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ABSTRACT

Background: The cases of novel coronavirus (COVID- 2019)-infected pneumonia started since the 19th of
December, 2019, in Wuhan (Central China). A large scale outbreak of the disease resulted in a pandemic. This
outbreak of the COVID -19 disease has spread on a wide scale. World health organization (WHO) has identified the
ongoing outbreak of corona virus disease (COVID 2019) as pandemic on 11 March 2020. Basic reproduction number
(RO)- is one of the most important predictors of epidemic severity. It can help to understand the path of the epidemic
and to assess the effectiveness of the various interventions to control the epidemic. The purpose of this study is to
estimate Ry by using five methods based on the Indian COVID-19 dataset and compare them.

Methods: We obtained data on daily confirmed, recovered and deaths cases from official site of ministry of health
and family welfare. We implemented 5 mathematical methods to calculate Ro. We estimated the number of active
cases till 14th of April. We also compare these methods to find out the best method to predict Ro.

Results: The estimated Ry for the AR, EG, ML, TD, and gamma-distributed methods were 1.0004, 2.102, 1.895,
1.872 and 1.46 respectively. The computed RO in the TD method is closer to the actual RO and have a good fit on data
as confirmed with MSE criterion.

Conclusions: Awareness of the basic reproduction number of COVID-19 is useful for controlling the spread of
disease and for planning. It is therefore necessary to know the best method that has better performance.
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INTRODUCTION

The 2019 novel coronavirus (2019-nCoV) or the severe
acute respiratory syndrome corona virus 2 (SARS-CoV-
2) as it is now called has spread from its origin in Wuhan
City of Hubei province of china to the rest of the world.!
The transmission route of 2019-nCoV is through the
respiratory tract droplets. At present, the majority of cases
are related to close contact and the population is generally
susceptible.? According to the World health organization

(WHO) COVID 19 situation report 85 as of 14 April
2020, total of 18,44,863 confirmed deaths and 1,17, 021
worldwide reported deaths. Global spread has been rapid,
with 209 countries reporting at least one case.® In India, a
total of 10,815 confirmed cases and 352 deaths have been
reported by 14 April 20204.

Ro is an important parameter for the epidemiological
model. It represents the average number of cases that are
transmitted during the disease period when all people are
susceptible at the onset of the disease.>” When R 0>1, the
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epidemic will erupt; otherwise the epidemic will die out.
In the early stages of the outbreak, new outbreaks of
infectious diseases will occur. In the case of newly
emerging outbreaks of infectious diseases, the number of
cases will in most cases show an exponential growth
pattern in the early stages of the outbreak. The generation
interval distribution determines the functional relationship
between the exponential growth rate and the R..

A number of studies have been conducted to estimate the
epidemiological parameters of COVID-2019 worldwide.
Read et al envisaged that the R 0 of 2019-nCoV would be
between 3.6 and 4.0 with the use of the spread model.® As
for Tang et al it is necessary to reduce the transmission of
the virus between 72% and 75% by means of various
methods of prevention and control in the community in
order to prevent the spread of the epidemic.” Liu et al
used 830 confirmed cases of 2019-nCoV as of 23 January
2020 and anticipated that the common incubation period
would be 4.8 days® The estimated R 0 for EG
(exponential growth) and ML (maximum likelihood)
techniques was 2.90 (95 per cent Cl: 2.32 ~ 3.63) and
2.92 (95 per cent Cl: 2.28~3.67) respectively. Wu et al.
used SEIR-based meta population version to simulate
epidemics in predominant cities, and used Markov chain
Luo technique estimates RO is 2.68 (95 per cent CI:
2.47~2.86).°

Under current and ongoing intervention measures, it is of
great importance to analyze the evolutionary trends,
epidemiological characteristics and dynamics of the
epidemic on a continuous and timely basis, which can
provide the basis for the scientific prevention and control
of the COVID-19 epidemic.

The purpose of this study is to use five different methods
to estimate Ry of nCoV-2019 based on the Indian
COVID-19 dataset and compare them to find out the
method best predicting Ro closest to the actual value.

METHODS

Data were derived from the daily cumulative number of
cases updated daily by the Ministry of Health and Family
Welfare, as well as from the cases reported on the
relevant websites and close contact groups. As of 14
April 2020, there were 10,815 confirmed cases reported
in India. All the confirmed cases as par the site has been
included in the study. Information was collected on three
main components of interest, i.e. daily confirmed cases,
daily recovered cases, and on a daily basis from 2 March
to April 14 2020.

The reproduction number (RO) was calculated by five
different mathematical methods. The models used in this
article included the attack rate (AR), exponential growth
rate (EG), maximum likelihood (ML), time-dependent
reproduction  numbers  (TD), gamma-distributed
generation time (GT). The above mentioned methods
were applied using R software (RO package and

programming) for RO calculation. After the calculation of
RO by these methods we have also compare them to find
out the model which gives value close to the actual RO at
that particular time.

Formulae used for calculating RO are given below

The attack rate

The RO can be described by the AR with the following

formula:
log (5,°)

AR_SO

R0=_

where AR defines the ratio of the people generating an
infection disease and SO show the initial susceptible
ratio.*

The exponential growth rate

The following formula was applied for computing the R:

t
He =R (Z Nt—iWi>
i=1

1
T M(-1)

R

In this formula, M is the moment-generating function of
the GT.™ The parameter r is determined by the poisson
regression. Furthermore, the parameter w is GT.

The maximum likelihood

Let NO, N1,...., NT identify incident cases over sequential
time. The log-likelihood function is:

LI 5 ( ) !
exp (—Ug)u
(R) N 't t
t-

t=1

Where,

t
ue =R <Z Nt—iWi>
i=1

R is the maximum value of the log-likelihood function.
Furthermore, the parameter w is estimated by maximizing
log-likelihood is GT.

Time-dependent reproduction numbers
In this method, Rt is computed by averaging Rj, which is

the mean of all transmission networks corresponding to
the cases observed.™
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i
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Consider that person i and person j are in times ti and tj,
respectively, then displays the probability of infection
transmission from person j to person i so Rt compute by
averaging all Rj which is the mean of all transmission
networks correspondent with the cases that observed.

The gamma-distributed generation time
Generation time is the time-gap between infection of a
primary case and infection of a secondary case that is

generated by the primary case.'*

The number of cases on the day “t,” denoted by nt in (tI,
t2) grows exponentially where,

ne = ngexp [r(t — t1)]

= cov({log log (ny) }tn[tl,tz]' [t1,t2])
B var([t,, t;])

And

R=(1+%)

a

The EG denotes by r. The mean and standard deviation of
the GT are p and o, respectively, where a=p2/62 and
b=p/c2.5°

Comparison of methods

In order to explore the proximity of the estimation of the
above methods to the actual ROs and to compare them
with each other, we used a 10,000-fold simulation for
each formula based on the Covid-19 data from India. The
epidemics were simulated with the following
characteristics. The GT distribution was considered
gamma with a mean of 5 and a standard deviation of 1.5.
According to actual data (COVID-19 data), the duration
of the epidemic is assumed to be 180 days. We therefore
used a value equal to 100 for the peak value in the
simulation command. The simulation of the basic
reproduction number was made with the characteristics
mentioned above and the MSE was calculated to evaluate

the performance of the models with the formula below.
The lowest MSE value is the method that best fits the
data.

Y, (ro; — R0O)?
n—1

MSE =

RESULTS

Based on available data as of 14 April 2020 (Ministry of
health and family welfare, there were 10,815 confirmed
cases and 352 deaths. Figure 1 shows the daily dataset of
COVID-19 in India for the 44-days period in the study
from 02 March, 2020 to 14 April 2020.

India Covid 19 data up to 14-04-2020
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Figure 1: The incidence case counts COVID 19 data of
India during 02 March 2020-14 April 2020.

All dates of the Indian data are based on month/day form 02
March, 2020 to 14 April, 2020. Moreover, the number of
infected people is plotted as frequency.

In order to demonstrate the difference in modeling with
various formulas, the results of the five models are
presented in Table 1 in form of R 0 (95% confidence
interval [CI]). R 0 (95% confidence interval [CI]) using
the EG model is 2.102 [2.072-2.132] which highest
among all of the considered models that means every
person infected 2.102 other people on average during the
infection period. R 0 (95%Cl) estimated by ML is 1.895
[1.844-1.945] and TD is 1.872 [1.869-2.013] which are
also quite high. The Gamma-distributed GT method
estimate RO as 1.46 [1.39-1.57]. The estimated RO (95%
Cl) by the AR is 1.0004 [1.0003-1.0004] which is
minimum computed R 0 (95% CI).

In order to compare the mentioned models to find the
formula with better fit to the actual values, we conducted
a simulation with R software and calculated RO based on
the five models reported in Table 2. We used gamma
distribution for the GT with the mean of 5 and standard
deviation of 1.5. As the number of cases in India is
increasing but the actual Value of RO is continuously
decreasing [3-1.4] we are assuming that the length of
epidemic may be 180 days. Then, using the above
parameters, the simulation is implemented and R 0 was
computed for each method. The simulation results for
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comparing the quality of the five methods are represented
in Table 2. In order to carry out the simulation, the
number of runs to achieve the R 0 is 10000.

The results, given in Table 2, indicated that there were
differences between the actual and simulated R O;
however, the TD method had the closest value to the RO
calculated from the simulation compared to the other
methods. Variation in all of the simulated values of RO by
all the method has been considered for small actual values
of RO as compared to high values. For smaller values of
RO all the simulated values for all the methods are closer
to actual values but the difference between the actual and
simulated values of RO is high as actual value of RO is
high. The computed R 0 by the AR methods seemed
likely to reflect stability for all R 0 s.

Table 1: The reproduction number estimation by the
different methods for the COVID-19 data (India up to
14, April 2020).

S.no  Method RO (95% CI for RO |

1. AR 1.0004 [1.0003-1.0004]

2. EG 2.102[2.072-2.132]

3. ML 1.895 [1.844-1.945]

4. TD 1.872 [1.869-2.013]
Gamma-

5 distributed 1.46 [1.39-1.57]
generation time

AR based on incidence (n=10,742), RO: Reproduction number;
TD=Time-dependent reproduction numbers; ML=Maximum
likelihood; EG=Exponential growth rate; AR=Attack rate,
Cl=Confidence interval

Table 2: The simulated R0Os and their 95% confidence interval for each method.

RO (95% ClI

Actual RO gy ML "EG 1D Generation Time
136 1.000003 1.502 1.526 1.449 1.481

: [1.000003-1.000004] [1.391-1.681]  [L.460-1532] [L1213-1.604]  [L.212- 1.758]
L5 1.000004 1.670 1.730 1.649 1.543

: [1.000003-1.000005] [1.583-1.889]  [1.691-1.750] [L.407-1.728]  [L.277- 1.816]
L83 1.000005 1.893 2.001 1.873 1.647

: [1.000004-1.000006] [1.804-1.976]  [1.268-2.302] [1.641-1.986]  [1.380- 1.917]
’g 1.000009 1.693 1.721 1.689 1.622

: [1.000008-1.000009] [1.588-1.907]  [1.659-1.734] [L.674-1.733]  [L.353- 1.894]
22 1.000003 1.26 1.338 1.224 1.560

: [1.000003-1.000004] [L.014-1352]  [1.281-1.365] [L1.186-1.245]  [1.293- 1.821]

Table 3: Mean squared error of reproduction number estimation for each method

* Method

Actual RO

AR Generation Time
1.36 0.187 0.029 0.063 0.028 0.046
1.55 0.204 0.027 0.057 0.022 0.040
1.83 0.550 0.041 0.051 0.019 0.022
2.8 2.268 1.354 0.867 0.149 0.778
3.2 4.064 3.101 2.450 0.318 2.096

For evaluating the performance of models, we computed
MSE for all methods (Table 3). The TD method had the
lowest MSE value in comparison to other methods. The
MSE of AR method was very varied. As noted above, the
TD introduced the approach with the nearest estimation to
the actual R 0 based on MSE criterion.

DISCUSSION

Five methods (ML, EG, TD, AR, gamma distributed)
were considered for the estimation of the RO which is a
key parameter for understanding the dynamics of an
epidemic. This was based on the Indian COVID-19
dataset (from 02 March 2020 to 14 April 2020). The
estimated RO for the AR, EG, ML, TD and gamma
distributed methods was 1.0004, 2.102, 1.895, 1.872 and

1.46 respectively. In most cases, the RO was greater than
that of unity but less in comparison with the values of the
SARS epidemics (RO = 4.91) in Beijing, China, in 2003
16, and MERS in Jeddah (R0=3.5-6.7) and Riyadh
(R0=2.0-2.8), Kingdom of Saudi Arabia, in 2014.17

Furthermore, we noted that more recently published
studies based on datasets during periods comparable with
ours reported higher values of basic reproduction number.
Such as Read et al using deterministic SEIR model based
on confirmed cases of 2019-nCoV in Chinese cities
estimated RO as 3.8 (95% CI, 3.6-4) which is higher than
our result.® Tang et al estimated the mean control
reproduction number as 6.47 (95% CI, 5.71-7.23)7 which
is much higher than our estimated reproduction number
by any of the method. Liu et al estimated RO for EG
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(exponential growth) and ML (maximum likelihood)
techniques was 2.90 (95 per cent Cl: 2.32~3.63) and 2.92
(95 per cent Cl: 2.28~3.67) respectively.2 Wu et al. used
SEIR-based metapopulation version to simulate
epidemics in predominant cities, and used Markov chain
Monteca Luo technique estimates RO is 2.68 (95 per cent
Cl: 2.47 ~ 2.86).° Zhao et al estimated the mean R 0 of
2019-nCoV 2.24 (95%Cl: 1.96-2.55).18 Result of those
studies are very much similar to our estimated value of
RO.

As estimated value of RO is greater than unity so
preventive measures, such as the progressive tightening
of international travel, the issue of public notices, the
maintenance of quarantine facilities and various social
distancing measures, have been taken by the Government
of India to suppress the spread of disease. In most cases,
the RO was greater than that of unity. Preventive
measures, such as the progressive tightening of
international travel, the issue of public notices, the
maintenance of quarantine facilities and various social
distancing measures, have been taken by the Government
of India to suppress the spread of disease. However, as far
as our results are concerned, RO is still above 1 so more
holistic effort, including extensive testing, contact tracing
and isolation of COVID positive, with emphasis on health
education and awareness-raising activities of the general
public, are essential to reduce RO to below zero.

Moreover, we performed a simulation using R software
for several RO and obtained their estimates based Indian
COVID-19 data for the five methods. The computed RO
in the TD method is closer to the actual RO and have a
good fit on data as confirmed with MSE criterion. It has
the minimum MSE than other considered methods. For
the most actual RO, the simulated RO by the AR method is
equal to one. Whereas these type of modelling approaches
are not able to differentiate between various RO. We
believe that this may correspond to the small number of
the infected cases compared to the susceptible cases.
Finally, a more comprehensive study for COVID-19
using new method such as Bayesian is needed that we are
going to do in the future research.

Limitations

Our model necessarily makes a number of assumptions.
Our estimates of the reproductive number of this novel
coronavirus are suitable for specific time period and for
data analyzed here. This measure may change
substantially over the course of this outbreak and as
additional data arrives. Additionally, the models do not
include the effect of recent events like lockdown and
guarantine etc.

CONCLUSION
Awareness of the basic reproduction number of Covid-19

is useful for controlling disease spread and planning. It is
therefore necessary to know the best method that has

better performance. Our study shows that the TD method
should be preferred in the calculation of the basic
reproduction number. One advantage of the TD method
compared to the other methods is that it is useful for
computing the RO with respect to the actual cumulative
case count data and does not require a lot of parameters to
calculate the basic reproduction number. We therefore
recommend that this method be used to estimate the basic
reproduction number.
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