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Abstract

Background: The coronavirus disease 2019 (COVID-19) pandemic remains a major global public health concern. It is assumed that the
COVID-19 outbreak originated in Wuhan, China and spread worldwide as a result of international travel. Here, [ used data from China to assess the
impact of contact rate for COVID-19 transmission and decay of transmission rate due to implemented interventions for disease control.

Method: I developed a generalized susceptible-exposed-infectious-recovered (SEIR) compartmental model based on the disease clinical
progression and interventions to explore the transmission dynamics of the global COVID-19 pandemic. I computed the basic reproduction number

from the model to assess the epidemiology of the disease.

Results: [ found that the number of asymptomatic was higher than symptomatic cases, and that COVID19 transmission is directly linked with

contact rate between infectious and susceptible individuals. It shows that at high contact rate, disease peaked in a short period of time, and doubling
time decrease with increasing contact rate. The curve of COVID-19 transmission was found to flatten with increasing decay of transmission rate due
to interventions that have been implemented. The basic reproduction number computed in this study without intervention at the contact rate of
1.137 day-1 was found to be 4.9976, suggesting that the number of secondary cases resulted from introduction of a single infectious individual into
naive susceptible population was increasing. At the decay transmission rate of 0.02 day-1, the basic reproduction number was 0.4534 and 0.04113

at the decay transmission rate of 0.04 day-1, implying that disease can be controlled with implementation of interventions.

Conclusion: The study shows that COVID-19 transmission was amplified by high contact rates between infectious and susceptible individuals,
and that asymptomatic individuals might be super spreaders of the disease. It shows that the number of cases decreases with increasing decay of

transmission rate due to earlier implementation of interventions.
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Introduction

Coronavirus disease 2019 (COVID-19) is a major public
health concern worldwide [1,2]. It is not well understood how the
COVID-19 outbreak started and became the global pandemic as
declared by the World Health Organization (WHO). However, it is
assumed that COVID19 originated from seafood market in Wuhan,
Hubei province in China where the outbreak began [3]. At the
beginning of the outbreak, it was assumed that COVID-19 was only
transmitted from animal-to-human, and that there was no proof
of huma-to-human transmission. Apart from animal-to-human
transmission as suggested previously, epidemiological data show

that COVID-19 is transmitted by aerosols from human-to-human
through breathing, talking, coughing and sneezing. The first case
of COVID-19 was confirmed in December 2019 in the city of Wuhan
and exported to many other countries worldwide as a result of
international travel from Wuhan and mainland China [4,5]. Many
countries therefore banned international travel from China and
implemented national lockdown to limit the spread of COVID-19. It
is crucial to understand the transmission dynamics of the infection
in the early stages of a new infectious disease outbreak. However,
since COVID-19 is a novel coronavirus, many countries might have
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delayed implementing interventions while trying to understand
how the virus is transmitted and how to deliver treatment to
infected individuals.

Previously, two other novel coronaviruses emerged as major
global health threats, namely severe acute respiratory syndrome
coronavirus (SARS-CoV) that spread to 37 countries causing more
than 8000 infections and 800 deaths, and Middle East respiratory
syndrome coronavirus (MERS-CoV) that spread to 27 countries
causing more than 2494 infection and 858 deaths worldwide [6,7].
According to Johns Hopkins University, from December 30, 2019 to
July 29, 2020, COVID-19 has spread in 188 countries with a total
number of more than 16,747,268 confirmed cases and 660,593
deaths worldwide, indicating that COVID-19 might be more

virulence and contagious than any other novel coronavirus.

Estimating the contact rates that can result in transmission
provides insights into the infectious disease epidemiology [8,9]
and enables us to assess whether the outbreak intervention
measures have had an impact [10,11]. Furthermore, this can help
to understand the risk of the disease to other countries [12] and
inform design of interventions for disease control [5]. However,
delay in appearance of symptoms due to the incubation period
or asymptomatic carriers and delay in case confirmation due to
detection and testing capability are just some of the challenges
for disease control [13]. I used data from Wuhan and mainland
China to assess the potential impact of contact rate for COVID-19
transmission and decay of transmission rate due to interventions
implemented for disease control in other countries outside China
using a mathematical modelling approach. Additionally, | computed
the basic reproduction number (R;) from the model to assess the

transmission dynamics and control of the COVID-19 pandemic.
Methods
Model design and development

To explore the transmission dynamics of the global COVID-19

pandemic, 1 developed a generalized susceptible-exposed-
infectious-recovered (SEIR) compartmental model based on
the disease clinical progression and interventions, such as
home quarantine and hospital isolation (Figure 1). In the model
design in terms of interventions, I made real-world assumptions
that proportions of exposed-susceptible, exposed (latent) and
asymptomatic individuals are quarantined at home, and that severe
symptomatic, critical symptomatic and quarantined individuals
who develop severe or critical symptoms become hospitalized.
I parameterized the model using data from published studies
that used data of confirmed cases of COVID-19 [14]. | computed
the basic reproduction number using a next generation matrix
approach to assess disease transmission. In the design of the model],

[ stratified the populations as susceptible individuals (S) who are
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at a high risk but not yet infected, exposed individuals (E) who are
latently infected but not infectious, home quarantined individuals,
including exposed-susceptible, exposed (latent) and asymptomatic
or with mild infection but not yet severe or critical symptomatic
(Q). Furthermore, I included asymptomatic individuals (I,) who are
infectious but with no symptoms, severe symptomatic individuals
(I,) who are infectious with symptoms and may require oxygen,
critical symptomatic individuals (I) who are infectious with
symptoms and may require ventilation, hospitalized individuals (H)
who are either critically or severely ill and recovered individuals
(R) (Figure 1).

Based on the design of the model (Figure 1), recruitment due
to either migration or birth move to a susceptible state at a rate A.
Susceptible individuals are infected at a rate A, which is the force of
infection. A proportion of susceptible individuals, b become latently
infected and move to an exposed state, and another proportion, 1-b
is quarantined at home as a result of contact tracing. Exposed or
latently infected individuals develop disease at a rate 6, of which
80% become asymptomatic, 15% severely symptomatic and
5% critically symptomatic infected individuals as suggested by
the World Health Organization (WHO0)0020[1,15]. Additionally,
based on contact tracing, exposed individuals become home
quarantined at a rate q. Asymptomatic or individuals with mild
symptoms become quarantined at rate r or recover at a rate f. Home
quarantined individuals move to hospital isolation at a rate x if
they become either severely or critically infected. Severely infected
individuals become either hospital isolated at a rate z or recover at
aratey. Critically infected individuals move to either a hospitalized
state at a rate w or a recovered state at a rate k. Hospitalized
individuals with either severe or critical infection recover and move
to recovered state at a rate 8. I assume that natural death occurs
in all compartments at a rate y, and death rate due to disease (d)
occurs in asymptomatic, severe, critical and hospitalized states.
Since the waning period of acquired immunity for COVID-19 is not
well known, I assumed that recovered individuals become immune.

From the model in Figure 1, I developed the mathematical

model as follows:

ZszAN—(bﬁ—(l—b)/l+y)S
t

Lf:blS—((PﬁPs +PC)¢9+q+y)E
t

Cile(l—b)lS+qE+rIa—(x+,u)Q
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dl. OF (f +r+pu+ d)I
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where A is the force of infection, such that

B+ L+ 1)

B — Be ™
A= N Pr=he 7P denotes the

contact rate
between infectious and susceptible individuals, N is the total
number of population, m is the decay of transmission rate due
to interventions implemented and t is the time interval since
disease outbreak. The model was simulated stochastically using
Bi=pe™ (1 + Bocos (2;;;)) where 3, denotes the amplitude. M was

assumed to be equal to zero if no interventions implemented.

Basic reproduction number

The basic reproduction number (R) is the most important
quantity in the predition of infectious disease epidemiology. If R >1
it means disease transmission is increasing, and if R <1 disease
transmission is decreasing and it can be controlled [3,5].

In Equation 1, there are six infected states of E, Q, Ia, Is, Icand H
and I focused on a six-dimensional infected subsystem to compute
the basic reproduction number using a next generation matrix
approach. The transmission (G) and transition (V ) matrices of the
linearized subsystem at disease free equilibrium, (S,E,Q1 1,1 ,H,R)
=(N,0,0,0,0,0,0,0), are

00 b bps bpfre 0
00 (1-0)pu (1-b)ps (1-b)Be 0
G- 00 0 0 0 0 [2)
00 0 0 0 0
00 0 0 0 0
00 0 0 0 0
4 0 0 0 0 0
g —(x+u) r 0 0 0
| o 0 ~(f+r+u+d) 0 0 0
lpe 0 0 ~(y+z+p+d) 0 0 (3)
P 0 0 0 ~(wrk+u+d) 0
0 x 0 z w U

Where A=—((pa+ps+pc)t9+q+,u) and

U=—(5+,u+d)
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The dominant eigenvalue in Equation 4 is equal to the basic
reproduction number (R = p (-GV ")), where

bBupd . bPupb bBupb
((pe+perp)orusq)(d+frurr) ((po+perp)o+prq)(d+h+usw) ((potpeo+p)o+u+q)(d+p+y+z)

Ro=

I computed the value of the basic reproduction number at the
contact rate of 1.137day™. by fitting the parameters values in Table
1 into Equation 5 and found that R = 4.9976 when the decay of
transmission rate due to an implemented intervention, m = Oday?,
suggesting that disease transmission is increasing. Furthermore, |
found that R = 0.4534 at the decay transmission rate, m = 0.02day’
'and R; = 0.04113 at the decay transmission rate, m = 0.04 day
implying that disease transmission can be controlled (Table 1).

Results

Contact rate defined as the number of contacts per unit time
between infectious and susceptible individuals plays an important
role in COVID-19 transmission. Figure 2 simulated from Equation
1 with varying contact rates (f = 1.137 -14.781 day!) without
interventions (e.g. transmission decay rate, m = 0 day*) shows that
COVID-19 transmission is directly linked with contact rate between
infectious and susceptible individuals, suggesting that the number
of cases increases with increasing contact rate. Additionally, at
high contact rate, the disease peaks in a shorter period of time,
for example at the contact rate of 1.137 day’ disease peaked
approximately 70 days, 2.192 day? peaked in 40 days, 5.356 day
! peaked in 20 days and 14.781 day! peaked 10 days after initial
infection. It shows that doubling time decrease with increasing
contact rate (Figure 2). Additionally, Figure 2 shows that if effective
interventions are not implemented, the second wave of COVID-19
is inevitable. It shows that the second wave of COVID-19 is linear

proportional to the contact rate in the absence of interventions.

Figure 3 simulated at the constant contact rate of 5.356 day
! with varying decay of transmission rates due to implemented
interventions (m = 0.02-0.08 day?') shows that implementation
of effective interventions flatten the curve of the disease and
prevents an occurrence of the second wave. It shows that earlier
implementation of intervention amplifies the decay of transmission
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rate and the number of cases decreases. This implies that This study shows that effective interventions or a combination of
some countries managed to contain COVID-19 transmission by more than one intervention flattens the curve faster than single
implementing interventions earlier at the time of disease outbreak. intervention, for example, combination of mitigation [16].

HQ

(1-b)AS

Figure 1: Coronavirus disease 2019 (COVID-19) model. S = susceptible, E = exposed, Q = home qurantined, la = asymptomatic or mild, Is =
severe symptomatic, Ic = critical symptomatic, H = hospitalized, R = recovered. Other parameters are described in Table 1.
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Figure 2: Impact of contact rate for COVID-19 transmission with delayed interventions or when decay of transmission rate due to implemented
interventions, m=0.
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Figure 3: Showing that COVID-19 transmission decreases with increasing intervention. m denotes the decay of transmission rate due to

The number of exposed individuals was observed to be the
highest when transition time (incubation period) from infection
to disease is estimated to be between 2 and 14 days. In this study,
incubation period in this group (exposed) was estimated to be 5.1
days before transition to either asymptomatic or symptomatic
disease (Table 1). Since incubation period seems to be long time,
this group might be spreading disease before showing symptoms.
The number of asymptomatic cases was observed to be higher
than severe and critical symptomatic cases, suggesting that the
vast majority of COVID-19 might be asymptomatic. Since they do

not show any symptoms and interact with susceptible individuals
on a daily basis, asymptomatic cases might be super-spreaders of
the disease in the community. Many countries have implemented
contact tracing and mass testing, but asymptomatic individuals
may have been missed and the spread of the disease continued
increasing. The number of severe and critical symptomatic
individuals were observed to be lower than home quarantined and
hospitalized individuals probably because the majority of severely
and critically ill patients might be hospitalized as they may require

oxygen or ventilation.

Table 1: Description of parameters and values used in the model development and simulation of the COVID-19 model.

Parameter Description Value Source
A Recruitment rate 0,0.021 day! [15]
b Proportion of susceptible moving to exposed state 0.999 [17]
1-b Proportion of exposed-susceptible quarantined 2.101x10® [17]
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q Rate of exposed individuals quarantined 1.889x107 day! [17]
B Contact rate between infectious and susceptible individuals 1.137-14.781day* [2,17]
p, Proportion of exposed becoming asymptomatic 0.8 [1,15]
p, Proportion of exposed becoming severe symptomatic 0.15 [1,15]
p. Proportion of exposed becoming critical symptomatic 0.05 [1,15]
6 Incubation/progression rate from exposed to disease 0.196 day [16,14]
1 Natural death rate 0.002 [1]
d Disease related death rate 0.043 day [1]
Z Hospital isolation rate for severe symptomatic 0.095 day! [7]
w Hospital isolation rate for critical symptomatic 0.143 day [7]
X Hospital isolation rate for home quarantined individuals 0.111day* [7]
r Home quarantined rate for mild or asymptomatic individuals 1.889x10-7 day! [17]
f Asymptomatic recovery rate 0.140 day! [17]
Severe symptomatic recovery rate 0.172 day! [3]
Hospital isolation recovery rate 0.116 day! [17]
k Critical symptomatic recovery rate 0.172 day! [3]
m Decay of transmission rate due to implemented interventions 0-0.08 day™* Estimatedﬁf:toi;ngthe model

The basic reproduction number computed in this study
(Equation 5) at the contact rate of 1.137 day" was found to be
4.9976 without vaccination implementation, suggesting that the
expected number of secondary cases resulted from introduction
of a single infectious individual into susceptible population was
increasing. Furthermore, I found the basic reproduction number of
0.4534 at the decay transmission rate of 0.02day! and 0.04113 at
the decay transmission rate of 0.04 day! implying that disease can
be controlled. This reflect the fact that implementation of effective
interventions has a high impact on disease control and elimination.

Discussion

This study shows that COVID-19 transmission increases
with increasing contact rate between infectious and susceptible
individuals. This is reflected in the fact that many healthcare
workers became infected and some died from COVID-19 in several
countries due to high contact rate with infectious individuals at
healthcare facilities. For example, regardless of wearing personal
protective equipment (PPE), such as surgical marsks, it has been
reported number of infections and deaths from COVID-19 among
healthcare workers in working environments in Italy, China, UK, US,

South Africa and many other countries.

The possibility of acquiring COVID-19 is linearly proportional to
the contact rate between infectious and susceptible individuals. It is
generally believed that social distancing of 2 m is a safe distance and
many countries have implemented such social distancing. However,
since COVID-19 is an airborne infectious disease as declared by

the WHO, it can be transmitted up to a distance of 6 m through
coughing and 8 m through sneezing, which makes the disease
more complex for implemented preventive measures. Based on this
notion, social distancing of 2 m may be regarded as safe, especially
if wearing masks, since COVID-19 transmission cannot occur at this
distance through breathing and talking. Social distancing remains
a challenge in congregate settings, such as healthcare settings and
schools with high number of interactions.

The basic reproduction number computed in this study without
intervention at the contact rate of 1.137 day! was found to be
4.9976, suggesting that the number of secondary cases resulted
from a single infectious individual introduced into susceptible
population was increasing. Additionally, when intervention was
implemented, I found the basic reproduction number of 0.4534 at
the decay transmission rate of 0.02day* and 0.04113 at the decay
transmission rate of 0.04 day! implying that disease transmission
can be decreased.

Here, I have shown that implementation of effective
interventions has high impact for disease control by amplifying
the decay of transmission rate (Figure 3). This implies that
implementation of more than one intervention, such as combination
of mitigation may flatten the curve faster than a single intervention
[16]. Many countries have implemented some interventions to
combat COVID-19 transmission, such as social distancing, national
lockdown, contact tracing and mass testing. However, regardless
of these preventive measures, COVID-19 remains a public health
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and economic threat worldwide [17]. I found the number of
symptomatic to be smaller than asymptomatic cases, suggesting
that infected individuals might not have been identified and remain
as super-spreaders in the community.
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