backn a few daysThe same

is observed when changing input values of other predictors in this model. Because of these effects, we
think the interaction model iverfitted. Theinteraction modelcan provide araccurate prediction

with the dataset we uséo build the mode]| but not forunseendata. The linear model does not show
these effects. For this reason, we use the linesgressionmodel to predict spread in theystem

dynamicsmodel.We refer to this model a¥ 0.

For the linear model, we testhether adding theaverageY o of 1 and/or 2 weeks befor&o the
backward regression modehproves prediction accuracWe refer to this model ay 0.In
Table 10 w observethat the quality of thdinearmodel improveswith the average’y 0 of 1 and/or
2 weeks beforéncluded The adjustedy , correctedY , and the MSE dinear’Y 0 all score
better after addingthese predicors.

Table10Quality of thelinear andaveraged linearegression moddbr the effective reproduction rate

Model | Adjusted{ | Corrected 4 Corrected
MSE
Y o | 0.791 0.783 0.0197
Y 0 | 0.869 0.864 0.0099
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We believethe reasorfor the quality of lineatY 0 to be higheristhat this regression model
providesless fluctuationgor the effective reproduction ratewhichmeanswe obtain a more averaged
development ofthe effedive reproduction rate The additional variablem Y 0 add extra
information to'Y 0 hsincethese variablesanidentify time-series information (e.ca recent trendn
Y 0).However, vhile'Y 0 is able to include recent trends i 0, we observe thathe
averageY o0 of 1 and 2 week beforein"Y 0 takea lot ofinformationthat isin"Y o
expressed with relevant factors measiresg-urthermore, vihen comparing the development of the
two regression models over time, we observe thyat 0 needs more time to briny 0 below
or above 1which we believe is caused by the additional predictors. Forréason, weconsider
Y 0 to provide abetter approximationof Y 0 on unseen dataand consequentlya
better prediction for'Y 0 in our system dynamics modelanY 0 . For this reasonwe use
Y 0 to express the effective reproduction ratln AppendixG, all predictors includechithis
model are providedwith their estimate forf , the standard error of the estimate for, and thep-
value. The predictocatering service openings doast showa statisticaly significarn relation to the
effective reproduction rate in this regression modéét we added this predictor to the linear backward
regression modebecausehis predictorexpresgsthe effect of a measurand we want to be able to
test the effect of all measures

The estimatesfor T in Appendix Gresult in the following regression modefor the effective
reproduction rate:
Y 0 p& ¢ mrpoAOACMCADAOAGRAAOCAEET PAEAOERGAOOAOARERQET OO
tePOAET DRT ETaTOpA A OAQADAD AT E e 0wl OAATG T x Aok
zEAAAT AOGEO
The normalized estimate for and the standard deviation of this estimadee providedn Tablell,
to give insight in the relative effect each predictor'¥no .

Tablell Normalized effectsfdahe final regression model for effective reproduction rate

Predictor Estimate Std. Error
Intercept 1.284 0.132
Average temperature -0.339 0.075
Staying home behaviour | g g63 0.098
Traveling behaviour 0.477 0.145
School openings 0.265 0.058
Catering services 0.085 0.079
Event allowance -0.434 0.068
Facemasks 0.286 0.041

Of the finalmodel, all VIF (Variance Inflation Factor) values are below 10. The VIFcaalassess
multi-collinearity withina regressiormodel In practice there typicallyexistsa small amount of
collinearity among predictors in a regression model. A VIF value that exceeds 5 or 10 indicates an
amount of collinearity that might be problemat{dameset al., 2013) Only staying home t&viour,
traveling behaviour and catering services openings have a VIF value alyetalbbelow 10in Section

4.3.5, wefurther validate this model by assessing the quality of this regression model with the number
of hospitalizations or deaths as resyse.
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4.34.Regression model for treumber of confirmed cases

In oursystem dynamiceodel, we have to estimate the number of confirmed cases. The humber of
confirmed cases highly depends on the number of infectimmd the number of tests per day. We
perform multiple linear regression to identify the relation between these three variables. We observe
a statistically significant relation betwedhe response number of confirmed cases per dagthe
predictors numberof tests per day and number of infians per day. For this reason, we develop a
formula that predics the number of confirmed cases on a daith help ofthe number of infected
cases and the number of teste aday.

The numberof infected caseper dayis unknown and has to bestimatedbefore we can develop
regression model for the number of confirmed casé& do this with dataf the number of infectious
casesln Figure 8, the number of infectious cases per day is visuali$ai figure originas from the
weekly updateof the RIVM(RIVM, 2020j)The dark purple line in the figure indicates the average
infectious casesand the light purple area indicates the lowencaupper bound of the nurmdr of
infectious casesThe number of infectious cases in this graph was determined with help of serological
information and the number of hospital admissions. We beligneinfectious population can provide

an accurate indicatio of the number of infectins when dividing the number of infectious cases on a
day with the infectious period.
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Figure B Development ofthe number ofnfectious caseper day according to thRIVM

Thecalculatedhumber of infected casgser day accordig to the approach abovs uncertairand can

be high. Thisneans the outcome of the linear regression model could become negatiea we use
different input values than the valuese useto train the regression modelFor this reasonwe
compare thelinear regression model with the number of confirmed cases on a day as response and
the linear model with the logarithm of the number of confirmed cases as a response. With the second
model, thepredictednumber of confirmed cases cannot become zero. Wivercompare thetwo
regressiommodels, ve observethe residuals in the residual pltd be more equally distributedn the

model with a logarithmic respongseeAppendixl). For this reason, we believe thdte model with a
logarithmic responsecan provié a more reliable outcome than the model wiblit logarithmic
response This means we obtain the following formula for the number of confirmed cases an day

wé t QQdnei Q% 8 ¢ 8 :
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In Table 2, the estimateff for the predictorsin this model can be foundogether with theirp-
value and the standard asr of the estimatedor?

Table P Estimated effects dhe resultingregressiormodelfor the number of anfirmed cases

Predictor Estimate Std. error Pr(>|t])

(Intercept) 4.860 0.056 < 2e-16 ***
Number of tests 4.740e-05 2.483e-06 < 2e-16 ***
Number of infected cases 1.329e-04 6.800e-06 < 2e-16 ***

4.35 Validation of the regression modet the effective reproduction rate

In Section 4.3.3, wapply bootstrap to validatethe quality, expressed irtest errorandY , for all
models In this section, we use the number of hospitalizations and number of deaths instead of the
effectivereproduction rate as responséo validate'Y 0 . We compare the correctety and
corrected MSE oY 0 tothe correctedY and corrected MSE&f the models for hospitalizations

and deaths.

In Table B, results ofall three modelsan be foundWe use ten days before hospitalization as day of
infection for the number of hospitalizatns and 21 days (three weeks) before death as day of infection
for the number of deathsThese assumptions are based on the development of the typical progress of
CQVID19 (see Figure 1).

Table B Quality of the validation regression models

Response | Adjusted 4 Corrected 4 Corrected MSE
Effective reproduction rate | 0.791 0.783 0.0197
Number of hospitalizations | 0.695 0.676 3139
Number of deaths | 0.752 0.745 388

Based on the results in Tabl8 Wwe believe thatY 0 isvalid, because w observe the model

for the number of hospitalized cases and the mofielthe number of deathdiave an adjustet¥ and
acorrectedY close to orabove 0.7. We believe these values are sufficient. The MSE of the model for
the number of hopitalizations and for the model of the number of deaths are a little high. However,
since we do not know the exact date of infection for hospitalizations and death consider these

test errors to be acceptable.
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4.4 The system dynamicsodel

In thissection we develop the system dynamics model we use to simudgtead of the vira. As input

for the system dynamics model wise the regression models for the effective reproduction rate and

the number of confirmed cases from Section,4&8dremainingparametersn Tablel4. Outputof the

system dynamics model is expressed witticatorsof spread As indicators we use the number of
infected cases, number of confirmed cases, number of hospitalized cases, humber of IC occupations,
and number of deathsBefore we can use the model, vigentify if and where calibration of input
values is necessaig Section 4.4.1. lcalibrate the model bgompaingactualvaluesto the outcome

of our model
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Figure 26 Visualization of system dynamics model in Vensim

In Figure B, a visualization of owsystem dynamicsodel, developed in Vensincan be found. This
model does not differentiate between symptomatic and asymptomatic gagbieh meanshe system
dynamics model is build according to the SEIR model from Sectiofif&4squares in the model
together hold all individalsin the populatbn, each squaréoldinga differentpart of the population
Individuals flowfrom one state to anothestate according to the transition rates in Section 3.4.2. Next
to the susceptible population, exposed population, infected populatmad, recovered poplation, we
distinguish(un-)confirmed population and died population. The {aonfirmed population consists of
infected individuals who have been tested améy consequently nabe infectious anymorewhen

the individual entered selfjuarantine. The diedhopulation consists infected cases who are not
infectious anymore and did not recover but die.
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4.4.1 Calibration of input parameters

We use actual values of the number of confirmed cases, number of hospitalized cases, number of IC
occuptions, and numbeof deathson 31 Novembeto determinewhether input parameters need to

be calibrated.Valuesare gathered from the RIVM and association NICE (National Intensive Care
Evaluation), angrovided in Table 8 (NICE, 2020; RIVM, 20208ctual values for thewumber of
infectedcases are natnownand thus not providedn Table 4, we provide calibrated values of input
parameters.

Calibrationvalues of parameters the system dynamicshodel

To be able to obtain an accurate prediction of spread,assumethe first casesn the Netherlands
have beeninfectedon 2 FebruaryWe useY 0 to determine the effective reproduction rate
starting from 27 Februarywhich is the day of the first confirmed camecordingto the RIVM Before
this day, we assume a baséproduction rate of 2.%before calibration.

Table % Initial and calibrated values of inpparametersfor the system dynamicsiodel

Parameter Values Value range Initial input value | Calibrated input value
Incubation Days 271 14 5.5 5
period

Infectious Days 61 15 9 6
period

Basic Numeric 0-5 25 3
reproduction

rate

Initial Numeric - 111 600
infected

Infection Numeric 0.1% 7 1.0% 0.9% 0.375%
fatality ratio

Quarantine Percentage 0% 1 100% 70% 52.5%
fraction

We observelte calibrated valuéor the incubation periodo bea little lower than the inital incubation

period, yet still in the range of the RIVMhélcalibratedinfectious periodsthree days lower tharthe

initial input value The number of infected cases onF&bruary is higher than initially assumed, just like

the basic reproduction ratélhe calibrated IFR is lower thdre initial input value, but still in the range

of Anderson, Heesterbeek, Klinkenberg & Hollingsworth (2020). The fraction of confirmed cases
effectively quarantined is lower than initially assum&de think the reason fothis is that infected

cases who are in quarantine have a hard time to not infect others in the same house. This assumption
can be confirmed by the fact that approximately 50ff6eported infection places is at honf&€able5).

Calibraion values of indidars inthe system dynamicsiodel

In Table b, we provide calibrated and actual values of indicatéstual values were gathered on 20
January and may have changed a little thereaftée observe that calibrated values for all indicators
in the tablecomeclose to the actual values on 31 November.

Table b Calibrated values and actual values of indicators

Confirmed Deaths Hospitalizations | IC occupations
Actual values 529,304 9,653 27,738 5,551
Calibrated values 529,719 9,583 27,548 5,510
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In Appendix], we provide thedevelopment of all indicatorafter calibration We observethat the
number of confirmed cases per d&y1,191at the highest point of the first pea&nd 10,453t the
highest point of the second peaRhese values come close to actwalues. For the number of
hospitalized cases, the number of IC occupations, andhtimber of deaths, the first peak is a little
lower than the second peak. Whereas in Section 2.2, we observe the firsop#adse indicators to

be once as high as the smud peak. This could indicate that the IFR and the hospitalizationimate
reality changedover time.Further discussion of the development of these indicators will be done in
Section 5.1, where we validatair system dynamics model.

Considering the calibted values of our model are quite aligned with actual values, the actual total
number of infected cases seegto be highly underestimatedn Section 4.3, we estimate the number

of infected cases with help of the number of infectious ca3é®re we obsrve that the number of
infectiouscases per day during the first and the secondkpsaimilar(seeFigure %). Consequently

we believe the number of infected cases in the first and second peak are samilaell The total
number of infected cases 08l Novemberis 1,814,638based on datdn this figure,whereasthe
calibrated total number oinfected cases in ounodelis much highe(3,006,600)

4.5 Conclusion
b2¢é 6S I yaes SN NBEHOS to MEuke the dey tadioksnytl mea¥ured in the nidde

In this chapter, we develop thgystem dynamicsnodel that will be used to simulate policies the

next chapter As fixed input parameters we use the incubation period, infectious period, basic
reproduction rate, fatality ratio, initial number of efted cases, and the quarantine fraction. These
factors are equired to mimic spreadandare eventuallycalibrated in Section 4.4Nhether other
factors(temperature, humidity, wind speed, adoption of government measures, and testing cgpacity
add predicive value for our modes determinel with the backwardregressiormethod, since it is not
clear yet whether these factoffect spread considerahl¥ractors and measures that add predictive
value are included in a regression model that predicts the @ffeceproduction rateThe factors that
remain after backward regression are temperature and adoption of government measures (staying
home behaviour and traveling behavioujl measures (school openings, caterings services openings,
event allowance, anthcemasks) are included the mode) becausave want to express the effect of
measures on spreath the statistical analysis, ve®mparea linear, polynomial, and interaction mogdlel

to see which one providethe most accurate and reliable predictiofihe first modelincluding only
parameters(factors and measuresh linear form the second considering ndimear parameters as
well, and the last considering relatishetween parameters by adding interaction terms to the linear
model. The polynomial and le interaction modelshow better qualitythan the linear modeblith a
higheradjustedY andcorrectedY , and theinteraction model alsshowsthe lowestcorrectedMSE
(test error) of all modelsYetboth the polynomial and interaction model are considered to be overfit,
andare thusnot used in our system dynamics modehis remais’Y 0 to predict the effective
reproduction rate and consequently the number of infected cases on adaypredict he number of
confirmed cases on day with tlegressiormodela ¢ ¢ "QQiwé N @ with help of thenumber of tests

and the number of infected cases on a day.

With all input above wedevelopthe system dynamics modéh Section 4.4according to the SEIR
model Calibrated input values of parameters are provided in TaBleahd @librated values of
indicators in Table 3. We observe thabbtained valuedor the number ofconfirmed cases, deaths,
hospitalized cases, and IC occupatiemsour model are close to actual values on 31 November.
Remarkably, the total number of infected cases is much higher #stimated in Section 4.3.4.
Whereaswe estimate 1,814,638 infectedses, the calibratedumber of infected cases 3,006,600.
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5. Results
In this chapter, we simulatemultiple policiesto prevent spread of the virugn Section 5.1, wéirst
validate oursystem dynamicsnodel In Section 5.2, weutline the policiesthat are consideredand
provide necessary information about the setup of segoliciesin the system dynamicsodel. We
provide the results of appoliciesin Section 5.3and in Section 5.4 weerform a sensitivity analysis to
test the robustness of ounodel.

5.1 Validation of the model

Before wesimulate spread for afolicies we validate ousystem dynamicmodel to make sur¢hat
outcomes are valid. Waseinput data from1 Decemberuntil 31 Decembeto simulate spreadvith

our model and v& comparehe outtomesof the effective reproduction rate, the infectious population,

the number of confirmed cases, the number of hospitalized cases, the number of IC occupations, and
the number of deatbto the actualspread in Decembe¥We compare the infectiousopulation instead

of the number of infected cases, because the RIVM provides estimates for the infectious population
per day(see Figure 2.

5.1.1 Comparindevelopment of thesffective reprauction rate

In Figure27, we visualize the development &f 0 from the system dynamicsodel andthe
development of thelower bound, upper bound, and averagé 0 . We observe thathe
development ofY 0 is similar to thedevelopment ofthe average value o¥ 0.

Effective reproduction rate
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Figure 27Effective repoduction ratefrom the system dynamics model and calculated effective reproduction rate

Remarkably,the highest observed value folY 0 after implementation ofthe first
government measureis 1.53, while thénighest observed value foy 0 is 126. The minimum
value is 40 for 'Y 0 and 0.44for 'Y 0 . Further we observe thaty o
sometimesexceeds the lower or upper bourd"Y 0, especiallyowardsthe end when the
confidence interval becomes small@hese observationsndicate thatyY 0 has a hard time to
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provide outlier8The development of tisregression model shows less peaks than 0.We
think these differences might be caused by the input valinesg are used foour regression model

Y 0. InY 0, input values charg less per daycompared to input values of
Y 0 . For examplecatering services might be closed for a Ipegiod, whereaghe number
of hospitalizer confirmedcasesthe input values fory 0 fehange every dayUnless these
differences influctuations we believethe approximatiors of the effective reproduction ratenade

with 'Y 0 arevalidand canbe used for modelling thpoliciesin Section 5.2.

5.12 Comparing development of thefectious population

In Figure28, we compare the development of the infectious population from our system dynamics
model with the development of the infectious population estimated by the R(RWM 2020b) We
observe that before 1 Junethe infectious populatiorfrom our modellies between the lower and
upper bound estimated by the RIVBesides, observed valugsm our modelin the first and second
peak are close to the average infectious popiglatestimated by the RIVM.
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Figure 28nfectious population from the system dynamics model and estimated infectious population by RIVI

Fom 1 June, we observe that the infectious population starts to increase earlier than the estimates of

the RIVM. This indicates thtite value ofY 0 we use after June might be a little too high.
Since we us&’ 0 based on the number of confirmed cases to train our regression model
Y 0 after 1 June, our calculatiasf Y 0 might deviate a little from actua¥f o .0On

1 JuneY 0 lies around the upper bound of 0 . On this date, some measures were

softened by the governmentinless the differenceuringthe startof the second peakhe infectious
period in our modeét the highest point of the second peclose to the estimate ahe RIVM After

the second peak, we see a decliokthe infectious populationwithin the bounds until around 6
DecemberAccordingo RIVMestimates, thesize of theinfectious population starts to increase again
around 6 December and decrease just after the implementation of lockdown measures on 15
DecemberThe infectious population from our sinhation does not increasaround 6 Decembelput
decreases from there
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Since’Y 0 has asignificanteffect on thesize of theinfectious population, we thinklifferences
observedbetweenY 0 and’Y 0 in Section 5.1.tause tke difference in observed
and actualinfectious populationWhen boking to'Y 0 and’Y O in Figure Z, we
see that the height of 'Y 0 around the end of Novemberis a little higher than
Y 0 hand declines to a somewhat lower point th&h 0 in the middle of December.

5.1.3 Comparinglevelopment of theaumber of confirmed cases per day

In Figure29, the development of the number of confirmed cases from our model is compared to the
actual number of confirmed casebhe development of the actual numberadnfirmedcases per day
issimilar to the observed numbeif gonfirmed cases in owystem dynaritcsmodel.
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Figure 29The number of confirmed cases from the systemadyos model and actualumber of confirmed cases

We observe lie first confirmedcase orthe same day, but the first peadccurs a littleearlier in our
system dynamicmodel. When we vanthe incubation periodo try to obtain a later peak, thidoes
not lead toan earlier peak. For this reas, we believe tle small difference in start of peaksrist
caused by aeviation between theactual incubation period and the incubation period we use in our
model, which seems an obvious caud¥e thinkthe actual case to bea small difference between
Y 0 and the actual reproduction ratebecausewne observein Section 5.1.2 thay 0
hasabig impact on the infectious populati@ndin Section 5.1.We observehat'Y 0 deviates

a little from the averagé&y 0 . Unless theesmalldifferences between the actual confirmed
cases and the confirmed cases from our mo#etbelieveour model can provide a valid estimaterf
the number ofcorfirmed caseser day

5.14 Comparinglevelopment of theaumber of hospitalized cases al@occupationper day

In Figure30 and 31, the development of the number of hospitalized cases per day and the number of
IC occupations per day from our model are compared to the actalaks.Whereas theobserved
number of confirmed cases per dayour system dynamicenodel doesnot deviatea lot from actual
values,there exists a considerablgifference between thelevelopment of theobserved number of
hospitalizatios and IC occupatitsin our model and the actual numb&iWe observe the first peak

of these indicatorgrom our modelare aboutonce as low as actual values in the first peak.
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Hospitalized cases per day
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Figure 30Number of hospitalized cases from the system dynamics modelcinal number of hospitalizezhses
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Figure 3INumber of IC occupations from the system dynamics model and actual number of IC occupations

The number of hospitalizations and IC occupations on adagetermined byhe number ofinfected
cases and the hospitalization rat&he number of infected cases follows frothe infectious
population.The height othe first and second peatif the infectious populatiorare within the range
of the RIVMSection 5.1.p For this reasonwe beleve that differences iactual and observegeaks

of hospitalizations and IC occupaticsr® not caused by a wrong estimate of the number of infected
cases, bumainlybya change in hospitalization rate. In aystem dynamicsodel we assume a fixed
hogpitalization rateof approximately 0.8%rom the number ofinfected cases and 5.5%om the
numbe of confirmed casesWe thinkthe hospitalizationrate might have considerably decreased
between the first and second peakihereas the heights of the firshd second peak of the infectious
populations lie within the range of the RIVM, the second pstakis earlier than the actual peakVe
observethe samefor the development of thenumber of hospitalizations and the number of IC
occupations per dayTherefoe we believea difference in the infectious populatide be the main
cause for an earlier stadf the second peak fahe number ofhospitalizations andthe number ofiC
occupationger day
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5.15 Comparing development of the numbermfmber of deaths gr day

In Figure32, the development of the number of deaths per day from our model is compared to the
actual development of the number of deathihe development of the number of deaths per depm

our modeldiffers from the actual development. We adase the first peako be around once as low

as actual values in the first peak, similamotar observatiorfor the number of hospitalizations and IC
occupations per day.
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Figure 32 Number of deaths from the system dynamics model and actual nunuestio$

The number of deaths per day follows from the number of infected cases and tf&ihERwe observe

in Setion 5.1.2 thesize of theinfectious population in the first and second pdakbe quite accurate,

we thinkthe difference between the actual and simulated development of the number of deaths is
causedoy a decrease in IFR betwedmretfirst and the secahpeak Next to that we believe the second
peak ofthe number of deaths per day to start earlier due to an early increase of the infectious
population similar to the hospitalizations and IC occupations

5.16 Comparing the outcomed indicators

Accordng to data from the RIVM and from association NICE, there are 808,906 confirmed cases,
11,627 deaths, 34,833 hospitalized cases, and 6,748 IC occupations on 31 De@¢iGBer2020;
RIVM, 2020f)For all indicatordut the number of infected casesaluesfrom our system dynamics
model are somewhat lower than actual valuggeTable 16). For the number of infected cases there

is no data available.

Table b Validationand actual values of indicators on 31 December

Infected Confirmed Deaths Hospitalizations | IC occupations
Actual values - 808,906 11,627 34,833 6,748
Validated values 3,437,300 790,411 11,614 32,557 6,511

We observe in Table6lthat observed values our modelare close to actual valudsr all indicators
The number of hospitalized cases deviates reldyitke maost from the actual value on 31 December
which we thinkismainly caused by ehange irhospitalization rate.
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While actual values on 31 December come close to values from our model, the infectious population,
number of deaths, number of hospitalizationsdatme number of IC occupations per dalyshow an
earlier start of the second peakan observed in realityFor he number of deaths, hospitalizations
and IC occupations we believe this earlier start compensates for the factahas irthe first peakis

lower than the actual observed values in the first pe&lonsequentlycalibrated valueson 31
Novemberare quie accurae, but smallifferences between observed values and actual values on 31
Decembercan be observedConcludingwe believethe appraximationrs madewith our modelare
sufficient to be used for modelling theoliciesin Section 5.2but we have to &ep in mind the
difference in development of the number of hospitalizations, IC occupations, and dedi&is
evaluating performance of pol&s.
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5.2 Policies

According to Red Tearan independent group of experts that aims to prevent and fight CQ9I
the Netherlandsthere exist roughly four strategies to prevent a virus from spreadingsd$ieategies
area52 yY20KAY 3¢ XNOANEE X G VRYhHD ek bédt forpdble hedlth,
healthcare, and economy depends on the characteristics of the (RedTeam, 2020 Section 5.3,
we test the effect of proposed strategiesf Red Team in the case of COMEDWe do this by defining
policiesthat determinethe measures implementeih each strategyand to what extentBesides these
policies we test the effect of the measure facemasks and of testing capacity on sphéadhortly
explainall policiesand thepolicythat was chosen by the Dutgovernmenin Section 5.2.1ln Section
5.2.2 and Section 5.2.3enprovide necessary information about how we model fodicies

5.2.1 Thepoliciesto prevent spread

As we mention above, we considie following siypolicies
1) 52 y20KAY3) halthevitus movefedyy ¢
2) alAlA3ar A2y odaaAiidAdl A Sstoacerthi®ax8ilLIi OANDdzZ I GA2Y
3) / dZNDAY 3 O6ALYRIYYSy£0oY {GNARGS F2NJ I a tAGGES A\
4) 9FfAYAYIFGA2Y 64! AGNRBSASY£0Y al 1S GKS @ANHzA RA:
5) Faemasks
6) Testing capacity

The frst policy, doing nothingjs not realistic for COVADO. When the government would do nothing

to prevent spread, we would have experiencethjor damage to public health, healthcare, and
economy.ln the secondpolicy, mitigation, the main goal is to devgdcherd immunity. Howevetthis
strategy is stubborn in practice sinités not(yet) clear how many peopldevelopimmunity and for
how long immunity lastaWith the third policy, curbing, it is acceptable to have an outbreww and
then, but it is not acepted to let the outbreak become uncontrollable. This means that infected
individuabwill be identified by quick testing and-depth sourceand contact investigation. Thislicy
requiresstrict signal valueand sufficiat testing capacityln some ountries (e.g. China, Japan) this
strategyhas been provesuccessful. Yet in Eurephis might require an approach where countries
work together due to the high contact rate between European countriesfdimth policyeliminates

the virus. The feasibility of this approach for COWslow in a short amount of timgsince it requires
world-wide cooperation.Next to the strategies proposed by Red Team, we test whether the
implementation of facemasks is valuable to prevemtesd, and whether the number of tests on day
has effect on spread.

The policy that was chosen by the Dutch govatSy i A a OFfft SR aYFEAYIE O
O2 y i NERf Spakycantbesednrag amix pblicies2 and 3.The main focus of the governemt
is to protect peoplevho are vulnerable and prevent healthcare from overloadiRgdTeam, 2020)

5.22 Modellingthe policiesto deal with spread dhe virus
Here we explain how we model tipeoposedpolicies with our system dynamics model.each policy
we start implemating measures on 15 March just likereality.

Policyl: Doing nothing

With this policy no actions aré¢aken to prevent spread and values for all input parametersain 1
the entire period This means that no facemask measures were implemenésl .uselow testing
capacityin this policy. "luesused forlow testing capacityare providedper datein Appendk K
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Policy2: Mitigation

With this policy we use the number of IC occupations and hospital admissions on a day as a guideline
to identify the measures to implement Since the Dutch government uses hospital admissions and
overload of IC occupations as a guideline to idemtiBasures we think thispolicy comes closest to

the policythat is applied in the Netherlands.

In thispolicy, wedetermine hput values of theneasures school openings, catering services openings,
event allowance, and the factors staying home behaviour and traveling behaviour batiesl signal
values in Table7l and weuseinput valuedor these measuresom Table 16. Howhese valuesxacty

will be used iexplainedin Section 5.2.3For facemasks and testing capacity we assume the same
values as were actually implemented. In Appengdixe providethe input valuesf this policy used in

the system dynamicenodel per date As can be seen,evstart implementing lockdown measures on
15 March just like in realityVe do this to be able to better compatigis policy to the actual policy

Policy3: Curbing

The Red Team denotes that the lesson learnt from countiiee have succssfully implementd
curbingas policyusethe number of confirmed cases as a guideline. The advantage of the number of
confirmed cases as indicator to determine the policy is that this indicator indicates a change or trend
in spread earlier than for examthe number othospitalizations The dravback is that it takes a lot

of time, money, and energy to successfully implement, due to the high testing capacity and strict
follow-up of infected cases that is required. For this reasamusethe number of corifmed caseper

dayas indicator for whemo implement softer or harder measur@sthis policy

Similar to the mitigationpolicy, we determine parameter input values of the measures school
openings, catering services openings, event allowance, and thergastaying home behaviour and
travelingbehaviour based on signal values in Tal8gdnd weuseinput values from Table7l For
curbing this will also be explainednmore depth in Section 5.2.3%ince curbing requires a high testing
capacity to quicklyidentify infected cases, wsimulate this policy with a high number of tests
(specification of number of testger date inAppendixK). Besides, we use the same values for the
measure facemasks as actually implemented. In Appdnéir providethe inputvaluesof this policy
for the system dynanics model per date Similar to the mitigation policy, we start implementing
lockdown measures on 15 March just like in reality.

Policy4: Elimination

With this policy weimplement the strictest input values fotlaneasures, meaninigput values of all
measures ard. We assume thatvearingfacemaskss strongly urged in the first montfinput value

4), from 12 March to 12 Apriend mandatorythereatfter (input value 5) Testing capacity is set high,

to help quicktracking of infected cases. In practice this would mean that lockdown measures are
implementedin the entire period.

Policy5: Wearing facemasks

With this policywe test what happens when wearing facemasks isdasory in the entire periocand

when facenasks are not implemented at all. For the first, we assume a strong urge for wearing
facemasks in the first month and mandatory wearing of facemasks theres¥&do this because in
reality it took some time to makwearing facemasks mandatory, due to goweent regulationsThe
values of all other parameters remain the sameraeality.

Policy6: Testing capacity

With this policywe test the effect ofow testing capacityand of high testing capacityn spreadWith

a low testing capacity, the number tafsts per week remains low in the whole simulated period. With
a high testing capacity, the number of tests per week quickly becdmggsinput values of all other
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parameters remain the same as reality. In AppendixL, development of values for the nurer of
testsis providedper week Here we distinguishctual testing capacity, low testing capacity, and high
testing capacity.

An important parameter that influences the outcome of tpislicyis the fractionof confirmed cases
that enters quarantine. Aigher quarantine fraction meamore confirmed casei selfquarantine.
We keep thequarantine fraction the samehen modelling this policyin the sensitivity analysis we
consider changes in the quarantimadtion.

5.23 Input values fomitigation and curbingpolicy

In the previous sectionve mention that mitigation acts according to signal values of the number of
hospital admission and IC occupations and curkdngording to signal values of the number of
confirmed casedn this section we explaimw we modethese policiesn the system dynamics model.

Parameter values per risk level

In order to model themitigation and curbing policproposed by Red Team, we use the route map
OaNRdz8 8§11 RPF NI KS 5 dRijdeverzr, A®R04yh¥ Buychi government uses this route

map to determine what measures to apply. This route map consists of five risk levelsrishdsecls

indicate the measures that are implemented Iwtgovernment when spread of the virus is in a certain

state. The five risk levels amf S NI 6 & 2 lafl I NM A WZ 0 EBWA RBA{ A0SPENG/>A (0 A 3
ASNR 2dza 0 & »%S&kdbws.MITablé & B establish tifefvalues each measure shoulteha

per risk level. This is in accordance with the values per risk level in the route map of the Dutch
governmentand the parameter values in Talie

Table ¥ Parameter values of measures per teskel

Before first | Alert Alarming Serious Very Lockdown
measures serious
School 1 2 2 3 4 5
openings
Catering 1 2 3 4 5 5
service
openings
Event 1 1 2 3 4 5
allowance
Traveling 1 0.5 0.5 0.3 0.3 0.2
behaviour
Staying home | 0 4.5% 4.5% 9% 13.5% 18%
behaviour

Values for traveling behaviour and staying homéaeour are not in the route map. The valugs
establish for these parameters are approximations, based on observed values from the past. The
average values of staying home behaviour range fooim 184 as we observe in Figuid. Since we

do not observea clear pattern in the pador the serious, very serious and lockdown risk leved
assume a linear increase in staying home behaviour when going one risk level to the right. This way,
the percentage of people staying home increases wi%dwhen weapply stricter measures (ongsk

level to the righ} and decreasavith 4.5%when weapply softer measure(e risk level to the lejt

We do doservesimilarvalues in the past for the alert and alarming risk level. For this reason, we
assume the same perntage of people staying home in the alert and the alarming level.
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For traveling behaviour we observe a pattern in the past (see FRf)rdBefore any mesures were
implemented, traveling behaviour is 1 (baseline). During the first and second lockd@weling
behaviour approaches 0. other risk levels, valuax traveling behaviouvary between 0.5 and 0.3.

Indicator signal values per risk level
Beddes the measures that have to be implemented in each risk level, the values that indicators are

allowed to take in each risk level are determined by the Dutch government. The®dsb f S R
LNRe@dsiie Bhateasures lord & I@vemor higherisk level can only
be implementedwhen measuresf the current risk levedre implemented for at least two weeks. We

gl f dzSaé¢ | NB

do this, because effects of adjusted measures are not immediately visible.

Table B Signal values of indicators pesk level

Alert Alarming Serious Very Lockdown
serious
Number of | <1,218 p/d | 1,218 i | 3,654 T | 6,264 i | >8,700 p/d
confirmed cases (< 7 wper| 3,654 6,264 p/d 8,700 p/d (> 50 per
100,000 (77 21 per | (21 ¥ 36| (> 36 per | 100,000
residents) 100,000 per 100,000 residents)
residents) 100,000 residents)
residents)
Reproductionrate | <1 a 1 >1 >1 n/a.
Hospital <40 (p/d) <40 (p/d) 40 T 80 | >80 (p/d) > 160 (p/d)
admissions (p/d)
IC occupations < 10 (p/d) < 10 (p/d) 10 ¥ 20 | > 20 (p/d) > 40 (p/d)
(prd)

For all risk levels bubckdown, value ranges in Tabl8 dre directly gatheredrom the route mapof

qairdy

the governmeniRijksoverheid, 2020glror risk levdbckdown we estimate signal values, because the

route map does not provide these values. We do this Hase signal values in other risk levels and

observed values from the paswhich we describe below.

For the number of confirmed cases, the difference in number of cases per 1G@g86ntsis mostly
around 14 or 15 cases wheoingone risk leveto the left or right Besides, lie actual number of

confirmed cases per day was between 8,000 and 9,000 just before the implementation of a second
lockdown on 15 December. The number of confirmed cases before the first (intelligent) lockdown was

very low due to dow testing capacity, and is therefore nminsidered to provide a good estimateor

these reasons, we assume thlackdown measures apply when the number of confirmed cases is
above 8,700 (5@aseger 100,000 residents).

On 16 March and 12 Decembehetnumber of hospitalizations was around 18Were is not a clear
value for the number of IC occupations just before implementatidneddown measures. In the route
map, signal values fonumber of hospitalizations and IC occupations seem to be dowhesh going

one risk leveto the right(stricter measure¥ For these reasons, we assume lockdown measures are

implemented when the number of hospitalizations and IC occupations is once as high avenythe
serious risk level. This means that lockdowraswees apply when the number of hospital adsions

is above 160 and the number of IC occupations is above 40 per day.
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Modellingthe mitigation policy

Above we explain how we use signal values to determeldaes ofinput parameters. According to
these ggnal valuesmeasures of thalert or alarmingrisk level apply when the number of hospital
admissions on a day is beloi® and the number of IC occupations is belov Because the signal
values for these two risk levelseathe same, we assume that tladert risk level can only be reached
when alarmingmeasures have been implemented far least one month. We act according to the
seriousrisk level when the number of hospital admissions is betw#&and80 and the number bIC
occupations is betweenOland 20, the very seriougisk level when the number of hospital admission
is above80 and the number of IC occupations is ab@ and thelockdown risk level when the
number of hospital admission is abové0land the numbebf IC occupations is abové per day.

Modellingthe curbing policy

To determine the performance of curbingewlistinguish threevays to implementhe curbingpolicy,
which we refer to as curbing type 1, curbing type 2 and curbing ty@e8 first typeuses the signal
values for cofirmed cases in Table81o determine when to implement certain measurd$e second
type usesthe signal values in Tabl®. This means that when the number of confirmed cases increases
abovel,218per day, we applyockdown neasures until the number of ces declines belowt,218
again. When the number of confirmed cases per day is b&l@48 we apply the measures of the
alert risk level. In the third type we only implement short and hard lockdowns of two weeks with two
weeks ofmeasures from thealert level hereafter.

Table19 Adjusted signal values per risk leveldarbing type 2

Alert Alarming Serious Very Lockdown
serious
Number of | <1,218 p/d > 1,218 p/d
confirmed cases (< 7 per > 7 per
100,000 100,000
residents) residents)
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5.3 Performance of th@oliciesto prevent spread of COVIY

In this secton, we provideand evaluateesultsof all proposed policies from Sectior3..We evaluate
performance of thepoliciesbased on the number of infected cases and the number of days with strict
measures which wedo in Section 5.3.2We do not discuss refia of the indicators deaths,
hospitalizations, and IC occupations, sidoeing validation we found that the development of these
indicators deviates a little from actual development. Besidkhese are fraction of the number of
infected cases and thushé relative performance of these indicators is similar to the relative
performance of infected case$he indicatomumber of confirmed cases provides a wrong indication
of spread when testing capacity is land is therefore not used to indicate spreadhisTindicator can

be used in the discussion, since in reality this indicator is used to express the numbertainsfec

5.3.1 Performance of policies

In Table20, we providethe value of all indicators on 31 Novembmerpolicy.2 S NB FSNJ § 2
policye I dpolidy knBlemented by the Dutch governmerih Table21, we provide the number of
days with strict neasures per policyStrict measures are considered to be measures of the serious,
very serious, or lockdown risk lev8lle cannot provide alear specification of the days with strict
measures for the actual policy, facemasks, and testing capacity, bettai&atch government did
not determine the policy exactly according to the route niapeality.

GdKS

Table20 Performance of indicators on 31 Wanberper policy

Policy Total Total Total Total Total IC
infected confirmed deaths hospitalizations | occupations
Policy 0 | Actual policy 3,006,600 529,719 9,583 27,548 5,510
Policy 1 | Doing nothing 10,989,500 5,869,190 40,619 106,962 21,392
Policy 2 | Mitigation 2,734,690 265,183 9,398 25,839 5,168
Policy 3 | Curbing type 1 4,417,520 1,016,010 15,502 41,952 8,390
Curbing type 2 1,630,540 255,426 6,044 15,878 3,176
Curbing type 3 2,436,290 444,190 9,098 23,817 4,763
Policy 4 | Elimination 597,688 46,254 2,244 5,856 1,171
Policy 5 | Wearing 7,607,750 2,644,600 28,001 74,007 14,801
facemasks ever
Wearing 1,640,820 198,467 5,795 15,713 3,143
facemasks
never
Policy 6 | Testing capacity | 880,337 134,932 3,300 8,620 1,724
high
Testing capacity | 3,694,050 311,810 11,102 33,074 6,615
low

Table21 Number of days with strict measures per policy

Policy Days with
strict
measures

Actual policy +/- 200

Doing nothing 0

Mitigation 260

Curbing type 1 157

Curbing type 2 96

Curhing type 3 140

Elimination 264

Facemasks +/- 200

Testing capacity +/- 200

Next to total values of indicators on 31 November, we graphically show development of the total
number of infected caseand the number of confirmed cases per dimgm 2 February until 31
November (in Figure3Band 3), to get bette insight in the relative difference in performance of
policies. We observe in Figurd that the number of confirmed cases for doing nothing is very high in
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the first peak, causing development of other policies to be somewhatliead\cvisibleThe renaining
policies show similar heights of peaks, but on different moments in time.
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5.3.2 Conclusion of performance of policies

Below weshortly discuss the results of the ndpasible and feasiblgoliciesto prevent spread of
COV/ID19, to obtain a better understandinig the performance of all policie®Nonfeasiblepoliciesare
considered to be elimination and do nothing.

Perfomance oihon-feasiblepolicies

As we expecthe policyeliminationresults in the lowest valuesf spreadand the policydoing nothing
results in the highest values all policies When the government would have done nothing to prevent
spread, the totahumber ofinfected casesn 31 Novembewould be almost 1,000,000 and the total
number of deaths wold be40,619 When the government would have chosen to eliminate the virus,
the total number of infected cases would 587,688and the total number of daths2,244 We assume
that elimination and ding nothing are not feasibleoliciesto prevent COVIR9 from spreadingBoth
policieswould cause major damage to public health, healthcare, and econd@imjnationbecausell
schools, catering service, and events would be closed for a long @inteddng nothing because
hospital pressure would overflow.

Performance of feasiblpolicies

We observen Table20 that when testing capacitywould have been high from the start of the
pandemic, observed spread with treectual policy would have been greatly reduced#iigh testing
capacity shows after eliminationdeest values for spread of glblicies, with curbing type 2 thereafter.

The number of days with strict measures on the other hand is relatively high for the policy high testing.
Curbing type 2 shows the lowest number of days with strict measures of siblepolicies

The policy wit high testing capacityesults, after elimination, in the lowest total number of infections
(880,337). This is more than 2,000,000 less than the number of infected cases with the actual policy.
The policy witHow testing capcityresults,after doing noting and curbing type 1, the highest total
number of infected cases (3,694,050), which is approximately 700,000 more than the actual number
of infected cases. Whereas the number of infected casits high testing and lowdsting differ
greatly, thetotal number of confirmed cases for the policy with high testing capacity is just a little
lower than the policy with a low testing capacity (134,932 versus 311,810). The number of days with
strict measures of both policies isum) to the number of daysith strict measures in the actual policy.

Remarkably, the@oliciesthat useindicator valuesrom the route mapof the governmento determine

the policy, mitigation and curbing type 1, show the highest number of days with steasureqof
feasible pokies) Thepolicymitigation resulsin a higher number of daysith strict measureshanall

three types ofthe curbing This could indicate that the signal values from the route map are not
sufficient to efficiently prevent spiad of the virusCurbing ype 2and3 apply only lockdown measures

and have significantly less days with strict measures. At the same time, the values of all indicators for
curbing type 2 and curbing type 3 are lower than the values of indicators fromdiey mitigation.
Conseqgently, the number of hospitalizations, IC occupations, and deaths observed with these policies
is low. Curbing type 3 has more days with lockdown measures and results in somewhat higher values
for indicatorsthan curbing type 2but performs better than niigation type 2 and the actuglolicy.

According to the linear regression moddietmeasure facemaskssa lot ofimpact on the spread of
the virus. When facemasks wouh@ve been implemented from the start of the pandeirtite total
number of infected cases would have beanre than once as high than with the actyallicy. When
facemasksvould not have been implemented at athe number of infected cases would have hee
almost half of the number of casedrom the actual policy. We believe that these results are
remarkable. In the discussion we discuss this observatiomore depth
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5.4Sensitivity analysis

In this sectionwe test the robustness aur model by making cha&yes invalues ofsensitive variables
Sensitive variabkeareparametershat can significantly change the outcome of the model. We test to
what extent this is the case for thsic reproduction ratgnitial infected casesquarantine fraction
andthe fraction of asymptomatic casefhese parameters are cadsred sensitive, because valugfs
these parameters vary a lot in literaturéd/e determine obustnessf our modelwith help of Monte
Carlo simulation methodd\ext to robustness of our modelve test robustness of the resulfsom
Section 5.3 by makindnangesin the quarantine fractionWe consider onlyhis parametetbecause it
is the only sensitive input parametethat can be influenced in realityOther (calibrated) input
parameters(incubaion period, infectious period, basic reproduction rate, alitinfected and the
infection fatality ratig cannot be influenced

5.4.1 Monte Carlo simulation

Monte Carlo simulation methods are a way of computing results that rely on repeated random
samplirg. These methodare especially useful when studying systethat have a high number of
degrees of freedom. Thegre able to providea routinely better prediction than human intuition
Monte Carlo is a good method to apply our model, sinceur model relies on many uncertain inputs
(Vensim, n.d.)The program Vensim provides multiple options for settipca sensitivity analysi$wo

of these optionsare univariatesensitivity and multivariate sensitivityWith univariate sensitivity
analysis we are able to stydhe effect of changing y S  LJ- NInpatS/élue NEdétermine input
values the program atomatically samples a set of numbers from a bounded domain that can be
determined on forehand. With multivariate sensitivignalysiswe are able to study the #dct of
changing multiple paramet&input valuesat the same timeln Section 5.4.2ve applymultivariate
analysido seehow sensitive the model iwhen wesimultaneouslhychangs parameters foithe actual

policy. We apply univariate sensitivity analygisSection 5.4.3 to get more insight in sensitivofy
individual parametersin both the uniariate and multivariate sensitivity analysis, we run 500
simulations per changing parameter. In the multivariate sensitivity analysis this results in 1500
simulaions in total. As output, Vensim graphically provides confidence intervals for indicator(s) of
interest. From all simulations, 100% of the simulation are in the grey part, 95% in the blue part, 75% in
the green part, and 50% in the yellow part that we eb® in the sensitivity graphBor each sensitivity

test, we only provide the sensitivity grapf indicator(s) that are considered to be relevant.

5.42 Multivariate analysis

Here wechangethe basic reproduction ratdnitial number of infectedcasesand quarantine fraction

at the same timeSince our model is very sensitive, we let Vensim rariggick numbers from a
normally distributed domain. We do this because we want the program to know which values are likely
to fit reality. In Table22, we provide the distribution of the parameters thate consideed in this
multivariate sensitivity anasis.We make slight changes to the calibrated input valoéshe basic
reproduction rate,initial infected cases, anguarantine fractionSince wenitially do not distinguish
between asymptomatic and symptomatic casesummodel, this parameteis nottakeninto account

in the multivariate analysisVe study what happens when we adjust our assumption of the fraction of
asymptomatic casesith univariae analysisn Section 5.4.3

Table22 Distributions for parameters in multivariate analysis

Parameter Current input value Distribution {min; max; mean;
standard deviation}

Basic reproduction rate 3 {2.5; 3.5; 3; 0.15}

Initial infected cases 600 {100; 1,100; 600; 100}

Quarantine fraction 52.5% {0%; 100%; 50%; 10%}
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In AppendixM, sensitivity results ofthe multivariate analysis can be found fall indicators We
observe that thesimultaneouschanges made in input values of the basic reproduction rate, initial
infected cases, and the quarantine fraction havenajor impact on the outcomeof all indicatos.
According to the sensitivity graphspread in the Netherlands would have stopped afte first peak
when the reproduction rate lies around.5 the initial number of infected cases is low, and the
guarantine fraction approaches 100% (assuming it @awdt come back to the Netherlands another
time). When the reproduction rate approaches 3tbe initial number of infected cases is high, and the
guarantine fraction approaches 0%, spread could become once as high as actualRedudts. of this
multivariate analysis are discussed in more depth in Appektix

5.43 Univariate sensitivity analis

With help ofunivariate sensitivity analysiae consider chargg ofinput values for one parameter at
the time. We do this for the basic reproduction rate, timeimber of infected caseshe quarantine
fractionand the fraction of asymptomatic cas€¥ theseparametersonly the quarantine fraction can
be influenced in reality-or the parameters that cannot be changed in realigrandomlypick values
from a pe-specified domain. For the quarantine fraction asouse specific values to get insight
the effect of this parameter on the outcome of feasiplelicies

Basic reproduction ratend initial infected cases

According to the RIVM, the basic reproduati@te ranges between 2 and 2.5. The basic reproduction
rate in our model was calibrated to be Bhe initial number of infected cases was estimated to be 111
on 14 Februarybased on an IFR of @4and the firstconfirmed death on 6 Marcland calibratedo

be 600 Whenwe use differentbasicreproductionrate and/or initial infected case$mpactonspread
islarge We applyfour sensitivity tests and compardeir outcomesto get more insight inthe effect

of these parametersSpecification of these ##s is provided in Appendix h the figures in Appendix

N, we provide the number of confirmed cases per day from all four sensitivity tests.

We conclude fronthese sensitivity testthat when the reproductionate lies between 2 and 2.5, the
number of ifected cases on 2 February has to be a lot higher thant®@dtain actual spreadSince

we think it would be strange that all these cases remained unidentified until 27 February, we believe
that it is more likdy to have a higher basic reproduction rdatean a higher number of infected cases

on 2 February. We believe that the combination of the calibrated input values that are used to simulate
the policiesin Section 2, a basic reproduction rate of 3 and 600 infected cases on 2 February, is a
likely conbination of input values.

Quarantine fraction

In Section 3, we observe thathe number of testgper dayhasmajor effect on spreagbased on the
outcomes of thepolicy testing capacity. The number of tests per day affects the number of confirmed
cases ad consequently the number of cases entering-sglarantine. To analyze the effect of the
fraction of confirmed casethat is effectively quarantined in more depthye vary the quarantine
fractionin several sensitivity test&pecification of these tests provided in Appendix O.

We see thatvhen we varnthe quarantine fraction between 0% and 100&tis hasmajor impacton
spread. Theaumber ofconfirmed cases per dapmges from approximately 300 to 20,000 is the first
peak andfrom zero to almost 68,00 in the second peak. The total infected cases ranges from
approximately 500,000 to 7,500,000 and the total deaths ranges from approximately 2,000 to 26,000.
We observehat allpoliciesshow the lowest total number of infected cases with a quarantinetiivac

of 80% These sensitivity tests show that when the number of tests per day and the quarantine fraction
are both high, relatively low spread and a high number of dadfs soft measuregqalert or alarming

risk level)are achieved at the same time. Natter the policy that is chosen.
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Fraction of asymptomatic cases

We determine the impact of the fraction of asymptomatic cases by changing the infectious period. This
means that when the fraction of asymptomatic cases would be higherabaassumption40%9, the
averagdnfectious period would become lower than 6 day¢hen the fraction of asymptomatic cases
would bdow 40%, theaverageinfectious period would become higher than 6 days.the univariate
analysis, we consider two sensitivity tests. I tlirst we randomly pick values for the infectious
duration froma normally distributed domain with mean 7.4 days, standard deviation of 1 day, a
minimum of 4.4 days, and a maximum of 10.4 days. In the second test we consider a mean of 6 days,
standard deiation of 0.2 days, a minimum 5 days and maximum 7 days. In AppBnwe explain

these choices in more detadndwe provide the sensitivity graphs for these two sensitivity tests.

Based on the results of these tests we conclude that the infectioumgamnd thus the fraction of
asymptomatic cases is a sensitivagraeter in our modelSmall changes significantly influence the
outcome. We believe the consideralldferencebetween duration othe infectious periodiccording

to our findings in literatee andduration ofthe infectious period in our model can hawed causes. It
couldmeanthat infected cases are on average more infectious around symptom onset than currently
found in literature, or it could mean thdtaction of thenumber of cases withat symptoms or with

soft symptomss higher tharcurrentlyassume in literature

5.5 Conclusion
Now we answer research questiondVhat policy can effectively reduce spread of the virus in the
Netherlands?g

After validatirg the model in Section 5.1, wergpose six policies to prevent spread in Section 5.2.
These are doing nothing, mitigation, curbing, elimination, facemasks, and testing capacity. Doing
nothing and elimination are not considered to be feasible for the Netherlands, since these policies
would cause mpr to public, health, healthcare, and econoniitigation accepts circulation of the
virus to a certain extent, while curbing strives for little infections as possiike.let mitigation
determine the policy based on signal values for the nundfdrospital admissions and IC occupations,
and curbing orsignal values fathe number of confirmed cases per day. The government developed a
route map where these signal values are provid&é transform this route map by removing
measures we do not coiter (seeTable B). Themeasureamplementedwhen certainsignal values
arereached argrovided in Table 4. For curbing we consider two different versions additionally, that
consider different signal values to determitie policy. Theséwo versions, arbing type 2 and curbing

type 3,only apply strict measures. Results of the system dynamics modeltehoeurbing type 2 and
curbingtype 3 both outperform mitigation and curbing typédriterms of spread andumber of days

with strict measuresQirbingtype 2 am curbing type Ihowthe lowest number ofdays with strict
measures of all policiesThe policy with high testing capacity showfter elimination,the lowest
number of infected cases, while the policy with low testing capacity shafter dong nothingand
curbing type 1the highest number of infected casefhe number of days with strict measures with

the policy testing capacitis relatively highFacemaskéave a significant impact on spread in our
model, yet we question this outcomBesuts are discussed in more depth in the next chapter.

The sensitivity analysis shaathat our model is very sensitiveSnall changes irinput values of
parametes can have sigficant impact on spread. As an example, to mimic spread, the basic
reproductionrate has to be higher thaR.5,or the initial infected cases on 2 February has to be higher
than 1,000.The last is considered to halikely, and wethus assume a basic repfoction rate of 3
with 600 initial infected case&urthermore, we observe theugrantine fraction to have a significant
impact on the performance of policieshis will be discussed more depthin the next chapter.
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6. Conclusioa& Recommendations
In thischapter, we answer the main research question:

What are the impact of governmémeasures on the spread of COMMIn the Netherlands and how
can we learn from this for future outbreaks and pandemics?

We answer this question in Section 6ld.Section 6.11, we answer how the outcome of our model
can be used in the Netherland® Section 61.2, we discuss how our findings can be used in the fight
againstthe spread of COVHD9 worldwide, and in Section 63 to what exten our outcome can be
used in future pandemicdn Section 6.2, weompareour findingsto findings in literaturein Section
6.3, limitations of our studyare provided and in Section 6.4, our recommendatidnem this study

6.1 Conclusions

6.1.1How can theoutcome of the mdelswe usedn the Netherlands

Below wefirst explain tow the outcome ofour modely o can be usedThereafter we provide
main findings of our proposed policigs identify the bestpolicyto prevent spread of COVAL® in the
Netherlands

Outcome of the regression model
In our system dynamics model, we use the ragien modely o to predict virus transmission.
Below we shortlydescribethe mainfindings from this regressiomodel.

1 Theextert to whichpeopleadoptgovernment measuresasa majorimpact onthe effective
reproduction rate and consgiently on spread.The normalized estimate fdr of staying
home behaviour is0.663 and the normalized estimatert of traveling behaviour i8.477.

9 Sricter measures foevent allowanceonsiderably reducspread with anormalized estimate
forf of-0.434

1 Higherambienttemperature decreases spreadith a normalized estimate for of -0.339.

9 Strictermeasures concerning school openif{germalized estimatedri = 0.265) catering
services openinggormalized estimatedr! = 0.085)and facemaskénormalized estimate
forf =0.286)increase spreath our mode] whichseemsnot to be in line with our findings in
literature. We believe the reason fahese positive relationss that the effect of a certain
measire (e.g. school openings) is partially expressed with another variable (e.g. traveling
behaviour) These interactions canebexpressed with interaction terms, yet our interaction
model is considered to be overfit and is thus not ugdidcussedn more depth in Section 6.3.

9 Other parameters we studyhat are not included in this regression model do not show a
statistically gynificant relationto the effective reproduction rate, with humidity grvalue of
0.311 and wind speed @value of 0.944Therefore these parameters areonsidered to not
add predictive value fathe model.

Performance opolicies

We propose sipoliciesto prevent spread of the virysloingnothing, mitigation, curbing, elimination,
facemasks, and testing capaci®f these policis, doing nothing and elimination are not considered
to be feasible, since they would cause major daetmgeconomy and social lifé/e assess the quality
of the remainingpolidesbased on spreadvith the total number of infected cases on 31 Novemper
and based on the number of days with strict measyresnsidered to be serious, very serious, or
lockdownmeasuresBesides the number of infected cases, provide the number of confirmed cases
becausethis indicator is used to express the number of infectasedy the governmentSince this
indicator can deviate a lot from the number of infected casles,ritumber of confirmed cases provides
a distorted view on spread when testing capacity is laliesultsare provided in &ble 23 per policy
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Table23 Summary of performanceer policy

Policy Total Total Total days
infected confirmed with strict
measures
Policy 0 Actual 3,006,600 529,719 +/- 200
policy
Policy 1 Doing 10,989,500 5,869,190 0
nothing
Policy 2 Mitigation 2,734,690 265,183 260
Policy 3 Curbing 4,417,520 1,016,010 157
type 1
Curbing 1,630,540 255,426 96
type 2
Curbing 2,436,290 444,190 140
type 3
Policy 4 Elimination | 597,688 46,254 264
Policy 5 Wearing 7,607,750 2,644,600 +/- 200
facemasks
ever
Wearing 1,640,820 198,467 +/- 200
facemasks
never
Policy 6 Testing 880,337 134,932 +/- 200
capacity
high
Testing 3,694,050 311,810 +/- 200
capacity
low

The goal of this study is to reduce the impact of preventive measures on social life and economy and
to keep hospitals and IC unitof overflowing while effectively reducing spread at the same time
We conclude by comparing performangkall policies that implementation of strict measures is useful
to reduce spread of COVAUD effectively, especially when these measures are impleéateerarly.
Besides, we observe that a high testing capagdtyreally be valuablebut this requireshe number

of infected cases effectively entieg selfquarantineto be high enough. We concludiis from our
findings in the sensitivity analysis, where compare the effect of a high testing capacity with a
guarantine faction of respectively 20%, 52.5% and 80%e policy with higkestingcapacityperforms
very well in terms of spread, yet when the quarantine fraction becomes low, curbing type fygurb
type 3 and mitigation outperfornthis policy When the quarantindraction becomes high, policies
with actual, high, and low testing capacity all outperform remaining policies in terms of sfreasl.
to effectively reduce spreadhigh testing capacitgnd high quarantine fraction together are even more
important than he strictness and timing of implementation of measunést the number of days with
strict measures is high for these policisee Appendix OWe therefore believe curbing type 2 to be
the best policy to reduce spread. With this policy, strict measuresraplemented early and a high
testing capacity quickly identifies infected categffectively reduce spread, arthlis policy keeps the
number of days with strict measures relativedyl which is better for economy and social life.

Remainingmportant findings from our study are:

9 Since the number of days with strict measuwath the policiesmitigation and curbing type 1
are considerably higher thawith curbing type 2 and curbing/pe 3, we believe the signal
values in the route mapf the governmehare not sufficient to reduce spread quickly.

1 We observe thepolicy facemasks to provide remarkablalues for thenumber of infected
cases.The cause of this remarkable performanteits estimated effect in the regression
model, which we believés somewhat offThis will be discussed in more detail in Sectidh 6.

9 The calibrated number of infected cases on 31 November is significantly higher than the
estimated number of infected cases 31 November.
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6.1.2 How can the outcome of the modelused worldwide

The regression models in this study are developed with data pread inthe Netherlands. This
means that the estimated effects of key factors and measures on the spread of -CO\4le
specificallyapplicablefor the Netherlands. Weo not study to what extehestimated effects of these
key factors and measures apply for otheopulations,while the effect of measures can hawe
drastically different impacivhenimplementedin a dfferent country(Haug et al., 2020pifferences
in effects of parameters between countries can be caused by many factors. One of them being
population density, which wéound to have a considerable impamt spread. Another being the age
distribution of a populationFor these reasonsve cannot substantiatdhow well our model predicts
spread in other countried-ortunately when acquiring data from anothepopulation estimates can
easily beupdatedby aplyingmultiple linear regressioon new data Next to the regression models,
the system dynamicmodel can easily be adapted to mimic spreadanother population.

Whereas the regression models aggstem dynamicsnodd might have to be adapted before df
can be used to mimic spread in another populatiag believe thatperformanceof our proposed
policiescan be used in other countries.

6.1.3 How can the outcome of the model be used in fubutbreaks anghandemics
Just like ouregression andystemdynamicanodelcan beeasilyadaptedto mimic spreador another
population, our modedcan be adapted for futureutbreaks angpandemicsof different viruses

An example for a likely cause of a future outbreak in théhBidands is arecent change in the
pandemic of COVHD9, with new variants thahave arisen in different parts of the worl@ihe most
well-known variantn the Netherlandss the VKvariant (K=Dutch abbreviation fotJnited Kingdom;

G+ SNBY A IR 0E2 YK Dhdard@e kolthg place where it was first recognized. This variant
appeared in the Netherlands in the end of Decembee \TKkvariant is more contagious than previous
variants in the Netherlands, and according to a recent advice of ther@kbvianagemenTeam
(OMT), a teamwho involves identifying and advising on outbreaks and threats of infectious diseases
more often leads to symptom@ijksoverheid, 2020dThese changes requitbe basic repoduction

rate and the average infectious periadf this variantto havehighervaluesthan calibratedvaluesin

our model At moment of writing, the VKariant is the most common variant of COMI® in the
Netherlands that couldeven with $ricter measues, lead to a future outbreak Sincethese new
variantscould causenew difficulties in handling with spread afOVIELY9, a differentpolicymight be
required. Yet we believe that testing capacity and sglfarantine remain importantjf not more
important. Next to new variants of the viryghe start of vaccination in the Netherlands 8 January
could causea different polioy to be more applicable to effectiviy reduce spreadWe do not study
these changes of COWVID in our research.

In addtion to the adaptations we mention in Section 6.1.2, input values for disease factors (i.e. basic
reproduction rate, initial infected cases, incubation period, infectioaisqal, and fatality ratio) might
require different input valuegvhen we have to ddawith a pandemic of a different virus in the future.
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6.2 Discussion

6.2.1 Outcome of the regression models

Findings of Haug et al. (2020) suggest that there exists nicalageasure that is able to decrease the
effective reproduction ratéelowone onits own A suitable combination of measures is necessary to
effectively prevent spread of the viruglaug et al., 2020)With help of the backward regression
method, we found the measures adoption of government measyrevent allowance, school
openings, and facemasks, athe factor temperaturetogether to provide a quite accurate prediction
of the effective reproduction rateDue to our particular interest, we added timeeasure catering
services openings to thmodel In the study of Brauner et al. (2020), who use data from Januaily unt
May 2020, measurethat canconsiderably redue spread of COVHD9 are schootlosure limiting
gatherings to 10 people or lefis. event allowance)and closing facto-face businesse®.g. catering
service$. Our findings for school openings, cdtay services openings, facemasks, and adoption of
government measures differ somewhat from findings in literature, which we discuss below

9 School openingsin our regression model, stricter measures concerning school openings
increase the effective repduction rate. Welid not find any study that has evidence &ahool
openingsto considerablyincrease oreduce spread on its owrRecem modelling studies of
COVIEL9 predict thatclosing schools alongrevents spreadmuch less than othemeasures
(Viner et al., 2020)The effect of closing sobls even seems to have changed during the
pandemic(Haug et al., 2020)According to Rozhnova et al. (202Bypact ofthis measure
depends on remaining opportunities teduce norschootbased contacts. heasuresother
than closing schools are urgieed or already implementeaindthe effective reproduction rate
is still close to 1, the additional benefit closing schoolsmay beconsiderablgRozhnova et
al., 2020) Since all studies found school closure to decrease the effective reproductign rate
which collides with our findingswe believethere exists an interaction between school
openings andraveling behaviourWe think these twdogetherlead to a negative effect on
the effective reproduction rateThis assumption can be confirmed by the findings in our
interaction modeljn whichwe find astatistically significant interaction between the tweee
AppendixG). Unfortunately, our interaction modealoesnot provide asufficient prediction for
the effective reproduction rate ani$ thusnot used in oustudy.

9 Catering services opening$he effect of atering servicespeningson spreadof COVIEL9is
low accordingo 'Y o . According to Brauner et al (2020), closing among athatering
services has moderate to small effect on spreddtin their study,catering services are
consiceredto have ahigh infection riskWe think the reason for our findgs to deviate from
the findings of Brauner et al. (2026puld be caused by the fact that our regression model
doesnot havesufficientdata to determine theexacteffect of closingcatering servicesThis
means tha similar tothe measure school opening$ie measurecatering services openings
might express its effect to a certain extewith help of staying home behaviour and/or
traveling behaviourn our interaction moddhere is astatistically significantelationbetween
catering services openings and traveling behayiadnich supports this statement

1 Facemasksimplementation of facemasks makes the effective reproduction rate increase
significantlyaccording toy o . We think the causéor this might be that peoplgerceive
a significant decrease in preferred distance from another person when this other person wears
a facemask, in comparison to a person who does not wear a facemMaiskassumption is
supported by several studiegNU.nl, 2020dCartaud, Quesque, & Coello, 2028owever,
there does not exist clear evidence for facemasks to increase spitead, especially not to
the extentin our regression modgNU.nl, 2020g)Concludingthere remain many mysteries
about the workingof facemaskstill (Tabatabaeizadeh, 2021)
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1 Adoption of government measureOur modelexpresesadoption of govenment measures
with the parametersstaying home behaviour and traveling behavide find that the effect
of people stay at homénas a relatively larganpact onthe effective reproduction rateWe
believe the reason for this is thdahe regres®n model partially expresseshe effect of
government measures (school openings, caterggyvicesopenings, event allowance,
facemasks) with the parameter staying home behayitecause in reality, more people stay
at home vhen government measures becerstricter. We assume the same for the parameter
traveling behaviour However,traveling behaviouronly takes into accounthe amount of
traveling with public transporand no other ways of movemereading tca somewhasmaller
effect on the effective reroduction ratecompared tostaying home behaviounormalized
estimatef =-0.663, normalized estimate = 0.477%.
The above findingexplain the reason fothe measures chool openings, catering openings,
and facemasks to bpositively related to the effective reproduction rate, while findings
literature proposethe opposite In our study, all parameters in o are adjustedat the
same time and ths the effectof a certain parameter (e.g. school openings) that is partially
expressed with another parameter (e.g. traveling behaviour) neutralize each d@espite
these drawback our linear modelwe believe thaty o is abek to providea valuable
estimate of the effective reproduction rafier the purpose of our study

6.2.2 Outcome of thesystem dynamicsiodel

Calibratedsettingsof input parameter®f the system dynamicsiodel

From all calibrated parameters dmr model, we klieve the basic reproduction ratnd initial number

of infected casedo be the only parametey that need to be discussed. Findings the basic
reproduction ratein our mode] calibrated to be 3deviate from findings of the RIVM, whatenate

the bast reproduction rate to be between 2 and 218 literature, estimates for the basic reproduction
rate of COVIEL9 vary a lot, especially between countries. In one study, the basic reproduction rate is
estimated to be 3.1%He et al., 2020)In another study, the maximum basic reproduction rate in the
Netherlands isvenestimated to be approximately @inka, Peirlinck, & Kuhl, 202@urthermore,

while the first cases of COAD in the Netherlands were confirmed on 27 February, thexistsa
possibility thathe first cases were alreadyfected at the el of JanuaryRTLnieuws, 2020ajet exact
numbersare hard to discover. When thzasic reproduction ratén our model is lower, thigrould lead

to a higher initial number of infected caseseWainot substantiate the initial number of infected
cases to be higher, since we believe it wobédrare thatmore than 600 caseeemain unidentified

until 27 Februaryfor this reason, we believe a basic reproduction rate of 3 with 600 infected cases on
2 February is an appropriate combination of initial settings to mimic actual spread Metherlands.

Performarce ofpoliciesto prevent spread

There is ongoing research about the bpseticyto prevent spread. While some countries managed to
effectively reduce spreaather countries were quickly overwhelmethe Netherlands can be seen as
one of the overwhelmedauntries, being (at day of writing) ranked"7By the country ranking of the
Australian Lowy InstituteThis institute compareperformance of 98 countries with help of an own
developed indexThe relatively bad performance of the Netherlamdgompariso to other countries
could partially be due to population densitynce caintries with a smaller population generally have
an advantage to deal with this kind of global crigandey, 2021)The Lowy Institutdound that
differences in population size between countries revealegldheatest difference in experiences with
countries(Lawy Institute, n.d.) Unfortunately this factor cannot be influenced with help of measures.
Another causeof the low performanceby the Netherlandscould be timing, becausetiming of
implementationcan drastically influencine impact of measurefHaug et al., 2020Dr a lack of testing
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capacity, since it is important to combine measureat threvent spread of COI® with a sufficient
testing policy and contact tracing of infected cases to end the pand@iacdano et al., 2020Below,
our findings for strictness of measureming of implementation,and for testing capacity are
compared to findings in literature.

1 Strictness oimeasuresWe observethat strictness of measures ingnces performanceshen
comparingperformance omitigation and curbing type tb performance oturbing type 2 and
curbing type 3 Mitigation and curbing type @letermine ther policy accordingo the signal
values from the route map of the Dutch governmieThese policiedoth show higher values
of spread than curbing type 2 and curbing type 3, anthe same timéhave a higher number
of days with strict measuresiowever,mitigation and curbing typd applymore measures
from the serious and very seriaurisk levelwhile curbing type 2 and curbing type 3 only apply
lockdown measuresThis indicates that signal values in the route ne&he governmentre
not sufficient to efficientlyreduce spreagdwhich supportghe assumptiors of Red TeamRed
Team stateshat the signal values in the alarming, serious, and very serious risk level are not
sufficient to come to the alert risk level quickliRedTeam, 2020 onsequentlymeasures
implementedin the risk levels alarming, seus, and very serious of thieute map are tosoft
to effectively reduce spread.

1 Timing of measure implementationWhen comparing performance of policies, we see that
implementation of strict measures is useful to reduce spread of CQ¥IBffectively,
especially when they are implemented early. sSThbnforms to the findings of Haug et al.
(2020), who suggest that one measure can have a drastically different impact when
implemented earlier or later, and the findings proposed in an article from the HRTitEh
newspaper) who state among others that quick and aggressive approach is effective
(Bekhout, 2021) We observe timingo influence performance in our findings when we
compare performance of curbing type 2 and curbing type 3. Curbing type 2 leads to both a
lower number of days with strict nesures and lower values for spread than curkiiyye 3.
Curbing type 2 implements lockdown measures when the number of confirmed cases rises
above 870 per day and soft measures when the number of confirmed cases declines below
870 per day, whereas curbinigpe 3 implements lockdown measures and soft si@as in
sequence every two weeks. This supgahother statement of Red Team, who state that
working with signal values from the number of confirmed cases works better to prevent spread
than working with nmbers of hospital admissions and IC occupatiobsie to quicker
availability of datdor confirmed caseghis leadgo better timing of measure implementation.

9 Testing capacityin accordance with our findings in literatyngeobserve thatesting capaity
hasmajor impact on spreadnestudy found that testing is one of the most effective ways to
manage the pandemic, yet it requires a large testing capacity and consequently many working
hours.It istherefore important to combinea large testing capatyi with other measuregCui,

Ni, & Shen, 2021 Feveral other studies support that it is imf@ot to combine measures that
prevent spread of COVHD9 with a sufficient testing policy andth contact tracing of infected
casesto end the pandemi¢Giordano et al., 2020¥ontact tracingand extensive testing are
particularly effective when combined witluarantine(Girum, Lentiro, Geremew, Migora, &
Shewamare, 2020Y his isn accordance with our findings tlsensitivity analyis. While a high
testing capacitylsowsto be very effectivewe observe that a high testing capacity with a low
fraction of infected cases entering quarantine is considerably less effective (App@ndix
There remains uncertainty about the magnitude ot teffectivenessof testing still, but
combining early detection, early implementation of quarantine and other measures are
importantto keep spread loviNussbaumeiStreit et al., 202@J-ang, Nie, & Penny, 2020)
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6.3Limtations
There remain someémitations in this stugk:

1 Not all measures that are included time route mapof the governmentare included in our
analysige.g. sports or the newly implement curfevome measurethat we donot include
might show thé impad in the regression modetith another measure that welo take into
account of which ve believe facemasks to be the most apparerample

1 The number of tests om day is not included in our prediction model fitre effective
reproduction rate yet we didfind a statistically sigificant relation between the two.
Unfortunately,we are not able to substantiate gnimpactof the number of testand therefore
excludel the factor fromour predictionmodel.In our current model,lte measure facemasks
shows a réatively high positive effct on the effective reproduction rat&Ve believe this factor
mightexpresssomepart of the impact previouslgxpressedy the number of testsWe think
a reason for thismight be that the regression model wants to expresa mcrease in
contagiousness of the virus betweé&mbruary and Decembgor to express thapeople get
tired of the pandemicandusesthe number of tests or the measure facemask&xpress this
in the model Snce loth the number of tests per day and strietss of the measure facemasks
(almost) only increase between February and December.

1 Inour regression model, we usssignedialues 1, 2, 3, 4, or 5 to express the measures school
openings, catering serviaggpenings, event allowancend facemasks. Wéelieve that this
expression of government measures can be impraeeobtain a better predictiormodel

1 We are aware that de to transformatiors of the virus, our findings might ndie totally
accurateanymorefor future outbreaks of COVILR in the Netherlads This is because new,
more contagious variants of the virus are rising in the Netherlands thedsame strict
measures have less effect on spre&thwever,we believethat, at moment of writing,our
findingsfor a remainvaluable. Especially for thedting capacity and quarantine fraction

91 Lastly, clear communication is a vital part of the policy to prevent spread of €®@VID
(Anderson et al., 2020; Berkhout, 202The Dutch government has not alwdyeen clearly
communicating with the Dutch populatide.g. when facemasks were recommended at some
places but very few people actually used them at the beginni@gar ordersof the
government seem to bemost effective to reduce the effective reproduan rate for
approximatelytwo weeks while recommendatioa seem to be not effective at al\lsoRed
Team believes cleamommunicationto havean importantimpact onthe effectiveness of the
policy to reduce spreadVe did not study the effect aflearcommunication, but ve believe
that clear communicatioranaffect performance of policies considerably.

6.4 Recommendations
While the virus of COVHD9 is changing with upcoming new variantse believe the following two
recommendations remain important to makepact of measures on spread in the Netherlands most
effective Combining recommendation 1 and 2 is keyindt damage to public health and economy

1) Implement strict measures early
Stiict measures are most effective when implemedearly to preventa quick rise in the number of
infected cases. We recommetrto use signal values of the number of confirmed cases per day to base
the policy on and to lower the signal values per risk leirethe route map of the government.

2) Invest inahigh testing capacity andighquarantine fraction simultaneously
Combinirg a high number of tests with a high quarantine fraction shows to be very effective to prevent
spread.A high number of testsvith alow quarantine fraction isonsiderablyess effectivewhich can
even affect effectiveness of the implemented policy
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B. Development of the case fatality eat the Netherlands
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C. Population dens$y versus spread per province

14/10/2020

23/09/2020
30/09/2020

21/10/2020
28/10/2020
04/11/2020
11/11/2020

Province Share of | Share of | Share of | Share of | Share of | Share of
infections | infections hospitalizations | hospitalizations | per deaths
per per province | per province per province | deaths per
province (adjusted) (adjusted) province | province

(adjusted)

Groningen | 0.01 0.03 0.01 0.01 0.00 0.01

Friesland 0.01 0.04 0.01 0.03 0.01 0.03

Drenthe 0.01 0.03 0.01 0.03 0.01 0.02

Overijssel | 0.04 0.08 0.05 0.07 0.05 0.08

Flevoland | 0.02 0.04 0.02 0.04 0.02 0.03

Gelderland | 0.10 0.16 0.12 0.18 0.11 0.16

Utrecht 0.08 0.06 0.08 0.05 0.07 0.05

Noord- 0.20 0.12 0.14 0.08 0.13 0.07

Holland

Zuid- 0.30 0.14 0.20 0.08 0.22 0.09

Holland

Zeeland 0.01 0.04 0.01 0.03 0.01 0.03

Noord- 0.15 0.19 0.22 0.25 0.25 0.28

Brabant

Limburg 0.06 0.08 0.13 0.14 0.12 0.14
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D. Defining values aheasures

Measure Value | Reasoning Specification
School 1 No measure Normal education. Fully physical.
openings

3 From 12 to 15 March, universities suspend | Partially physical, partially non-physical

physical education. education / Approx. half of schools
opened.

5 After 15 March all schools close until 12 | All schools closed / only online education.

May, assigned value is 5 (lockdown
measure).

4 At 12 May primary schools open. Mostly non-physical education / most
schools closed.

3 At 2 June secondary schools also open. Partially physical, partially non-physical
education / Approx. half of schools
opened.

2 At 15 June universities are allowed to | Mostly physical education / Most schools

partially open for practical education and | open.
exams.

5 At 8 July all schools close due to summer | All schools closed / only online education.

holidays, the value becomes 5 (hard
measure) since no contact anymore at
schools.

3 At 17 August some primary and secondary | Partially physical, partially non-physical

schools open again. education / Approx. half of schools
opened.

2 On 1 September universities are also | Mostly physical education / Most schools

open again and value 2 is assigned until | open.
16 December.
4 Two days before the start of the Christmas | Mostly non-physical education / most
holidays, the primary and secondary | schools closed.
schools closed. This was on 16 December

5 On 18 December all schools and | Allschools closed/only online education.

universities closed due to the Christmas

holidays and the stricter government

measures.
Catering 1 No measure; until 16 March All catering services normally opened.
services
openings

5 Every catering service is closed until 1 | All catering services closed.

June

3 On 1 June catering services opened with | All catering services opened, closing at

moderate capacity/strict rules. 12 PM.

4 On 28_September catering services have | All catering services opened, closing at

to close at 22 o0d6cl |10PM.

5 On 13 October all catering services close | All catering services closed.

Event 1 No measure All events allowed.
allowance
3 At 12 March events and gatherings with | Big events prohibited.
more than 100 persons are cancelled until
23 March.
5 After 23 March all events are prohibited. | All events and gatherings are prohibited.
Until 1 June.
4 From 1 June until 1 July, gatherings with a | Events prohibited and gatherings with
maximum of 30 people are allowed and | maximum number of people.
outside activities may find place with a
maximum of 250 people.
3 From 1 July inside activities do not have a | Big events prohibited.

maximum allowed number of people
anymore. Yet people do have to stay on
distance from each other.
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On 20 September measures are sharper.
People were only allowed to meet with
maximum 50 people (and from 1 October
a maximum of 30 persons inside and 40
persons outside).

Events prohibited and gatherings with
maximum number of people.

On 13 October all events prohibited.

All events and gatherings are prohibited.
No maximum.

Facemasks

No measure; until 1 June

No facemasks.

From 1 June wearing facemasks was
obliged in public transport.

Facemasks in public transport only.

From 28 September in some regions
people were urged to wear facemasks

Urge to wear facemasks.

From 13 October the government strongly
urged people to wear facemasks in all
public spaces.

Strong urge to wear facemasks in all
public spaces.

On 1 December, wearing facemasks
became mandatory.

Facemasks mandatory in all public
spaces.
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E. Calculateckffective reproduction ra in R
Abovefigureis based on the number of infectiorseneathbased on the number of hospitalizations.

Reproduction humber ( Time-Dependent )
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F. Input data for multiple regression

Parameter Values Value
range
Reproduction Numeric Min: 0.600
rate Max: 3.270
Mean:
1.085
Relative Percentage Min: 38
humidity Max: 96
Mean: 75
Average Degrees Celsius Min: 0.9
temperature Max: 27.0
Mean: 12.9
Maximum Degrees Celsius Min: 3.7
temperature Max: 34.6
Mean: 17.4
Wind speed 0.1 meter/second Min: 9
Max: 98
Mean: 36
Behaviour: Percentage Min: 0.000
staying at Max: 0.174
home Mean:
0.078
Behaviour: Percentage Min: 0.115
traveling Max: 1.000
Mean:
0.413
School I: Normal education. Fully physical. 40
openings II: Mostly physical education / most schools open. 91
II: Partially physical, partially non-physical education / Half of schools | 30
opened. 44
IV: Mostly non-physical education / most schools closed. 99
V: All schools closed / only online education.
Catering I: All catering services normally opened. 44
service II: All catering services normally opened with distancing measures. 0
openings II: All catering services opened, closing at 12 PM. With distancing 121
measures. 14
IV: All catering services opened, closing at 10 PM. With distancing 125
measures.
V: All catering services closed.
Event I: All events allowed. 40
allowance Il: Some events cancelled. 11
IIIl: Big events prohibited. 82
IV: Events prohibited and gatherings with maximum number of 53
people. 118
V: All events and gatherings are prohibited. No maximum.
Facemasks I: No facemasks. 121
II: Facemasks in public transport. 119
Ill: Urge to wear facemasks in all public places. 16
IV: Strong urge to wear facemasks in all public places. 48
V: Facemasks mandatory in all public places. 0
Number of | Numeric Min: 2,857
tests Max:
45,912
Mean:
17,695
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G. Linear and Interaction regression model
Linear regression model (after including catering service openings)

Predictor Estimate Std. Error p-value
Intercept 1.220 0.177 3.80e-11 ***
Average temperature .0.013 0.003 8.91e-06 ***
Staying home behaviour 4179 0.621 1.06e-10 **+
Traveling behaviour 0578 0.176 0.001 **
School openings 0.066 0.015 8.41e-06 ***
Catering services 0.021 0.020 0.280
Event allowance -0.109 0.017 8.99e-10 ***
Facemasks 0.095 0.014 3.79e-11 ***
Polynomial regression model
Predictor Estimate Std. Error | p-value
(Intercept) -3.688 2.017 0.069 .
Wind speed -0.058 0.018 0.001 **
Staying home behaviour 67.41 11.54 1.67e-08 ***
Traveling behaviour -9.939 3.108 0.002 **
School openings 11.14 3.37 0.001 **
Event allowance -2.561 0.527 2.11e-06 ***
I(Average temperature”2) -0.003 0.001 0.003 **
I(Average temperature”3) 0.000 0.000 0.004 **
I(Average temperature™4) 0.000 0.000 0.002 **
I(Wind speed”2) 0.002 0.001 0.001 **
I(Wind speed”"3) 0.000 0.000 0.002 **
I(Wind speed™4) 0.000 0.000 0.003 **
I(Staying home behaviour~2) -1160 198 1.54e-08 ***
I(Staying home behaviour *3) 7809 1407 7.53e-08 ***
I(Staying home behaviour *4) -18180 3472 3.59e-07 ***
I(Staying home behaviour ~2) 41.61 9.67 2.46e-05 ***
I(Staying home behaviour *3) -65.33 13.21 1.42e-06 ***
I(Staying home behaviour ~4) 34.57 6.46 1.99e-07 ***
I(School openings”2) -5.096 1.608 0.002 **
I(School openings”3) 1.000 0.326 0.002 **
I(School openings™4) -0.071 0.024 0.003 **
I(Catering services openings”2) 0.544 0.106 5.76e-07 ***
I(Catering services openings”3) -0.105 0.021 6.41e-07 ***
I(Event allowance”3) 0.064 0.014 4.56e-06 ***
I(Facemasks”"3) 0.003 0.001 0.003 **
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Interaction regression model (after duding predictors that are not statistically significant)

Predictor Estimate Std. Error p-value
Intercept 0.431 0.211 0.042 *
Humidity 0.003 0.001 0.001 **
Wind speed 0.002 0.001 2.79e-05 ***
Staying home behaviour 9.137 1.047 3.58e-16 ***
Traveling behaviour 0.345 0.197 0.080 .
School openings -0.144 0.030 3.55-06 ***
Catering openings -0.216 0.042 6.07-07 **
Event allowance 0.064 0.031 0.044 *
Facemasks 0.369 0.083 1.49e-05 ***
Staying home behaviour*Traveling behaviour | 5 g50 3.784 1.15e-07 ***
Traveling behaviour*Event allowance .0.442 0.108 5.57e-05 ***
Traveling behaviour*School openings 0.494 0.088 4.64e-08 ***
Traveling behaviour*Catering openings 0.592 0.124 3.04e-06 ***
Staying home behaviour*Facemasks 2,902 0.828 0.001 ***
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H. Histogram of residuals féormulaRe
Multiple regression moddior effective reproduction rate (linear model)

Histogram of residuals for linear regression model

0- l
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Multiple regressiormodel for effective reproduction rate (linear model with interaction terms)

Histogram of residuals for interaction regression model
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I. Comparison offesidual plotdor formulanumber of confirmed cases
Aboveresidual plot is from the regression model without logarithmic respoBséowresidual plot is

with logaritmic response.
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J. Outcomes indicatorsystem dynamicshodel
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Total hospitalizations
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Total dying per day
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K. Input valuedor actual low and high testing capaciper week

WEEK DATE ACTUAL LOwW HIGH

BEFORE 15/03/2020 2,857 2,857 2,857
12 16/03/2020 3,143 3,143 5,000
13 23/03/2020 3,571 3,571 5,000
14 30/03/2020 3,714 3,714 5,000
15 06/04/2020 5,000 5,000 10,000
16 13/04/2020 5,429 5,000 10,000
17 20/04/2020 5,000 5,000 15,000
18 27/04/2020 3,714 5,000 15,000
19 04/05/2020 3,714 5,000 20,000
20 11/05/2020 4,286 5,000 20,000
21 18/05/2020 3,714 5,000 25,000
22 25/05/2020 4,286 5,000 25,000
23 01/06/2020 6,983 5,000 30,000
24 08/06/2020 8,165 5,000 30,000
25 15/06/2020 8,811 5,000 30,000
26 22/06/2020 8,765 5,000 35,000
27 29/06/2020 9,623 5,000 35,000
28 06/07/2020 10,722 5,000 40,000
29 13/07/2020 12,661 5,000 40,000
30 20/07/2020 15,932 5,000 45,000
31 27/07/2020 14,515 5,000 45,000
32 03/08/2020 14,110 5,000 50,000
33 10/08/2020 15,146 5,000 50,000
34 17/08/2020 19,401 5,000 50,000
35 24/08/2020 22,340 5,000 50,000
36 31/08/2020 25,254 5,000 50,000
37 07/09/2020 27,341 5,000 50,000
38 14/09/2020 27,563 5,000 50,000
39 21/09/2020 29,621 5,000 50,000
40 28/09/2020 31,600 5,000 50,000
41 05/10/2020 39,783 5,000 50,000
42 12/10/2020 44,390 5,000 50,000
43 19/10/2020 45,912 5,000 50,000
44 26/10/2020 41,983 5,000 50,000
45 02/11/2020 34,860 5,000 50,000
46 09/11/2020 32,342 5,000 50,000
47 16/11/2020 36,335 5,000 50,000
48 23/11/2020 37,054 5,000 50,000
49 30/11/2020 45,919 5,000 50,000
50 07/12/2020 63,279
51 14/12/2020 68,538
52 21/12/2020 58,655
53 27/12/2020 49,917
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L. Parameter values per day fmitigation and curbingolicies
In the tablesbelow, we provide the date of implementation of new measures from the risk level in
the cell to the right(e.qg. first date is 15 March 2020, where lockdown measuresnaplemented)

Mitigation policy

Date Risk level
15/03/2020 Lockdown
30/03/2020 Very serious
18/04/2020 Serious
12/06/2020 Very serious
01/07/2020 Serious
11/09/2020 Very serious
26/09/2020 Serious
28/10/2020 Very serious

Curbingpolicyl

Date Risk level
15/03/2020 Lockdown
30/03/2020 Alert
14/04/2020 Alarming
29/04/2020 Very serious
14/05/2020 Serious
29/05/2020 Alarming
13/06/2020 Very serious
28/06/2020 Serious
31/07/2020 Alarming
15/08/2020 Serious
30/08/2020 Alarming
14/09/2020 Serious
29/09/2020 Alarming
28/10/2020 Serious
22/11/2020 Alarming
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Curbingpolicy2

Curbingpolicy3

Date Risk level
15/03/2020 Lockdown
30/03/2020 Alert
14/04/2020 Lockdown
06/05/2020 Alert
21/05/2020 Lockdown
16/06/2020 Alert
01/07/2020 Lockdown
03/08/2020 Alert

Date Risk level
15/03/2020 Lockdown
30/03/2020 Alert
13/04/2020 Lockdown
27/04/2020 Alert
11/05/2020 Lockdown
25/05/2020 Alert
08/06/2020 Lockdown
22/06/2020 Alert
06/07/2020 Lockdown
20/07/2020 Alert
03/08/2020 Lockdown
17/08/2020 Alert
31/08/2020 Lockdown
14/09/2020 Alert
28/09/2020 Lockdown
12/10/2020 Alert
26/10/2020 Lockdown
09/11/2020 Alert
23/11/2020 Lockdown
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M. Results multivariate sensitivity analysis

Specification of tests

Here we change the basic rehaction rate, initial number of infected cases and quarantine fraction

at the same time. Since our model is very sensitive, we let Vensim randomly pick numbers from a
normally distributed domain. We do this because we wantghegram to know which valuese likely

to fit reality. We provide the distribution of the parameters that are considered in this multivariate
sensitivity analysis in the table below.

Parameter Current input value Distribution {min; max; mean;
standard deviation}

Basic reproduction rate 3 {2.5; 3.5; 3; 0.15}

Initial infected cases 600 {100; 1,100; 600; 100}

Quarantine fraction 52.5% {0%; 100%; 50%; 10%}

Outcomes of tests

We can see that the total infected cases on 31 November rafrges approximately 500,000 to
5,000,000, and th total confirmed cases ranges from approximately 35,000 to 2,600,000. Especially
around the second peak, the confidence interval for the number of confirmed cases per day is wide.
Where the first peak rangegsom 300 to 3,000, the second peak ranges frono 50,000. This means

that when the reproduction rate lies around3? the initial number of infected cases is low, and the
guarantine fraction approaches 100%, the spread in the Netherlands would have stopped after the
first peak (assuming it would nobme back to the Netherlands another tim@&hen the reproduction

rate lies around.5, the initial number of infected caseshigh, and the quarantine fraction approaches
0%, spreadcould becomealmost be once as high as in realiet the confidence terval for the
number of confirmed cases is different from the confiderof the other indicators. The number of
confirmed cases is far more likely to lie around the actual v&iuether, the total number of deaths
ranges from approximately 1,750 to 17(b0rhe total number of hospitalizations from 2,900 to 36,000
and the tdal number of IC occupations from 600 to 7,500.
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Gonfirmed cases per day
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Total died cases

= Lincar (actual) 50%

poople

18000

16000

14000

12000

10000

8000

6000

4000

2000

— 15%

Total died cases

95

%

100%

20 40 60 80 100 120 140 160

Time (Day)

Total dying per day

= Linear (actual) 50%

peoplefDay

200

— 75%

Total dying per day

180

95%

200

220

240

260

100%

280

300

180

160

140

120

100

140 160
Time (Day)

113




Total infected cases
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N.

Results univariate sensitivity analysis; Bagimduction rate and initial cases

Specification of tests
We do four different tests:

1)
2)
3)

4)

We vary the basic reproduction rate in different simulations by letting the program pick values
from auniform distribution with a domain between 2 and 2.5.

We vary tte basic reproduction rate when picking values from a normal distribution with mean
3, minimum 2.5, maximum 3.5 and standard deviation of 0.2.

We use the calibrated basic reproduction ra &nd vary the initial number of infected cases
(on 2 February)ere we randomly pick values between 1 and 1000 infected cases.

We combine changes of the basic reproduction rate and number of infected cases on 2
February in a multivariate sensitivity algsis. In this multivariate sensitivity analysis we pick
values or the basic reproduction rate from a univariate distribution between 2 and 2.5. The
number of infected cases in this multivariate analysis ranges between 1 and 2000.

Outcomes of tests

1)

2)

3)

4)

We e that when using a basic reproduction rate between 2 and 2.5 instead of 3, the actual
number of confirmed cases would by far not be reached. In the first peak, the highest point is
approximately 500 cases per day. In the second peak the highestipapyroximately 3,750

cases per day.

When using a basic reproduction rate between 2.5 and 3.5 with a mean of 3 and a standard
deviation of 0.2, the first and the second peak show a large confidence interval. The first peak
ranges between approximately58 and 9,000 confirmed cases per day, where most
simulations (50%) provide a value below 2,000. The second peak ranges from approximately
3,750 to 10,500 confirmed cases per day, with most values (50%) above 9,000 at the highest
point.

When we let the irial infected cases range between 1 and 1,000 with a basic reproduction
rate of 3, we obtain a very large confidence interval in the first peak. With the number of
confirmed cases per day ranging from approximately 1 to 13,000. Most observations lie below
approximately 5,000 at the highest point of the first peak. The confidence interval in the
second peak is smaller, ranging from approximately 0 cases per day at the lowest and 10,500
at the highest. Most of the observations in the second peak lie abo@d @&3es at the highest

point.

When using a basic reproduction rate between 2 and 2.5 and vary the initial number of
infected cases between 1 and 2,000, we see that we are able to reach the actual spread. Where
the range of the number of confirmed cases i first peak is small, the nge in the second

peak is large. In the second peak, 75% of observation lie between 0 and 10,000.
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Test 1 Confirmed cases per day
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Test 3 Confirmed cases per day
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O. Results uniriate sensitivity analysis; Quarantine fraction

Specification of tests
We do two tests:

1)

2)

In the first test we vary the quarantine fraction in the actual policy by randomly picking a
guarantine fraction from a uniform distriltion with a domain from 0% ta400%. We chose

this large interval, since evidence for the actual fraction of cases that effectively enters
guarantine is lackingiVe provide the sensitivity graphs for the number of confirmed cases per
day, infectious populédn, total infected cases ardtal died cases, to see the effect of these
variations.

We test what happens to the outcomes of policies when the quarantine fraction would be 80%
or 20% We do this forthe feasiblepolicies beingthe actual policy, highesting capacity, low
testing capacity, curbing (type 1, 2 and 3), and mitigatidaxt to a bar graph with the
sensitivity resultsof the total number of infected cases on 31 Novembee provide the
number of days with strict mesures for each policy.

Outcomes of tests

1)

2)

We see that when we vary the quarantine fraction between 0% and 100%, thisrhapa
impact on spread. The confirmed cases per day ranges from approximately 300 to 20,000 is
the first peak and from zero to almost 68,000 in the second pé&ak. total infected cases
ranges from approximately 500,000 to 7,500,000 and the total deaths raifiges
approximately 2,000 to 26,000. The blue line in the graphs indicates the actual spread, with a
guarantine fraction of 52.5%.

In the bar graph (lasidure), we provide results of the sensitivity tests for all feasible policies
with a quarantine fradbn of 52.5%, 20% and 80% respectively. We observe that all policies
show the lowest total number of infected cases with a quarantine fraction of 80%dRese

the graph, it seems to differ per policy how effective quarantine is. Especially for the
mitigation, curbing type 1 and curbing type 2 policy, the effect on spread of a smaller or larger
guarantine fraction seems to be smaller. However, the numbeatayk with strict measures
changedor these policies with a different quarantine fraction. For cugoiype 3, low testing
capacity, high testing capacity, and the actual policy, the number of days with certain measures
remains the same. Whewe apply themitigation policy, all days (260) have serious, very
serious or lockdown measures. Mitigation withgaarantine fraction of 80% has one short
lockdown at the beginning and only serious measures thereafter. Mitigation with a quarantine
fraction of 20% haslmost an equal nhumber of days with serious measures as with very serious
measuresThe policy with digh testing capacity and a quarantine fraction of 80% shows the
lowest total number of infected cases, and the actual policy the lowest total number of
infected cases thereafter. Yet the number of days with strict measures in these two policies is
above D0.With curbing type 3, the spread is lower than curbing type 1 and curbing type 2,
yet the number of days with strict measures is highest.
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Test 1 Confrmed cases per day

e Linear sensitivity —— Linear 50% — 75% — 9% —  100%
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Test 1 Total infected cases

e Linear sensitivity —— Linear 50% — 75% — 9% —  100%
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Test 1 Total died cases
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Test 2 Total infected cases

Total infected cases for sensitivity tests of feasible strategies
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Test 2;Days with strict measures
Policy Days with
strict
measures
Actual +/- 200

Mitigation (20%) 260
Mitigation (52.5%) | 260
Mitigation (80%) 260
Curbing 1 (20%) 200
Curbing 1 (52.5%) | 158
Curbing 1 (80%) 99

Curbing 2 (20%) 157
Curbing 2 (52.5%) | 96

Curbing 2 (80%) 83

Curbing 3 (20%) 140
Curbing 3 (52.5%) | 140
Curbing 3 (80%) 140
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P. Resultaunivariate sensitivity analysis; Asymptomatic fracfiefectious period)

Specification of tests

We determine the effect of a change in asymptomatic fraction by changing the duration of the
infectious period. We do it this way, since asymptomatic cases la shorter infection duration and
consequently shorter infectious period/hen rewriting the fomula for the infectiousate on page 8,

we can determine the infectious periedwith 0 the symptomatic fraction and the asymptomatic

fraction. This gives the following formula for the duration of the infectious period:
PP P
f f f
In the literature review we found the infectious period of asymptomatic cases to be approximately 5.5
days and the infectigs period of symptomatic cases approximately 9 days. Considering these values,
the infectious period in our system dynamics mbsleould have been 7.4 days with 40% of the cases
being asymptomatic.

We do two sensitivity tests
1) We randomly pick values fahe infectious duration from a normally distributed domain with
mean 7.4 days, standard deviation of 1 day, a minimum of 4.4,dmd a maximum of 10.4
days.
2) We consider a mean of 6 days, standard deviation of 0.2 days, a minimum 5 days and maximum
7 days.

Outcomes of tests

1) We see that confidence intervadlarge for all indicators. What is remarkable is that the first
peak ofnumber of confirmed cases per day reaches almost 50,000, while the second peak
reaches maximally 15,000. Yet more than 95% efdimulations has a highest point of the
first peak that lies below 3,500. This means that the infectious period is espeeiadlijive
during the first peak. The total number of infected cases for this test ranges between
approximately 100,000 and 5,3@D0, the total number of confirmed cases ranges between
approximately 24,000 and 1,080,000, and the total number of deaths kEtvapproximately
400 and 18,400.

2) We observe that the ranges are much smaller but still quite large. The total infected cases
ranges from approximately 2,000,000 to 4,000,000 and the total number of confirmed cases
from approximately 300,000 to 750,000. ri@tuding, the infectious period and thus the
fraction of asymptomatic cases is a sensitive parameter in our model.
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Test 1,Confirmed cases per day

e Linear 50% — 15% — 9% —  100%
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Test 1 Total died cases

e Linear 50% — 15% — 9% —  100%
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Test 2:Total confirmed cases
= Linear 50% — 15% — 93% —  100%
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Test 2 Confirmed cases per day

e Linear 50% — 100%

Symp confirmation
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