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Simple Summary: In animals, two dominant organs are infected by coronaviruses, the respiratory
tract and the gut. In past epidemics, a shift from the lung to the gut or vice versa has been observed.
Analysis of the SARS episode in 2003 had suggested the possibility of a “double epidemic” explaining
the absence of severe cases in Shanghai at the time. Here, using data from Wuhan and Hong Kong,
Singapore, and Shenzhen, we discuss whether the present respiratory contagion route for SARS-CoV-
2 might have also resulted from faecal contamination. We noticed that the propagation of the disease
in the city of Wuhan underwent an original course. Besides the expected respiratory route, the disease
appeared to have been greatly facilitated by a secondary propagation route, thus substantiating the
beneficial effect of an effective quarantine. By contrast, a similar situation based on early data did
not prevail in Hong Kong or Singapore. Our work shows how health authorities could decide to
orient their prevention measures, depending on the analysis of ongoing epidemics, as a function of
the identification of a secondary route in parallel with the prevailing one. Our model could also help
highlight voluntarily or accidentally biased data collection.

Abstract: Background: Starting late 2019, a novel coronavirus spread from the capital of the Hubei
province in China to the rest of the country, then to most of the world. To anticipate future trends
in the development of the pandemic, we explore here, based on public records of infected persons,
how variation in the virus tropism could end up in different patterns, warranting a specific strategy
to handle the epidemic. Methods: We use a compartmental model to describe the evolution of an
individual through several possible states: susceptible, infected, alternative infection, detected, and
removed. We fit the parameters of the model to the existing data, taking into account significant
quarantine changes where necessary. Results: The model indicates that Wuhan quarantine measures
were effective, but that alternative virus forms and a second propagation route are compatible with
available data. For the Hong Kong, Singapore, and Shenzhen regions, the secondary route does not
seem to be active. Conclusions: Hypotheses of an alternative infection tropism (the gut tropism) and a
secondary propagation route are discussed using a model fitted by the available data. Corresponding
prevention measures that take into account both routes should be implemented to the benefit of
epidemic control.

Keywords: COVID-19; SARS-CoV-2; epidemic model; contamination; SARS; coronavirus; coron-
avirus propagation

1. Background

Late in 2019, a novel coronavirus was detected in mainland China originating from
Wuhan, the capital of the Hubei province. The importance of the disease took some time
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to be acknowledged [1,2], resulting in a fairly significant number of infected persons who
subsequently spread the disease throughout China [3] (all provinces had at least one case on
30 January 2020), then worldwide. This makes it essential to explore the way the epidemic
may spread in the future. In the present work, we propose several scenarios to this aim,
centered around an alternative propagation route. While it is obviously hazardous to
advance models of epidemics before their course has been completely unfolded, we think
that it is helpful to evaluate methods meant to understand their specificity. In particular,
by following how the epidemic developed at places other than its original site of onset,
we would be able to detect any unexpected development course that might be used by
health authorities to react. This would be extremely useful to detect patterns created by
socio-political measures meant to contain the disease or mutants of the virus which would
result in higher contagion or virulence, thus prompting a rapid response.

It has been established that coronaviruses are versatile in their preferred site of infec-
tion. These viruses have the option to pass from a “gut tropism” version to a “lung tropism”
instance, as was observed for other coronavirus outbreaks [4-7]. Depending on the infected
person or virus spread dynamics, coronavirus effects can be more or less severe: the virus
can either preserve its lung tropism correlated with high impact, or act as a “gut tropism”
version and be relatively harmless (or even asymptomatic). First reports established that
SARS-CoV-2 also induces gut symptoms [8]. Its genetic build-up and evolution is still
subject to intense research [9]. This multifaceted behaviour may result in unexpected
local courses of the epidemic, as suggested in a scenario of a “double epidemic”, and as
proposed for the SARS 2003 worldwide epidemic [10], except that in the present situation
we would be witnessing the effect of a single epidemic with modulated effects and propa-
gation, depending on the affected patients and random virus mutations. The versatility
of the virus tropism, in addition to interfering with the immune response, may induce
an additional propagation route depending on virus tropism; contagion may involve a
variety of causes, such as environments contaminated with virus carrier secretions, dirty
water effluents, besides the expected direct contamination via aerosols. This means that
the orofecal route should be considered as an important complement of contact with the
virus (see [11] for recent information that sustains this hypothesis).

Coronavirus-mediated diseases have been frequent in domestic animals for a very
long time. They were associated to two major organs, the gut and the lung. There is a direct
link between the lung and gut because lung secretions are continuously swallowed by
animals, man included. The symmetrical route is open when fecal matter reaches the oral
cavity, which is frequently open for respiration. A severe epidemic affecting pigs almost
four decades ago, a shift of tropism from the gut to the lung, changed the course of the
disease [12]. During the SARS episode, it was observed (e.g., at the Amoy Garden cluster
of cases in Hong Kong) that SARS-CoV-1 could be transmitted via sewage [13-15]. This
route has also been demonstrated with SARS-CoV-2 [16]. This is likely the consequence of
aerosols associated to sewage or of soiled hands reaching the oral cavity or the nose; hence,
the importance of repeatedly washing hands.

This observation prompted us to include in our model, besides the major respiratory
route, an additional propagation route, which is not a direct human-to-human propagation
but invokes some indirect, vector, or environment element, to/from humans. A second
important consequence of assuming the presence of an indirect route is that the selection
pressure on virus mutants will differ considerably between lung tropism and gut tropism.

When a virus reaches its target cell it begins to multiply. This draws on the cell’s
metabolic resources. While the general outline of the metabolism is the same in different
hosts, there may be considerable variation from person to person, depending on its envi-
ronment or social status, such as its age or previous infections. As a consequence, this will
impact the selection pressure on the virus itself (it is considerably dependent on nucleotide
metabolism, for example, see [17]) and this will be reflected in the incubation period (i.e.,
the delay necessary for a virus to yield visible consequences in a host), which will depend
on the virus reproduction rate, with a low rate leading to a longer incubation period.
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This hypothesis is consistent with some propagation patterns, such as the first case in
Macau, which was not detected at the border, implying that the affected person did not
have fever. We should note that this makes the disease considerably more dangerous in
terms of propagation because carriers are, at least for some time, “invisible” and display
risky behavior [18,19]. This explains our choice of compartmental model (see below).

Very recent clinical and epidemiological evidence sustaining our hypothesis of alter-
native route of propagation can be found in [11,16,20,21].

We propose several scenarios of coronavirus propagation in parallel with our propaga-
tion model. Besides providing suggestions to the operational epidemic propagation models,
this work also suggests some countermeasures to slow down propagation. Compared with
SARS and the flu, the overall burden became much higher among others because of lack of
proper containment.

2. Methods

The mathematical model of epidemic propagation is illustrated in Figure 1; it builds on
a compartmental model [22,23] to describe the evolution of an individual through several
possible conditions, such as susceptible (compartment label “S”), latent, that is, infected, but
not yet infective (label “L”), infective in the lung tropism and highly symptomatic (label “I”),
low symptomatic, infective in the gut tropism (“A”); the “1” infected then go to “Detected”
(“D”) stage, while the “A” infected go to the “Removed /recovered” stage (label “R”).
This is an adaptation of existing models and especially the SLIAR model [24-28]. We add
to the model the possibility for an environmental, local, propagation route (that accounts
for soiled water, etc.). This option is represented by the “E” label. With some probability,
the contact between infected environmental elements and a susceptible individual gives
rise to new infections.

Here, N is the total population; the parameters B, Ber, Bes, 6, YL, Y1, Ya, YE, L(0),
1(0), A(0), R(0), E(0) and p of the model are fitted so that the “D” compartment matches
the existing cumulative number of cases [29] known at the beginning of the epidemic.
The mathematical formulation of the model is:

dS/dt = —BS(I+ 5A)/N — BrsES (1)
dL/dt = BS(I+ 6A)/N + BesES — yiL @)
dl/dt = py L — il ®3)
dA/dt = (1—p)yLL —7aA 4)
dD/dt = ;1 ®)
dR/dt = y4 A (6)
dE/dt = Bgi(I+6A)/N — ygE. )

Simulations start at some date ). The parameters were fit with a zero-order opti-
mization procedure called differential evolution [30], as implemented in the Python “scipy”
package. The procedure minimizes (without the need to compute any gradient) the fol-
lowing function: to any set of parameters of the model, we associate the least squares
error, that is, the sum (over available calendar dates) of squares of differences between
observed empirical values and the simulation result for the “D” class. We did no "cherry
picking"—that is, we used the fitting parameters as they were output by the calibration
process, without further selection; this is encouraging for the robustness of the model and
the fitting procedure.
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Figure 1. SLIADRE model: Schematic view of the SLIADRE model used in the simulations. Each compartment is indicated
with a rectangular box and the flow of individuals or infection vectors with solid arrows. Dashed arrows indicate which

compartment influences another.

3. Results

We start with a simulation of the Wuhan city epidemic. We take into account the
quarantine starting 23rd January and impose a reduction of the transmission parameters
from nominal values § and Bgg to reduced values a1 and a,Brg post-quarantine start
date. The reduction is represented by percentages a1, a, between 0% and 100% that are
fitted numerically.

This attenuation is found, as is the case for all other parameters, in the course of a
search procedure that imposes a match of the “Detected” patients predicted by the model
and the number of reported cases available from communications of the WHO or Chinese
authorities. The results are displayed in Figure 2. The epidemic size is around 28,500.
The key observation here is the presence and importance of the alternative form “A” and
the alternative propagation route E-S (see also below).

To exclude effects from late-epidemic stages, we only use data from the first months
of propagation.

The effect and importance of quarantine measures: we tested what happens if we
discarded the attenuation factors found by the fit procedure. We obtained a total epidemic
size of 97,400, which is a sharp increase with respect to the baseline scenario. Note that
these figures are not to be taken per se, but only as projections that can be made, at
some point in time, with available data. Recall that the goal of the study is not to make
propagation predictions, but to state whether the data available in the beginning of the
epidemic are coherent with a second propagation route.

To demonstrate the importance of the alternative form and the alternative propagation
route, we neglected the alternative propagation route by setting the frs parameter to zero
in the previous run. We obtained the results in Figure 3, which shows that absence of the
E-S propagation route cannot explain the way the epidemic is unfolding (total epidemic
size is down to 112 from previous figure of 28,500, closer to observations).

Similar considerations hold when switching down the alternative form of virus pre-
sentation (results not shown here).

A second simulation concerns the Hong Kong propagation (Figure 4): here, statistical
uncertainties in the data do not allow a good fit, but the first wave epidemic appears to be
contained; note that the model cannot foresee what can happen if new infected individuals
turn up from outside or if quarantine efforts diminish in the model’s future.
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Figure 2. Results of the model for Wuhan city epidemic. The initial date ¢( is set to 11 January 2020 and the data available up
to 9th February is used in this simulation. The class “E” is increasing which indicates important environmental propagation.
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Figure 3. Results of the simulations when the environmental propagation route E-S is switched off. The classical propagation
route alone induces a much smaller epidemic size than the actual data indicate.
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Figure 4. Simulation results for Hong Kong. The initial time £y is set to 22nd January. The class “E” is small and decreasing,

which indicates negligible environmental propagation.
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We continue with a simulation of the propagation of the epidemic in Shenzhen
(Figure 5): the epidemic seems to be relatively under control with a final epidemic size
below 600 (although data were not regularly updated at the end of our selected time
interval as the “Detected” class remains constant for a long while); this may force the fit
procedure to overweight parameters that ensure sudden epidemic stop and thus a smaller
total epidemic size. A sensitivity analysis (not shown here) can be used to produce a
confidence interval for the final epidemic size.

= |nfected 60,000 = Aternative infected
125
100 -
40,0001
751
201 20,000
251
ol o
0 50 100 150 0 50 100 150
Time (days) Time (days)
0.025 - —
500 1
0.020 -
400 -
0.015 -
300 1
2004 0.010 -
100+ = Detected 0.0051
Sh
04 X enzen cases 0.000
0 50 100 150 0 50 100 150
Time (days) Time (days)

Figure 5. Results of the SLIADRE model for Shenzen. The initial time tg is set to January 19th. The apparent misfit at

the end of the empirical data time range is due to the fact that the database was not updated for several days (thus the

cumulative numbers will show a constant trend, in contradiction with the real epidemic behavior). The class “E” is small

and decreasing which indicates negligible environmental propagation.

Finally, we explored also the case of Singapore: the results in Figure 6 are similar to
those of Hong Kong; there, the epidemic does not appear to be self-sustained.
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Figure 6. Simulation results for Singapore. The initial time ty is set to 23rd January. The class “E” is small and decreasing
which indicates negligible environmental propagation.

4. Discussion

A word of caution concerning the present analysis—any model is but an imperfect
view of reality, and this model is no exception. In addition, the quality of the results
returned by the model depends directly on the quality of the data input, and it seems likely
that some of the reported figures are subject to large error bars (especially the Wuhan city
data). Therefore, one should take the exact figures in our simulations with a grain of salt.
Yet, the simulation corresponding to the model do show important qualitative features
that are now discussed. Specifically, the hypothesis that there exists a secondary route
of transmission is validated by existing data while the assumption that two major types
of virus tropism coexist is also supported by the simulation outputs (and was validated
by clinical data). This has the interesting consequence that it appears that, for the city
of Wuhan, the quarantine seems to be effective—of course notwithstanding the need
for further quarantine efforts to ensure that it remains under control. However, since a
reservoir is probably present, and the orofecal route may be an important propagation
factor, the prevention of this transmission element is vital to avoid any resurgence. The first
recommendation seems to be the enforcement of strict post-epidemic measures at the
possible reservoir sites.
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In Hong Kong and Singapore (and partially in Shenzhen as well), even if the current
data indicate that the number of cases is likely to increase, it does not indicate that a
secondary propagation route was already effective. However, efforts are to be made to
ensure that this remains true in the future and the control of the secondary route, which
makes the difference between a large scale epidemic and a controlled outbreak, remains an
important target for public health measures.

5. Conclusions

Elaborating on the behavior of previous coronavirus outbreaks, we worked out the
hypothesis that an alternative infection tropism (the gut tropism) linked to a secondary
propagation route (through environment) is affecting the development of the present
COVID-19 epidemic. Our epidemic propagation model, when fit to existing data, indicated
that, among all regions analyzed (Wuhan city in the Hubei region in mainland China, Hong
Kong, Singapore, Shenzhen), the propagation of the disease in the city of Wuhan underwent
an original course. It appeared to be greatly facilitated by a secondary propagation route,
thus substantiating the beneficial effect of an effective quarantine. The main message of our
exploration is that relevant prevention measures that take into account both propagation
routes are key to containing the extension of the epidemic to further sites, especially when
novel sites are uncovered. However, it must be emphasized that because our work depends
on figures provided by official health authorities, the scenarios we proposed could be
considerably altered if the figures were not reflecting the real situation. In particular, the
existence of a second, significant route might in fact provide a way to identify alterations
of these figures.

Author Contributions: A.D. provided the biological background for setting up the model and
proposed, based on the 1983-1985 outbreak of coronavirus infection in European pigs the hypothesis
of alternative transmission route for the propagation of the SARS-CoV-2 coronavirus. T.W.N. collected
the figures of COVID-19 cases in different cities and carried out some numerical simulations. G.T.
contributed to the derivation of the differential equations that describe the model, carried out
numerical simulations and the parameter fitting procedures. A.D., TW.N., G.T. supervised the
design of the mathematical model. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by RGC grants 17306019 and 17307420.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository that does not issue
DOIs. Publicly available datasets were analyzed in this study. This data can be found here:
http:/ /wjw.hubei.gov.cn/fbjd/dtyw/, http:/ /wjw.sz.gov.cn/yqxx/, https:/ /www.coronavirus.gov.
hk/eng/index.html#Updates_on_COVID-19_Situation.

Conflicts of Interest: A.D.is employed by Stellate Therapeutics (fka Amabiotics), a company that
works on treatment of neurodegenerative diseases.

Sample Availability: The datasets generated analysed during the current study are available in

(1) Health Commission of Hubei Province repository, http://wjw.hubei.gov.cn/fbjd /dtyw/

(2) The Shenzhen Municipal Health Commission repository, http:/ /wjw.sz.gov.cn/yqxx/

(3) Department of Health, The Government of Hong Kong SAR repository, https:/ /www.coronavirus.
gov.hk/eng/indexhtml#Updates_on_COVID-19_Situation.

Abbreviations

The following abbreviations are used in this manuscript:
COVID-19 Coronavirus disease 2019

SARS Severe acute respiratory syndrome

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
WHO The World Health Organization


http://wjw.hubei.gov.cn/fbjd/dtyw/
http://wjw.hubei.gov.cn/fbjd/dtyw/
http://wjw.sz.gov.cn/yqxx/
https://www.coronavirus.gov.hk/eng/index.html##Updates_on_COVID-19_Situation
https://www.coronavirus.gov.hk/eng/index.html##Updates_on_COVID-19_Situation
http://wjw.hubei.gov.cn/fbjd/dtyw/
http://wjw.sz.gov.cn/yqxx/
https://www.coronavirus.gov.hk/eng/index.html##Updates_on_COVID-19_Situation
https://www.coronavirus.gov.hk/eng/index.html##Updates_on_COVID-19_Situation

Biology 2021, 1, 10 10 of 10

References

1. Zhu, N,; Zhang, D.; Wang, W.; Li, X,; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from
Patients with Pneumonia in China, 2019. N. Engl. ]. Med. 2020, 382, 727-733. [CrossRef] [PubMed]

2. Gralinski, L.E.; Menachery, V.D. Return of the Coronavirus: 2019-nCoV. Viruses 2020, 12, 135. [CrossRef] [PubMed]

3.  Wu,].T,; Leung, K,; Leung, G.M. Nowcasting and forecasting the potential domestic and international spread of the 2019-nCoV
outbreak originating in Wuhan, China: A modelling study. Lancet 2020. [CrossRef]

4. Rasschaert, D.; Duarte, M.; Laude, H. Porcine respiratory coronavirus differs from transmissible gastroenteritis virus by a few
genomic deletions. J. Gen. Virol. 1990, 71, 2599-2607. [CrossRef]

5. Laude, H; Rasschaert, D.; Delmas, B.; Eleouét, ].E. Le coronavirus respiratoire porcin PRCV: Un virus émergent pas comme les
autres. Virologie 1998, 2, 305-316.

6. Garwes, D.J. Transmissible gastroenteritis. Vet. Rec. 1988, 122, 462-463. [CrossRef]

7. Song, H.D,; Tu, C.C.; Zhang, GW.; Wang, S.Y.; Zheng, K ; Lei, L.C.; Chen, Q.X.; Gao, Y.W.; Zhou, H.Q.; Xiang, H.; et al. Cross-host
evolution of severe acute respiratory syndrome coronavirus in palm civet and human. Proc. Natl. Acad. Sci. USA 2005, 102, 2430.
[CrossRef]

8.  Holshue, M.L.; DeBolt, C.; Lindquist, S.; Lofy, K.H.; Wiesman, J.; Bruce, H.; Spitters, C.; Ericson, K.; Wilkerson, S.; Tural, A.; et al.
First Case of 2019 Novel Coronavirus in the United States. N. Engl. |. Med. 2020, 382, 929-936. [CrossRef]

9.  Pradhan, P; Pandey, A.K; Mishra, A.; Gupta, P.; Tripathi, PK.; Menon, M.B.; Gomes, ].; Vivekanandan, P.; Kundu, B. Uncanny
similarity of unique inserts in the 2019-nCoV spike protein to HIV-1 gp120 and Gag. bioRxiv 2020. [CrossRef]

10. Ng, T.W.,; Turinici, G.; Danchin, A. A double epidemic model for the SARS propagation. BMC Infect. Dis. 2003, 3, 19. [CrossRef]

11. Yuan,]; Chen, Z,; Gong, C.; Liu, H,; Li, B; Li, K; Chen, X.; Xu, C,; Jing, Q.; Liu, G.; et al. Sewage as a Possible Transmission
Vehicle During a Coronavirus Disease 2019 Outbreak in a Densely populated Community: Guangzhou, China, April 2020.
Clin. Infect. Dis. 2020. [CrossRef] [PubMed]

12.  Laude, H.; Charley, B.; Gelfi, ]. Replication of Transmissible Gastroenteritis Coronavirus (TGEV) in Swine Alveolar Macrophages.
J. Gen. Virol. 1984, 65, 327-332. [CrossRef] [PubMed]

13.  Wang, X.W.; Li, J.; Guo, T,; Zhen, B.; Kong, Q.; Yi, B.; Li, Z.; Song, N.; Jin, M.; Xiao, W.; et al. Concentration and detection of SARS
coronavirus in sewage from Xiao Tang Shan Hospital and the 309th Hospital of the Chinese People’s Liberation Army. Water Sci.
Technol. 2005, 52, 213-221. [CrossRef] [PubMed]

14. Abdullah, A.S.M.; Tomlinson, B.; Cockram, C.S.; Thomas, G.N. Lessons from the severe acute respiratory syndrome outbreak in
Hong Kong. Emerg. Infect. Dis. 2003, 9, 1042-1045. [CrossRef] [PubMed]

15. Hung, L.S. The SARS epidemic in Hong Kong: what lessons have we learned? J. R. Soc. Med. 2003, 96, 374-378.

16. Hu, F; Chen, F; Ou, Z; Fan, Q.; Tan, X.; Wang, Y; Pan, Y,; Ke, B,; Li, L.; Guan, Y,; et al. A compromised specific humoral
immune response against the SARS-CoV-2 receptor-binding domain is related to viral persistence and periodic shedding in the
gastrointestinal tract. Cell. Mol. Immunol. 2020, 17, 1119-1125. [CrossRef] [PubMed]

17. Ou, Z.; Ouzounis, C.; Wang, D.; Sun, W.; Li, J.; Chen, W.; Marliere, P.; Danchin, A. A Path toward SARS-CoV-2 Attenuation:
Metabolic Pressure on CTP Synthesis Rules the Virus Evolution. Genome Biol. Evol. 2020, 12, 2467-2485. [CrossRef]

18.  Maghool, S.; Maleki-Jirsaraei, N.; Cremonini, M. The coevolution of contagion and behavior with increasing and decreasing
awareness. PLoS ONE 2019, 14, e0225447. [CrossRef]

19. Rothe, C.; Schunk, M.; Sothmann, P.; Bretzel, G.; Froeschl, G.; Wallrauch, C.; Zimmer, T.; Thiel, V,; Janke, C.; Guggemos, W.; et al.
Transmission of 2019-nCoV Infection from an Asymptomatic Contact in Germany. N. Engl. J. Med. 2020, 382, 970-971. [CrossRef]

20. Chang, S.; Pierson, E.; Koh, PW.; Gerardin, J.; Redbird, B.; Grusky, D.; Leskovec, ]. Mobility network models of COVID-19 explain
inequities and inform reopening. Nature 2020. [CrossRef]

21. Correia, G.; Rodrigues, L.; Gameiro da Silva, M.; Gongalves, T. Airborne route and bad use of ventilation systems as non-negligible
factors in SARS-CoV-2 transmission. Med. Hypotheses 2020, 141, 109781. [CrossRef] [PubMed]

22.  Anderson, RM.; May, R M. Infectious Diseases of Humans Dynamics and Control; Oxford University Press: Oxford, UK, 1992.

23.  Murray, ].D. Mathematical Biology: I. An Introduction; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2007.

24. Brauer, E Some simple epidemic models. Math. Biosci. Eng. 2006, 3, 1. [CrossRef] [PubMed]

25. Arino, J.; Brauer, F; Driessche, P.v.d.; Watmough, J.; Wu, J. A final size relation for epidemic models. Math. Biosci. Eng. 2007,
4,159. [CrossRef] [PubMed]

26. Arino, J.; Brauer, F; van den Driessche, P.; Watmough, J.; Wu, J. Simple models for containment of a pandemic. J. R. Soc. Interface
2006, 3, 453-457. [CrossRef]

27. Gumel, A.B.; Ruan, S.; Day, T.; Watmough, ].; Brauer, F.; van den Driessche, P.; Gabrielson, D.; Bowman, C.; Alexander, M.E,;
Ardal, S.; et al. Modelling strategies for controlling SARS outbreaks. Proc. R. Soc. Lond. Ser. Biol. Sci. 2004, 271, 2223-2232.
[CrossRef]

28. Longini, LM.; Halloran, M.E.; Nizam, A.; Yang, Y. Containing Pandemic Influenza with Antiviral Agents. Am. ]. Epidemiol. 2004,
159, 623-633. [CrossRef]

29. Imai, N.; Dorigatti, I.; Cori, A.; Donnelly, C.A.; Riley, S.; Ferguson, N.M. Estimating the Potential Total Number of Novel Coronavirus
Cases in Wuhan City, China; Imperial College London: London, UK, 2020. [CrossRef]

30. Storn, R.; Price, K. Differential Evolution—A Simple and Efficient Heuristic for global Optimization over Continuous Spaces.

J. Glob. Optim. 1997, 11, 341-359. [CrossRef]


http://dx.doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://dx.doi.org/10.3390/v12020135
http://www.ncbi.nlm.nih.gov/pubmed/31991541
http://dx.doi.org/10.1016/S0140-6736(20)30260-9
http://dx.doi.org/10.1099/0022-1317-71-11-2599
http://dx.doi.org/10.1136/vr.122.19.462
http://dx.doi.org/10.1073/pnas.0409608102
http://dx.doi.org/10.1056/NEJMoa2001191
http://dx.doi.org/10.1101/2020.01.30.927871
http://dx.doi.org/10.1186/1471-2334-3-19
http://dx.doi.org/10.1093/cid/ciaa1494
http://www.ncbi.nlm.nih.gov/pubmed/33043972
http://dx.doi.org/10.1099/0022-1317-65-2-327
http://www.ncbi.nlm.nih.gov/pubmed/6319578
http://dx.doi.org/10.2166/wst.2005.0266
http://www.ncbi.nlm.nih.gov/pubmed/16312970
http://dx.doi.org/10.3201/eid0909.030366
http://www.ncbi.nlm.nih.gov/pubmed/14519237
http://dx.doi.org/10.1038/s41423-020-00550-2
http://www.ncbi.nlm.nih.gov/pubmed/33037400
http://dx.doi.org/10.1093/gbe/evaa229
http://dx.doi.org/10.1371/journal.pone.0225447
http://dx.doi.org/10.1056/NEJMc2001468
http://dx.doi.org/10.1038/s41586-020-2923-3
http://dx.doi.org/10.1016/j.mehy.2020.109781
http://www.ncbi.nlm.nih.gov/pubmed/32361528
http://dx.doi.org/10.3934/mbe.2006.3.1
http://www.ncbi.nlm.nih.gov/pubmed/20361804
http://dx.doi.org/10.3934/mbe.2007.4.159
http://www.ncbi.nlm.nih.gov/pubmed/17658921
http://dx.doi.org/10.1098/rsif.2006.0112
http://dx.doi.org/10.1098/rspb.2004.2800
http://dx.doi.org/10.1093/aje/kwh092
http://dx.doi.org/10.25561/77150
http://dx.doi.org/10.1023/A:1008202821328

	Background
	Methods
	Results
	Discussion
	Conclusions
	References

