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The worldwide outbreak of Sars-CoV-2 resulted in modelers from diverse fields
being called upon to help predict the spread of the disease, resulting in many new
collaborations between different institutions. We here present our experience with
bringing our skills as veterinary disease modelers to bear on the field of human
epidemiology, building models as tools for decision makers, and bridging the gap
between the medical and veterinary fields. We describe and compare the key steps
taken in modeling the Sars-CoV-2 outbreak: criteria for model choices, model structure,
contact structure between individuals, transmission parameters, data availability, model
validation, and disease management. Finally, we address how to improve on the
contingency infrastructure available for Sars-CoV-2.
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INTRODUCTION

Infectious diseases are a constant threat for public health and consequently also the economy.
Although hygiene measures have been well-established and efficient prevention and control
measures such as vaccines have been developed for many diseases, only one human disease
(smallpox) and one animal disease (Rinderpest) have been eradicated (1). On the other hand,
new diseases are emerging and re-emerging in several parts of the world in both humans
(e.g., COVID-19) and animals [e.g., African swine fever (ASF) ]. It is therefore important to have
consistent and effective systems for rapid and successful control of infectious diseases of both
humans and animals. Models of infectious diseases have been used for many years to understand
the dynamics of these diseases and to support decision making, and are used in both animal and
human populations (2, 3). There is a large overlap with regard to methodology, procedures, and
general epidemiological considerations when modeling infectious diseases of animals and humans.
The development of models in both contexts is also similarly challenged by several factors such as
the availability of data, understanding of the disease and host behavior, and external factors such as
the environment.

At the start of the SARS-CoV-2 outbreak in Denmark, an expert group of modelers was
established to develop models to predict the course of the epidemic. The authors were part of this
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group due to their previous experience with modeling disease
spread mostly within the veterinary field. In this study, we
discuss and compare the challenges for infectious disease
prediction models of animal and human populations based
on our experience in modeling infectious diseases in animals
[e.g., foot-and-mouth disease (FMD), ASF, and bluetongue virus
(BTV) ] and our recent experience of modeling the spread of
SARS-CoV-2 in humans.

CHOICE OF MODELING METHOD

Several modeling methods can be used to mimic the spread
of infectious diseases, depending on the disease itself, available
data, the need for details, and the purpose of the model (2, 4).
Traditionally, ordinary differential equation (ODE) models have
been popular, but with increasing computational power, agent-
based models (ABM:s) that can include higher levels of detail are
increasingly being used (4). The purpose of the model is key to
the choice of model.

Models are simple representations of real-life systems. In
order to be able to build a model that properly represents a
given system, it is necessary to have key knowledge in place:
(1) a fairly good understanding of how the disease is spread (or
knowledge of similar diseases, as for instance for SARS in relation
to COVID-19); (2) background data on the host population
(demography, density, etc.); and (3) data on the behavior of the
host population (mixing patterns). There are two main phases
of required models in an outbreak situation for a new disease
like COVID-19. During the initial phase where a lockdown of
large parts of society is implemented, it is important to have
one or more models that can: (1) include the available number
of parameters, which are often minimal in number due to the
lack of necessary data at the early stage of the epidemic, and
(2) run reasonably fast, in order to provide timely predictions
on a national/regional level where large number of individuals
may be involved. The purpose of modeling in this phase is
to evaluate the current (lockdown) situation. In the second
phase, where the focus regarding Sars-CoV-2 has been on how
to reopen society, it is also important (1) that it is relatively
easy to adjust the models to include newly arising information
during the outbreak and (2) that the models are flexible and
detailed enough to include information on the relevant parts
of society.

During the 2001 FMD epidemic in the UK, an ABM with
the farm as the modeling unit was used to advise the authorities
on the control of the disease (5). Similarly, for the first BTV
outbreaks in northern Europe in 2006, models were used
to inform authorities on how to react with regard to early
warning, mitigation of impact, vaccinating animals, and testing
for freedom of disease (6, 7). Another example is the ASF virus
genotype II that has persisted in Europe since 2007 and spread to
other parts of the world (8). An ABM for the spread of ASF within
wild boar populations has been used to advise the European
authorities in the control of the disease (9, 10).

In the current Sars-CoV-19 pandemic, many simulation
models have been developed, including both ODE and ABM

models, of which some have been used to advise authorities. For
instance, an ABM was used in the UK to guide the lockdown of
the country (11). In the USA, several models were developed and
used by the CDC individually or as ensemble modeling to predict
the spread of Sars-CoV-19 on a state or country level (12). In
Sweden, an ODE model has been used to advise the authorities
during the epidemic (13), while a stochastic meta-population
model was used in Norway (14). In Denmark, an ODE model
was used to advise the authorities (https://github.com/laecdtu/
C19DK) and qualitatively supported by an ABM. For previous
human epidemics, such as measles, SARS, and influenza, ABM,
and ODE models were developed to study disease dynamics
and/or guide the control of the epidemics [see details in a
review (3)].

DATA ON CONTACT STRUCTURE

One of the main challenges in modeling disease spread is
identifying and obtaining data on contact structure between the
modeled units (e.g., individuals or farms), when heterogeneity
is considered. In the veterinary field, the spread of a disease is
usually modeled either based on physical contacts between the
modeled units (15) or using distance-based kernels (5). In the
models that simulate the spread of diseases in the veterinary
field using explicit contacts, the spread is driven by contacts
between farms via animal movements, indirect contacts (e.g.,
veterinarians and vehicles), and/or vectors (midges for BTV, air
for FMD, and wild boar for ASF). Several countries maintain
registers for animal movements between herds, allowing explicit
modeling of disease spread between herds (16). Data on indirect
contacts is available based on questionnaires and field studies
(17). For diseases that spread via vectors, data are provided
via experiments and field studies (18-21). For airborne spread,
meteorological data have been used to study the spread of
FMD (22).

Because humans can normally move freely, while livestock
populations are restricted to their farms, humans are more
heterogeneous in their activities and contact patterns. Modeling
this heterogeneity is therefore important to mimic disease spread
correctly. We found few comprehensive studies quantifying
contacts and contact patterns between individuals (23-26). These
contacts formed the backbone for modeling the spread of Sars-
CoV-2 in several models such as [https://github.com/laecdtu/
C19DK; (27-29)].

DATA ON DISEASE STAGES AND
TRANSMISSION

In the veterinary field, data on the manifestation and stages
of infectious diseases within an individual animal and the
transmission between individual animals are normally collected
based on highly controlled experimental studies (30-32). Such
studies are necessary in order to understand and quantify
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transmission and hence reliably use the data in models of disease
spread and control.

In the current Sars-CoV-19 pandemic, data from previous
epidemics with other similar viruses such as SARS and
influenza were used to parametrize models published at
earlier stages (33). Later on, data specifically about Sars-CoV-
2 became available from multiple sources (patients, contact
tracing, special situations such as cruise ships) allowing the
estimation of necessary information regarding disease stages,
manifestation, and transmission potential between individuals
(34-37). Nevertheless, important information such as proportion
of asymptomatic cases, infectiousness and susceptibility of
children and their role in disease spread, and the role of
superspreaders and superspreading events is yet to be unraveled.

DATA FOR MODELING AND VALIDATION

A general aspect when modeling infectious diseases in real time
is fitting models to the available disease occurrence data. For
instance, during the 2001 FMD epidemic in the UK, infection
spread was modeled by creating a spread kernel using the
observed outbreak data (5). Similarly, the spread of ASF within
wild boar was simulated by fitting the model to observed data
(10). For BTV, the spread in northern Europe has often been
modeled using dispersal kernels capturing the vectors being
spread in up- and downwind movements (6, 38, 39).

For the current COVID-19 epidemic, several models used to
advise the authorities have relied on calibration to hospitalization
data rather than the number of test-positive individuals because
the latter is known to vary according to changes in testing strategy
during the outbreak [https://github.com/laecdtu/C19DK, (13,
14, 40)]. Although this approach is certainly better than the
alternatives, it is not without potential pitfalls. During the
beginning of the Sars-CoV-2 outbreak in Denmark, substantial
technical issues were encountered due to the lack of automated
systems for reporting patient numbers. There are also issues
around the definitions of “hospitalized due to COVID-19” vs.
“hospitalized with COVID-19,” i.e., there exists an unknown
number of test-positive patients who have been hospitalized for
reasons completely separate from Sars-CoV-19 but happen to be
concurrently infected—should these be included in the counts?
Given the gradual shift in emphasis from targeted testing toward
blanket testing of hospitalized patients, this has the potential
to introduce a temporally inconsistent bias in the data from
the gradual inclusion of more and more “tangential cases” over
time. Put together, these issues pose a substantial challenge for
the prediction models, which ideally should be mitigated by
including more rigorous randomized testing of individuals to
provide an unbiased estimate of the proportion of people that
have been infected.

Disease spread models are often only verified to the extent
of ensuring that the code does what is intended. Validation
of disease spread models is quite challenging due to a lack of
comprehensive data for validation and impossible in the case
of Sars-CoV-2 models for now. Models developed for specific
epidemics may be fitted based on the epidemic data. This does

not preclude the fact that such models should also be validated, as
they include several parameters that are not necessarily obtained
from that specific epidemic.

DISEASE MANAGEMENT DURING AN
OUTBREAK

In the veterinary field, the success of disease management in
case of an outbreak is highly variable depending on several
factors, including the extent of disease spread when the disease
is discovered; the severity of the disease; the infectiousness of
the virus; the density of the population; the speed of application
of control measures; the compliance of animal owners; and
the involvement of external factors such as vectors, climate,
and/or environmental reservoirs. For instance, the 2001 FMD
epidemic in the UK took more than a year to control and
spread to surrounding countries such as Ireland, Belgium, and
the Netherlands (41). Since the introduction of ASF to Europe
in 2007, it has been spreading in several parts of the continent
as well as in Southeast Asia (8). Recurrent BTV epidemics
have occurred in Europe during the past 15 years affecting
several countries (42). The control measures that are normally
implemented for outbreaks of these diseases (FMD, ASE and
BTV) may vary from one disease to another, but generally, they
include a depopulation of the affected herds followed by cleaning
and disinfection, surveillance of neighboring herds, and tracing
of contacts. Vaccination may be an option when a vaccine is
available, as in the case of BTV (43) and FMD (44).

Since the emergence of reports from Wuhan on the spread
of a peculiar disease in late 2019 (44), the disease spread to
many countries and continents, leading to a pandemic with
devastating economic impact (45). In middle March, Europe was
declared the epicenter of the disease (46). The management of
the disease in Europe varied from one country to another but
was characterized by implementing a lockdown, which varied in
the speed and degree of its implementation following increase in
hospitalization cases. Some countries such as Denmark quickly
implemented a partial countrywide lockdown, while Sweden
kept several activities running, including schools, restaurants,
and bars (47). These diverging strategies have led them along
different paths during the epidemic. Testing, contact tracing, and
isolation are measures that were recommended by the World
Health Organization (48), and peers emphasized the importance
of these measures later when the number of cases is low, in order
to cut the transmission chain (46).

CONTINGENCY AND PREPAREDNESS
PLANS

Detailed and strict guidelines have been set for the control of
highly infectious diseases in the veterinary field. For instance,
the EU set clear guidelines for the control of FMD, ASF, and
BTV in domestic livestock populations (49-51). The member
states must follow these guidelines once the disease is detected in
the country and demonstrate preparedness and control plans to
prevent onward transmission. Furthermore, regular simulation
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exercises and assessment of logistic and laboratory capacities
must be conducted (15, 52, 53).

The current Sars-CoV-19 epidemic has proven the lack
of preparedness of many countries to manage a widespread
epidemic in human populations (46). For instance, hospitals
were not prepared to handle a large number of patients. In
addition, some countries, such as Denmark, had no models
ready for disease spread in human populations that included the
necessary framework to be adjusted to Sars-CoV-19 to advise the
authorities from the beginning. Instead, scientists had to build
these models within a very short time and develop them as data
became available, without following the normal rigor in model
development and validation, subjecting the model prediction to
high uncertainty. Other countries, such as the UK, adapted an
existing model of influenza virus spread (54) to simulate the
spread of SARS-CoV-2 and advise the authorities.

DISCUSSION

It seems that ABMs are frequently chosen in the veterinary
field to advise the authorities during outbreak situations due
to their ability to incorporate a large amount of detail, while
different methods are generally used for modeling infectious
diseases in humans. Using a farm as the population requires
much less computational power compared to modeling all
people in a country, which could explain the difference in
choice of method. However, because the human population is
often more heterogeneously mixed and contains many more
behavior patterns than livestock, ABMs would actually be
a good choice of model for capturing these patterns (29).
Modeling human infectious diseases on a municipality level
might be sufficient to capture spatial heterogeneities and
provide good tools to advise the authorities on diseases control.
However, modeling on smaller aggregations than a country
can create problems with parameterization due to fewer cases
per subpopulation.

For convenience, some studies have categorized contacts
between humans into contacts at home, work, schools, leisure,
and others [e.g., 23, 24]. Precise specifications of the contacts are
not defined. For instance, who are the receivers of the contacts
at home, e.g., other members of the family, friends, neighbors,
etc. In addition, the frequency to each of these potential
receivers is sometimes not reported. The same issue exists with
the other types of contacts. This limits the ability to develop
ABM where exact contact structures cannot be simulated,
leaving ABMs to be a more or less detailed representation of
ODE models. Thus, detailed information on contact structures
between individuals is essential to develop reliable predictions
from ABMs.

REFERENCES

1. Klepac P, Metcalf CJ, McLean AR, Hampson K. Towards the endgame and
beyond: Complexities and challenges for the elimination of infectious diseases.
Philos Trans R Soc Lond B. (2013) 368:20120137. doi: 10.1098/rstb.2012.0137

In the veterinary field, experimental studies can be done
relatively quickly to obtain necessary data to parametrize models
of disease spread. This is a bigger challenge within infectious
diseases of humans, as such studies would be unethical. Data
sources are therefore typically limited to patients and sometime
their contacts, which may include recall or selection bias, so
it is highly important to rapidly initiate data collection under
ongoing epidemics for the benefit of modeling future epidemics.
Specifically, for SARS-CoV-2, it is often reported that cases
are most infectious prior to onset of symptoms, so contact
tracing of individuals should include repeated testing of contacts
to ascertain the shedding of viral loads prior to the onset
of symptoms.

From our own long experience in modeling disease spread
and control in the veterinary field and the recent experience
of modeling SARS-CoV-2 spread in Denmark, we observe that
contingency and preparedness planning to handle a highly
infectious disease like COVID-19 in humans has been suboptimal
compared to similar preparations within the veterinary field.
The importance to Denmark of livestock production and
exports, including the demands for high-quality products
that are made by importing countries, partly explains the
importance of contingency and preparedness planning to
Denmark. Nevertheless, it is unclear why contingency and
preparedness planning for infectious diseases in humans has not
so far been done at the same level. One potential explanation is
that Denmark (in common with other developed countries) has
not experienced a disease as severe as COVID-19 for many years,
so contingency and preparedness plans have not been a focus
of attention for the health authorities for a disease like COVID-
19. We therefore recommend urgent investment in continuous
development of contingency plans for human infectious diseases
to develop and maintain robust models that can provide accurate
predictions in case of a new outbreak with minimized prediction
failures. We note that the latter has been a major discussion issue
in the current epidemic (55).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

TH wrote the first version of the manuscript with assistance from
CK. KG, MD, and LC assisted in the writing of the manuscript
and provided comments and materials. All authors read and
finalized the manuscript.

2. Keeling MJ Rohani P. Modeling Infectious Diseases in Humans and Animals.
Princeton: Oxford: Princeton University Press. (2008).

3. Heesterbeek H, Anderson RM, Andreasen V, Bansal S, De Angelis D, Dye C,
et al. Modeling infectious disease dynamics in the complex landscape of global
health. Science. (2015) 347:aaa4339. doi: 10.1126/science.aaa4339

Frontiers in Veterinary Science | www.frontiersin.org

August 2020 | Volume 7 | Article 513


https://doi.org/10.1098/rstb.2012.0137
https://doi.org/10.1126/science.aaa4339
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Halasa et al.

Modeling Spread of Infectious Diseases

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Mancy R, Brock PM, Kao RR. An integrated framework for process-driven

model construction in disease ecology and animal health. Front Vet Sci. (2017)
4:155. doi: 10.3389/fvets.2017.00155

. Keeling MJ, Woolhouse ME], Shaw D], Mathews L, Chase-Topping M,

Haydon DT, et al. Dynamics of the 2001 UK foot and mouth disease epidemic:
Stochastic dispersal in a heterogeneous landscape. Science. (2001) 294:813-
7. doi: 10.1126/science.1065973

. Szmaragd C, Wilson AJ, Carpenter S, Wood JL, Mellor PS, Gubbins

S. A modeling framework to describe the transmission of bluetongue
virus within and between farms in Great Britain. PLoS ONE. (2009)
4:e7741. doi: 10.1371/journal.pone.0007741

. Grasbell K, Enge C, Bodker R, Christiansen LE. Optimal vaccination

strategies against vector-borne diseases. Spatial Spatio-Temp Epidemiol.
(2014) 11:153-62. doi: 10.1016/j.sste.2014.07.005

. OIE WAHIS Interface. (2019). Available online at:http://www.oie.int/wahis_

2/public/wahid.php/Diseaseinformation/Immsummary  (accessed

10, 2020).

June

. Lange M. Alternative control strategies against ASF in wild boar

populations (OA incl. Model documentation). EFSA Sup Pub. (2015)
14:EN1312. doi: 10.2903/sp.efsa.2015.EN-843

Thulke H-H, Lange M. Simulation-based investigation  of
ASF  spread and control in wildlife without consideration of
human non-compliance to biosecurity. EFSA Sup Pub. (2017)

12:EN843. doi: 10.2903/sp.efsa.2017.EN-1312

Ferguson N, Laydon D, Nedjati-Gilani G, Imai N, Ainslie K. Report 9: Impact
of Non-pharmaceutical Interventions (NPIs) to Reduce COVID-19 Mortality
and Healthcare Demand. Imperial college COVID-19 response team.
(2020). Available online at: https://www.imperial.ac.uk/media/imperial-
college/medicine/sph/ide/gida- fellowships/Imperial- College- COVID19-
NPI-modelling-16-03-2020.pdf (accessed March 16, 2020).

Center for Disease Control (CDC). (2020). Available online at:https://www.
cdc.gov/coronavirus/2019-ncov/covid-data/forecasting-us.html ~ (accessed
June 10, 2020).

Annonymos. (2020). Available online at:https://www.folkhalsomyndigheten.
se/publicerat- material/publikationsarkiv/e/estimates- of- the- peak-day-and-
the-number-of-infected-individuals- during-the- covid- 19-outbreak-in- the-
stockholm-region-sweden-february--april-2020/ (accessed June 10, 2020).
Annonymos. (2020). Available online at:https://www.fhi.no/en/id/infectious-
diseases/coronavirus/coronavirus-modelling-at-the-niph-thi/ (accessed June
10, 2020).

Halasa T, Ward M, Boklund A. The impact of changing farm structure on
foot-and-mouth disease spread and control: a simulation study. Transbound
Emerg Dis. (2020) 67:1633-44. doi: 10.1111/tbed.13500

Hardstaff JL, Hisler B, Rushton JR. Livestock trade
for guiding animal health surveillance. BMC Vet Res.
11:82. doi: 10.1186/s12917-015-0354-4

Nielen M, Jalvingh AW, Horst HS, Dijkhuizen AA, Maurice H, Schut
BH, et al. Quantification of contacts between Dutch farms to assess the
potential risk of foot-and-mouth disease spread. Prev Vet Med. (1996) 28:143—-
58. doi: 10.1016/0167-5877(96)01042-2
Donaldson AI, Alexandersen S.
and mouth disease by airborne
21:569-75. doi: 10.20506/rst.21.3.1362
Kirkeby C, Bodker R, Stockmarr A, Lind P, Heegaard PM. Quantifying
dispersal of European Culicoides (Diptera: ceratopogonidae) vectors between
farms using a novel mark-release-recapture technique. PLoS ONE. (2013)
8:€61269. doi: 10.1371/journal.pone.0061269

Sanders CJ, Harrup LE, Tugwell LA, Brugman VA, England M, Carpenter
S. Quantification of within-and between-farm dispersal of Culicoides biting
midges using an immune marking technique. J App Ecol. (2017) 54:1429-
39. doi: 10.1111/1365-2664.12875

Cadenas-Fernandez E, Sdnchez-Vizcaino JM, Pintore A, Denurra D, Cherchi
M, Jurado C, Vicente J et al. Free-ranging pig and wild boar interactions
in an endemic area of African swine fever. Front Vet Sci. (2019)
6:376. doi: 10.3389/fvets.2019.00376

Lambkin K, Hamilton J, McGrath G, Dando P, Draxler R. Foot and
mouth disease atmospheric dispersion system. Adv Sci Res. (2019) 16:113-
7. doi: 10.5194/asr-16-113-2019

networks
(2015)

the
Rev  Sci

Predicting
virus.

spread of foot
Tech. (2002)

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Klepac P, Kucharski AJ, Conlan AJK, Kissler S, Tang M, Fry H
et al. Contacts in context: largescale setting-specific social mixing
matrices from the BBC Pandemic project. medRxiv [Preprint].
(2020). doi: 10.1101/2020.02.16.20023754

Mossong J, Hens N, Jit M, Beutels P, Auranen K, Mikolajczyk R, et al. Social
contacts and mixing patterns relevant to the spread of infectious diseases.
PLoS Med. (2008) 5:e74. doi: 10.1371/journal.pmed.0050074

Danon L, Read JM, House TA, Vernon MC, Keeling MJ. Social
encounter networks: characterizing Great Britain. Proc R Soc B. (2013)
280:20131037. doi: 10.1098/rspb.2013.1037

Prem K, Liu Y, Russel TW, Kucharski AJ, Eggo RM, Davies N, et al. The effect
of control strategies to reduce social mixing on outcomes of the COVID-19
epidemic in Wuhan, China: a modelling study. Lancet Pub Health. (2020)
5:€261-70. doi: 10.1016/S2468-2667(20)30073-6

Pasco R, Wang X, Petty M, Du Z, Fox SJ, Pignone M, et al. COVID-
19 Healthcare Demand Projections. Austin, TX: Presented to the city of
Austin (2020).

Keeling MJ, Hollingsworth TD, Read J. The efficacy of contact tracing for the
containment of the 2019 noval coronavirus (COVID-19). medRxiv [Preprint].
(2020). doi: 10.1101/2020.02.14.20023036

Milne GJ, Xie S. The effectiveness of social desitancing in mitigating
COVID-19  spread: a modelling analysis. [Preprint].
(2020). doi: 10.1101/2020.03.20.20040055

Orsel K, de Jong MCM, Bouma A, Stegeman JA, Dekker A. Foot and mouth
disease virus transmission among vaccinated pigs after exposure to virus
shedding pigs. Vaccine. (2007) 25:6381-91. doi: 10.1016/j.vaccine.2007.06.010
Olesen AS, Lohse L, Boklund A, Halasa T, Gallardo C, Pejsak Z,
et al. Transmission of African swine fever virus from infected pigs
by direct contact and aerosol routes. Vet Microbiol. (2017) 211:92-
102. doi: 10.1016/j.vetmic.2017.10.004

Carpenter S, McArthur C, Selby R, Ward R, Nolan DV, Mordue Luntz
AJ, et al. Experimental infection studies of UK Culicoides species midges
with bluetongue virus serotypes 8 and 9. Vet Rec. (2008) 163:589-
92. doi: 10.1136/vr.163.20.589

Anderson RM, Heesterbeek H, Klinkenberg D, Hollingsworth TD. How will
country-based mitigation measures influence the course of the COVID-19
epidemic? Lancet. (2020) 395:931-4. doi: 10.1016/S0140-6736(20)30567-5
BiQ,WuY, MeiS, Ye C, Zou X, Zhang Z, et al. Epidemiology and transmission
of COVID-19 in Shenzhen China: analysis of 391 cases and 1,286 of their close
contacts. medRxiv. (2020). doi: 10.1101/2020.03.03.20028423

Mizumoto K, Chowell G. Transmission potential of the noval coronavirus
(COVID-19) onboard the diamond princess cruises ship, 2020. Inf Dis Mod.
(2020) 5:264-70. doi: 10.1016/j.idm.2020.02.003

Mizumoto K, Kagaya K, Chowell G. Early epidemiological assessment
of the transmission potential and virulence of coronavirus disease 2019
(COVID-19) in Wuhan city: China, January-February, 2020. medRxiv.
(2020). doi: 10.1101/2020.02.12.20022434

Mizumoto K, Kagaya K, Zarebski A, Chowell G. estimating the asymptomatic
proportion of coronavirus disease (COVID-19) cases on board the diamond
princess cruises ship, Yokohama, Japan, 2020. Euro Surveill. (2020) 25:
2000180. doi: 10.2807/1560-7917.ES.2020.25.10.2000180

Graesboll K, Bodker R, Enge C, Christiansen LE. Simulating spread of
Bluetongue Virus by flying vectors between hosts on pasture. Sci Rep. (2012)
2:863. doi: 10.1038/srep00863

Sedda L, Brown, HE, Purse BV, Burgin L, Gloster J, Rogers DJ. A new
algorithm quantifies the roles of wind and midge flight activity in the
bluetongue epizootic in northwest Europe. Proc R Soc B Biolog Sci. (2012)
279:2354-62. doi: 10.1098/rspb.2011.2555

SST. COVID-19 Risikovurdering, Strategi og Tiltag ved Epidemi I danmark
Sundhedsstyrelsen 10. (2020). Available online at:https://www.sst.dk/-/
media/Udgivelser/2020/Corona/Strategi- for- COVID- 19.ashx?la=da&hash=
067BF6AFOA95D88B3E0A329ABB3C8935E12DDDFF

Anonymous. The 2001 Outbreak of Foot and Mouth Disease. Report By The
Comptroller And Auditor General HC 939 Session 2001-2002. Ordered by the
House of Commons. (2002). Available online at:https://www.nao.org.uk/wp-
content/uploads/2002/06/0102939.pdf (accessed June 21, 2002).

OIE WAHIS Interface. (2020). Available online at:https://www.oie.int/
wahis2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/

medRxiv

Frontiers in Veterinary Science | www.frontiersin.org

August 2020 | Volume 7 | Article 513


https://doi.org/10.3389/fvets.2017.00155
https://doi.org/10.1126/science.1065973
https://doi.org/10.1371/journal.pone.0007741
https://doi.org/10.1016/j.sste.2014.07.005
http://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Immsummary
http://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Immsummary
https://doi.org/10.2903/sp.efsa.2015.EN-843
https://doi.org/10.2903/sp.efsa.2017.EN-1312
https://www.imperial.ac.uk/media/imperial-college/medicine/sph/ide/gida-fellowships/Imperial-College-COVID19-NPI-modelling-16-03-2020.pdf
https://www.imperial.ac.uk/media/imperial-college/medicine/sph/ide/gida-fellowships/Imperial-College-COVID19-NPI-modelling-16-03-2020.pdf
https://www.imperial.ac.uk/media/imperial-college/medicine/sph/ide/gida-fellowships/Imperial-College-COVID19-NPI-modelling-16-03-2020.pdf
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/forecasting-us.html
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/forecasting-us.html
https://www.folkhalsomyndigheten.se/publicerat-material/publikationsarkiv/e/estimates-of-the-peak-day-and-the-number-of-infected-individuals-during-the-covid-19-outbreak-in-the-stockholm-region-sweden-february--april-2020/
https://www.folkhalsomyndigheten.se/publicerat-material/publikationsarkiv/e/estimates-of-the-peak-day-and-the-number-of-infected-individuals-during-the-covid-19-outbreak-in-the-stockholm-region-sweden-february--april-2020/
https://www.folkhalsomyndigheten.se/publicerat-material/publikationsarkiv/e/estimates-of-the-peak-day-and-the-number-of-infected-individuals-during-the-covid-19-outbreak-in-the-stockholm-region-sweden-february--april-2020/
https://www.folkhalsomyndigheten.se/publicerat-material/publikationsarkiv/e/estimates-of-the-peak-day-and-the-number-of-infected-individuals-during-the-covid-19-outbreak-in-the-stockholm-region-sweden-february--april-2020/
https://www.fhi.no/en/id/infectious-diseases/coronavirus/coronavirus-modelling-at-the-niph-fhi/
https://www.fhi.no/en/id/infectious-diseases/coronavirus/coronavirus-modelling-at-the-niph-fhi/
https://doi.org/10.1111/tbed.13500
https://doi.org/10.1186/s12917-015-0354-4
https://doi.org/10.1016/0167-5877(96)01042-2
https://doi.org/10.20506/rst.21.3.1362
https://doi.org/10.1371/journal.pone.0061269
https://doi.org/10.1111/1365-2664.12875
https://doi.org/10.3389/fvets.2019.00376
https://doi.org/10.5194/asr-16-113-2019
https://doi.org/10.1101/2020.02.16.20023754
https://doi.org/10.1371/journal.pmed.0050074
https://doi.org/10.1098/rspb.2013.1037
https://doi.org/10.1016/S2468-2667(20)30073-6
https://doi.org/10.1101/2020.02.14.20023036
https://doi.org/10.1101/2020.03.20.20040055
https://doi.org/10.1016/j.vaccine.2007.06.010
https://doi.org/10.1016/j.vetmic.2017.10.004
https://doi.org/10.1136/vr.163.20.589
https://doi.org/10.1016/S0140-6736(20)30567-5
https://doi.org/10.1101/2020.03.03.20028423
https://doi.org/10.1016/j.idm.2020.02.003
https://doi.org/10.1101/2020.02.12.20022434
https://doi.org/10.2807/1560-7917.ES.2020.25.10.2000180
https://doi.org/10.1038/srep00863
https://doi.org/10.1098/rspb.2011.2555
https://www.sst.dk/-/media/Udgivelser/2020/Corona/Strategi-for-COVID-19.ashx?la=da&hash=067BF6AF0A95D88B3E0A329ABB3C8935E12DDDFF
https://www.sst.dk/-/media/Udgivelser/2020/Corona/Strategi-for-COVID-19.ashx?la=da&hash=067BF6AF0A95D88B3E0A329ABB3C8935E12DDDFF
https://www.sst.dk/-/media/Udgivelser/2020/Corona/Strategi-for-COVID-19.ashx?la=da&hash=067BF6AF0A95D88B3E0A329ABB3C8935E12DDDFF
https://www.nao.org.uk/wp-content/uploads/2002/06/0102939.pdf
https://www.nao.org.uk/wp-content/uploads/2002/06/0102939.pdf
https://www.oie.int/wahis2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease-type-hidden=&disease-id-hidden=&selected-disease-name-hidden=&disease-type=0&disease-id-terrestrial=9&species-t=0&-disease-id-aquatic=-999-&species-a=0&-sta-method=semesterly&-selected-start-year=2020&-selected-report-period=2&-selected-start-month=1&-date-submit=OK
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://www.oie.int/wahis2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease-type-hidden=&disease-id-hidden=&selected-disease-name-hidden=&disease-type=0&disease-id-terrestrial=9&species-t=0&-disease-id-aquatic=-999-&species-a=0&-sta-method=semesterly&-selected-start-year=2020&-selected-report-period=2&-selected-start-month=1&-date-submit=OK

Halasa et al.

Modeling Spread of Infectious Diseases

43.

44.

45.

46.

47.

48.

49.

50.

index/newlang/en?disease-type-hidden=&disease-id-hidden=&selected-
disease-name-hidden=&disease- type=0&disease-id-terrestrial=9&species-
t=0&-disease-id-aquatic=-999- &species-a=0&- sta-method=semesterly&-
selected- start-year=2020&- selected-report- period=2&-selected- start-
month=1&-date-submit=0OK

HJ. Eradication of
by vaccination. Vet Immunol
9. doi: 10.1016/j.vetimm.2013.09.001
The Guardian. First Covid-19 Case Happened in November, China Government
Records Show — Report. (2020). Available online at:https://www.theguardian.
com/world/2020/mar/13/first- covid- 19- case-happened-in-november-

china- government-records-show-report

Fernandes N. Economic Effects of Coronavirus Outbreak (COVID-19) on
the World Economy. (2020). Available online at: https://ssrn.com/abstract=
3557504; http://dx.doi.org/10.2139/ssrn.3557504 (accessed March 22, 2020).
Fisher D, Wilder-Smith A. The global community needs to swiftly
ramp up response to contain COVID-19. Lancet. (2020) 395:1109-
10. doi: 10.1016/S0140-6736(20)30679-6

The Guardian. Why Sweden is Unlikely to Make a U-Turn on its Controversial
Covid-19 Strategy. (2020). Available online at:https://www.theguardian.
com/commentisfree/2020/may/22/sweden-u- turn- controversial-covid- 19-
strategy

World Health Organisation-WHO. Contact Tracing in the Context of
COVID-19. (2020). Available online at: https://www.who.int/publications-
detail/contact-tracing-in-the- context-of-covid- 19

CEC. Council Directive 2000/75/EC of 20 November 2000 Laying Down Specific
Provisions for the Control and Eradication of Bluetongue. (2000). Available
online at:http://data.europa.eu/eli/dir/2000/75/2013-07-01 (accessed June
10, 2020).

CEC. Council Directive 2003/85/EC on community measures for the
control of foot-and-mouth disease repealing, Directive 85/511/EEC

disease  in
(2014)

Baetza bluetongue

Immunopathol.

Germany
158:116-

52.

53.

54.

55.

and amending directive 92/46/EEC. Official ] Eur Union.

306:46.

(2003)

. CEC Council Directive 2002/60/EC. Council directive 2002/60/EC of 27 June

2002 laying down specific provisions for the control of African swine fever and
amending directive 92/119/EEC as regards teschen disease and African swine
fever. Official ] Eur Comm. (2002) L192:27-46.

Martinez-Lopez B, Perez AM, Sinchez-Vizcaino JM. A simulation
model for the potential spread
the Castile and Leon region of Spain.
96:19-29. doi: 10.1016/j.prevetmed.2010.05.015
Boklund A, Mortensen S, Johansen MH, Halasa T. Resource estimations
in contingency planning for foot-and-mouth disease. Front Vet Sci. (2017)
4:64. doi: 10.3389/fvets.2017.00064

Ferguson N, Cummings D, Cauchemez S, Fraser C, Riley S, Meeyai A, et al.
Strategies for containing an emerging influenza pandemic in Southeast Asia.
Nature. (2005) 437:209-14. doi: 10.1038/nature04017

Holmdahl I, Bukee, C. Wrong but what  Covid-19
epidemiologic models can and cannot tell us. N Eng ] Med. (2020)
383:303-5. doi: 10.1056/NEJMp2016822

of foot-and-mouth disease in

Prev Vet Med. (2010)

useful -

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Halasa, Greesboll, Denwood, Christensen and Kirkeby. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

August 2020 | Volume 7 | Article 513


https://www.oie.int/wahis2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease-type-hidden=&disease-id-hidden=&selected-disease-name-hidden=&disease-type=0&disease-id-terrestrial=9&species-t=0&-disease-id-aquatic=-999-&species-a=0&-sta-method=semesterly&-selected-start-year=2020&-selected-report-period=2&-selected-start-month=1&-date-submit=OK
https://www.oie.int/wahis2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease-type-hidden=&disease-id-hidden=&selected-disease-name-hidden=&disease-type=0&disease-id-terrestrial=9&species-t=0&-disease-id-aquatic=-999-&species-a=0&-sta-method=semesterly&-selected-start-year=2020&-selected-report-period=2&-selected-start-month=1&-date-submit=OK
https://www.oie.int/wahis2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease-type-hidden=&disease-id-hidden=&selected-disease-name-hidden=&disease-type=0&disease-id-terrestrial=9&species-t=0&-disease-id-aquatic=-999-&species-a=0&-sta-method=semesterly&-selected-start-year=2020&-selected-report-period=2&-selected-start-month=1&-date-submit=OK
https://www.oie.int/wahis2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease-type-hidden=&disease-id-hidden=&selected-disease-name-hidden=&disease-type=0&disease-id-terrestrial=9&species-t=0&-disease-id-aquatic=-999-&species-a=0&-sta-method=semesterly&-selected-start-year=2020&-selected-report-period=2&-selected-start-month=1&-date-submit=OK
https://www.oie.int/wahis2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease-type-hidden=&disease-id-hidden=&selected-disease-name-hidden=&disease-type=0&disease-id-terrestrial=9&species-t=0&-disease-id-aquatic=-999-&species-a=0&-sta-method=semesterly&-selected-start-year=2020&-selected-report-period=2&-selected-start-month=1&-date-submit=OK
https://doi.org/10.1016/j.vetimm.2013.09.001
https://www.theguardian.com/world/2020/mar/13/first-covid-19-case-happened-in-november-china-government-records-show-report
https://www.theguardian.com/world/2020/mar/13/first-covid-19-case-happened-in-november-china-government-records-show-report
https://www.theguardian.com/world/2020/mar/13/first-covid-19-case-happened-in-november-china-government-records-show-report
https://ssrn.com/abstract=3557504
https://ssrn.com/abstract=3557504
http://dx.doi.org/10.2139/ssrn.3557504
https://doi.org/10.1016/S0140-6736(20)30679-6
https://www.theguardian.com/commentisfree/2020/may/22/sweden-u-turn-controversial-covid-19-strategy
https://www.theguardian.com/commentisfree/2020/may/22/sweden-u-turn-controversial-covid-19-strategy
https://www.theguardian.com/commentisfree/2020/may/22/sweden-u-turn-controversial-covid-19-strategy
https://www.who.int/publications-detail/contact-tracing-in-the-context-of-covid-19
https://www.who.int/publications-detail/contact-tracing-in-the-context-of-covid-19
http://data.europa.eu/eli/dir/2000/75/2013-07-01
https://doi.org/10.1016/j.prevetmed.2010.05.015
https://doi.org/10.3389/fvets.2017.00064
https://doi.org/10.1038/nature04017
https://doi.org/10.1056/NEJMp2016822~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Prediction Models in Veterinary and Human Epidemiology: Our Experience With Modeling Sars-CoV-2 Spread
	Introduction
	Choice of Modeling Method
	Data on Contact Structure
	Data on Disease Stages and Transmission
	Data for Modeling and Validation
	Disease Management During An Outbreak
	Contingency and Preparedness Plans
	Discussion
	Data Availability Statement
	Author Contributions
	References


