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Background: The coronavirus pandemic (COVID-19) is causing a havoc globally, exacerbated by the newly dis-
covered SARS-CoV-2 virus. Due to its high population density, India is one of the most badly effected countries from
the first wave of COVID-19. Therefore, it is extremely necessary to accurately predict the state-wise and overall
dynamics of COVID-19 to get the effective and efficient organization of resources across India.

Methods: In this study, the dynamics of COVID-19 in India and several of its selected states with different demo-
graphic structures were analyzed using the SEIRD epidemiological model. The basic reproductive ratio R, was sys-
temically estimated to predict the dynamics of the temporal progression of COVID-19 in India and eight of its states,
Andhra Pradesh, Chhattisgarh, Delhi, Gujarat, Madhya Pradesh, Maharashtra, Tamil Nadu, and Uttar Pradesh.
Results: For India, the SEIRD model calculations show that the peak of infection is expected to appear around the
middle of October, 2020. Furthermore, we compared the model scenario to a Gaussian fit of the daily infected cases
and obtained similar results. The early imposition of a nation-wide lockdown has reduced the number of infected
cases but delayed the appearance of the infection peak significantly.

Conclusion: After comparing our calculations using India’s data to the real life dynamics observed in Italy and
Russia, we can conclude that the SEIRD model can predict the dynamics of COVID-19 with sufficient accuracy.
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Author summary: The first step in combating a contagious disease, such as COVID-19, is to obtain accurate
predictions of its dynamics. This is especially crucial for large countries like India, with highly diversified states. This
paper would demonstrate how one can predict the spread of COVID-19 using the SEIRD model. Our calculations indicate
that the first wave of COVID-19 in India would stop by the end of October of 2020, with varying dates for the different
states.

INTRODUCTION

COVID-19 was announced as a global pandemic by
World Health Organization (WHO) [1] due to its highly
contagious and pathogenic nature. This highly conta-
gious virus is spreading at a much higher rate than the
previously reported corona viruses. In India, the first
case of COVID-19 was reported on January 30, 2020.
Despite the four lockdown phases during its first 30
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weeks, the daily COVID-19 caseload is alarmingly
rising. To manage an epidemic like this, administrations
and health departments across India, a country with a
population of 1.35 billion, need a fairly clear idea of the
challenges they need to tackle throughout the course of
the epidemic. In addition, reliable predictions regarding
possible outbreaks can aid in decisive planning and
resource management. Therefore, a detailed analysis
following realistic data collection should prove to be
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very useful when estimating the number of test Kkits,
hospital resources, and quarantine centers, needed to
contain the disease.

With the help of the SEIRD population model, a well-
established model used to study the dynamics of
infectious diseases, we would be able to predict and
assess the trend of COVID-19 in different states. After
obtaining sufficient data, we can effectively nowcast and
forecast the possible situations that a state or country
will likely face. On March 25, 2020, India invoked a
complete nationwide lockdown in the early phase of the
epidemic, which prevented rapid viral transmission and
bought time for the health administrations and officials
to prepare and put in place effective measures needed to
tackle the situation. Despite the considerable reduction
in viral spread, an early lockdown for a country with
over 1.3 billion people resulted in a delayed flattening of
the temporal progression of COVID-19 cases. Thus, it is
crucial to determine the duration in which a country
should remain alert during a pandemic or epidemic.

To predict the progression of the epidemic, a well-
structured data and accurate estimations of model
parameters are needed. This helps to determine the most
plausible situation. Although the data published by
Indian Council of Medical Research (ICMR) and other
agencies are fairly well organized, they are still insuf-
ficient to precisely compute specific parameters. One
solution to this problem is to estimate reference parame-
ters from other countries that utilized well organized
data, and input data taken from various states of India to
compute the parameter values. In this paper, we selected
three states with a high population density (Delhi, Tamil
Nadu, Uttar Pradesh), three states with a medium
population density (Andhra Pradesh, Maharashrtra,
Gujarat), and two states with a low population density
(Madhya Pradesh, Chhattisgarh). We also further divi-
ded these states into high, moderate, and low infection
rate categories. After using the same methodology for
each of these states, we projected the values of the
different parameters into the Susceptible-Exposed-
Infected-Recovered-Dead (SEIRD) model to visualize
the trend of COVID-19 transmission. The resulting
trends are then compared to existing data to enhance
predictability.

Recently published work [2] compared and analyzed
the entire genome sequences of 28 viral strains from
India, which showed a novel non-synonymous mutation
in the NSP3 gene of SARS-CoV-2 along with other
frequent and significant mutations reported across the
world. This finding suggests the possible existence of
different viral strains in different parts of India, which
ties into demographic densities, travel history, inflow of
migrant labors, cultural practices, and living lifestyles. It
may also be the reason behind the variation between the
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basic reproductive ratio (R,) values across the selected
states, as reported in this study.

As previously mentioned, to utilize the SEIRD model,
certain parameters, such as incubation rate, mortality
rate, R, and recovery rate, need to be calculated. For a
given epidemic, the value of R, denotes the number of
secondary infections generated from a seed infection.
The value of R, is fixed and calculated during the early
or growing stage of an epidemic. We employed a
maximum likelihood estimation method that is
dependent on the daily incidence and generation time
outlined by Obadia et al. and Zhang et al. [3, 4]. The
value of R, is estimated to be 1.917, which is within the
ranges reported in various studies [4—10]. The range is
expected to narrow if analyzed using a greater quantity
of data. Containment measures may change the effective
reproductive ratio, R,, which is currently estimated to be
1.44 in India, for an incubation period of 5 days, and
serial intervals of 8 and 10 d, respectively. The
incubation period (d;) for COVID-19 has been estimated
to be between 2—14 d by WHO. In many studies, it is
suggested that the mean incubation period is between
5-8 d [6, 11-14]. Additionally, the average incubation
period is estimated to be 5.2 d in [15], as notified in
Worldometer. Taking both international and India-based
studies into consideration, we wused an average
incubation period range of 5-7 d [16, 17]. Another
crucial parameter in trend modelling is the period of
infectiousness. In the case of India, we found that the
mean infectiousness period (d;/) is between 3—5 d after
referencing other studies due to the absence of relevant
data [7, 18]. It is also important to keep in mind that the
d;; value for India will be towards the lower end of the
spectrum, for example, d;; will be close to 3 d as lock-
down, social distancing, contact tracing, and isolation of
the infected or exposed are done from the earlier stages
of the pandemic. However, for comparative purposes,
we considered 3, 4, and 5 d when using the model for
analysis. The mortality rate of COVID-19 in India has
gradually decreased over the past few months, from
2.49% of the total infected population in July to just
1.64% to date. The mortality rates for eight states in
India were calculated by dividing the total number of
deaths by the total number of confirmed cases over a
specific period of time.

This study suggests that the COVID-19 safety and
containment measures of India has been effective, with a
lower number of infections per million than certain
countries. According to our current analysis, the
infection curve in India will start to flatten around mid-
October to mid-November, with variations between
states (some states may observe the flattening between
August and October). Using a Gaussian fit on real data,
our calculations suggest that India will experience a
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peak around mid-October, provided that no drastic
changes in disease dynamics appear. This study is an
example of how comparing model-based predictions and
Gaussian-fitted real data allows us to estimate the
limited number of parameters of the SEIRD model and
to predict the total number of infected cases at the start,
decline, or end of the epidemic. Without the proper
preventative and containment measures in place in India,
the total number of infection cases would have been at
least three times higher than the present scenario.

Finally, we compared the progression of COVID-19
in two other countries with higher and lower infection
rates, respectively. Currently, Russia has a greater
number of infection cases, while Italy has a close to zero
incidence rate. Our comparison indicates how India’s
infection rate per million is relatively low despite its
large total number of cases due to its large population
size. This suggests that the number of severe COVID-19
cases will be under control and will likely not pose a
serious challenge for the government-based healthcare
providers. However, this will not eliminate the
challenges in states with high infection rates, such as
Mabharashtra.

RESULTS

The eight states were selected based on their population
density and COVID-19 infection rate per million
population, as shown in Fig.1. Due to India’s current
demographics, we omitted the low population-high
infection category. In our distribution, a population
density > 500 km * was considered high and < 300 km
as low. Additionally, an infection rate of > 500/10°
individuals was treated as high and < 100/ 10° as low.
Since previous studies suggest that the average
incubation period of the SARS-CoV-2 virus is between
5 to 7 days [6, 11, 19], we studied both the best case
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the states chosen.
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scenario (5 d) and the worst case scenario (6 and 7 d) of
the incubation period for each state. For each incubation
period category, the recovery rate for the infection was
calculated as y= 3,4 & 5.

Scenario in selected states
States with high population densities

Delhi, capital of India, the most densely populated state
in India, has the highest COVID-19 infection rate, as
listed in Fig.1. The SEIRD results for Delhi is presented
in Fig. 2A and the detailed data is shown in Table 1C.
The value of Ry(DIl) was calculated to be 2.053,
indicating that the pandemic should decline in Delhi by
101 to 153 days. However, 4.80% to 7.99% of the
susceptible population may still be actively infected in
Delhi.

Tamil Nadu (TN), a southern state in India, has a high
population density and a moderate COVID-19 infection
rate, as reported in Fig.1. The SEIRD results for
Tamilnadu is outlined in Fig. 2B and the detailed data is
shown in Table 1G. According to our calculations, the
value of Ry(TN) is 2.356, suggesting that the pandemic
should decline in TN by 95 to 143 days. However, 6.2%
to 10.4% of the susceptible population may still be
actively infected in TN.

Uttar Pradesh (UP), the state with the highest
population in India, has a high population density, but a
low COVID-19 infection rate, as reflected in Fig. 1. The
SEIRD results for UP is indicated in Fig. 2C and the
detailed data is listed in Table 1H. According to our
calculations, the value of Ry(UP) is 2.416, meaning that
the pandemic should decline in MP by 99 to 150 days.
However, 6.5% to 10.8% of the susceptible population
may still be actively infected in UP.

Population Infection
States density (km) (Per million)
Andhra Pradesh 303 84
Chhattisgarh 189 74
Delhi 11297 1489
Guijarat 308 332
Madhya Pradesh 236 119
Maharashtra 365 685
Tamil Nadu 555 438
Uttar Pradesh 828 46

Choice of states. (A) Choice of states (not to the scale). (B) Population density and infection/million population of
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Figure 2. States with high population density. (A) Delhi, (B) Tamil Nadu, (C) Uttar Pradesh. Infection with incubation period

of (left) 5 d, (center) 6 d, (right) 7 d.

States with medium population densities

Maharashtra (MH), a state located at the west of India,
has a moderate population density and a high COVID-
19 infection rate, as reported in Fig.1. The SEIRD
results for Maharashtra is recorded in Fig. 3A and the
detailed data is presented in Table 1F. According to our
calculations, the value of Ry(MH) is 2.087, indicating
that the pandemic should decline in MH by 116 to 176
days. However, 4.9% to 8.2% of the susceptible popu-
lation may still be actively infected in MH.

Gujarat (GJ), also located in western India, has a
moderate population density and COVID-19 infection
rate, as described in Fig.1. SEIRD results for Gujarat is
presented in Fig. 3B and the detailed data is shown in
Table 1D. According to our calculations, the value of
Ro(GJ) is 2.339, stating that the pandemic should
decline in Gujarat by 95 to 144 days. However, 6.1% to
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10.1% of the susceptible population may still be actively
infected in GJ.

Andhra Pradesh (AP), a state located in the Deccan
peninsula of India, has a moderate population density
and a low COVID-19 infection rate, as shown in Table
1B. SEIRD results forc=5,6 & 7and y =3, 4, & 5 are
summarized in Fig. 3C and the detailed data is listed in
Table 1A. According to our calculations, the value of
Ro(AP) is 2.439, denoting that the pandemic should
decline in AP by 89 to 134 days. These days correspond
to the best and worst case scenarios in terms of the
temporal duration of the disease. However, 6.6% to
11.0% of the susceptible population may still be actively
infected in AP.

States with low population densities

Madhya Pradesh (MP) is a central state in India with a
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Figure 3. States with medium population density. (A) Maharashtra, (B) Gujarat, (C) Andhra Pradesh. Infection with

incubation period of (left) 5 d, (center) 6 d, (right) 7 d.

low population density and a moderate COVID-19
infection rate, as outlined in Fig.1. SEIRD results for
Madhya Pradesh is listed in Fig. 4A and the detailed
data is shown in Table 1E. According to our
calculations, the value of R,(MP) is 2.303, suggesting
that the pandemic should decline in MP by 99 to 149
days. However, 5.9% to 9.9% of the susceptible
population may still be actively infected in MP.

Chhattisgarh (CH), also a state in central India, has a
low population density and COVID-19 infection rate, as
illustrated in Table 1B. SEIRD results are listed in Fig.
4B and the detailed data is shown in Table 1B.
According to our calculations, the value of Ry(CH) is
2.414, suggesting that the pandemic should decline in
CH by 85 to 128 days. However, 6.5% to 10.8% of the
susceptible population may still be actively infected in
CH.

As a whole, India has a high population density, but a
low COVID-19 infection rate, with only 30 infected

© The Author(s) 2021. Published by Higher Education Press

cases per million population. However, due to the 1.3
billion population, the absolute figure for India seems
alarmingly high and beyond the capacity of the existing
medical infrastructure. The SEIRD results for India is
presented in Fig. 5 and the detailed data is shown in
Table 1I. According to our calculations, the value of
Ro(India) is 1.917, indicating that the pandemic may
come to an end in India by 180 to 240 days, depending
on the incubation and infectiousness periods. During
peak times, 6.5% to 8.5% of the susceptible population
may be actively infected in India. To obtain a real
estimation of the total infected population when the
disease crosses the R, <1 mark, we calculated the R,
value for regular periods between 44—145 d. since the
onset of the epidemic using Eq. (4). After applying a
liner fit, we can see that the value of R, should decrease
below 1.0 by the end of October (with d= 5 and T,=
10 d), as shown in Fig. 6B. This result closely corresponds
with the Gaussian fit of the daily infection rate data,
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suggesting that the pandemic will reach its peak around
the same time (with approximately a week of delay), as
indicated in Fig. 6C. For the fitting of Fig. 6C, we used
correlation functions(C), with C (amplitude, center) =
0.999, C (center, sigma) = 0.997, C (amplitude, sigma) =
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day infectiousness period in India (5).

The SEIRD model calculations for Italy are shown in

Fig. 7.

Infection scenario in India

After applying the Gaussian fit (6¢c), we can see that
there will be a total of approximately 2 million cases
during the peak of the COVID-19 pandemic. At that
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India: Infection with incubation period of (left) 5 d, (center) 6 d, (right) 7 d.

point, the total number of infected individuals will be
roughly 8.5 million and the daily infection rate can
increase to as high as 1.2 x 10°. The SEIRD model
predictions will be slightly higher than the actual
numbers since the model assumes that, initially, the
entire population is susceptible to the disease. With that
in mind, we need to determine the actual number of

initially susceptible individuals S(0), which can be
achieved using the Gaussian fit. If we take the peak
value corresponding to d; = 7 and d;; = 5 (this case is the
closest to the peak of the Gaussian fit) on plot (5) and
compare them with the effective active cases predicted
from the Gaussian fit, we can then calculate the value of
S(0) = 100 million. Therefore, the initial susceptible
population of India is approximately 7% of its total
population.

© The Author(s) 2021. Published by Higher Education Press
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Figure 6. Indian scenario: comparison with Italy and Russia. (A) Death curves from SEIRD model for India. (B) Variation
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Finally, to compare our results with that of other
countries, we obtained data from Worldometers [20]
between February 15th and June 25th. Specifically, we
selected Italy with approximately 3,969 cases per
million population, where the pandemic is virtually
over, and Russia with 4,254 cases per million
population, where the pandemic is still severe but in
decline. As previously mentioned, India has a low daily
infection rate (364 cases per million population) (Fig.
6C). During the peak of the pandemic, India will have
approximately 1.2 million cases, which is greater than
that of countries like the United States and Brazil, with
over 70,000 cases at peak. The R, plots for the above
three countries are listed in Fig. 6B. Since the peak of
infection had already appeared in both Italy and Russia,
we can compare our calculations to the actual peak
dates. Strikingly, our predictions closely correspond
with the actual dates of the pandemic peaks. We
calculated that Italy will peak around the fourth week of
March and Russia will peak around the third week of
May. In reality, Italy’s peak appeared only 5 d later than
predicted and Russia’s peak appeared approximately
10—14 d earlier than predicted. Therefore, there is a high
chance that India’s COVID-19 infection peak will also

Infection scenario for Italy from SEIRD model.

follow the R, curve plotted above'. Furthermore, the R,
plot reflects how increasing the testing frequency
(reported by MoHFW, Gol during last 2—3 months) can
positively affect the dynamics of the pandemic since the
peak of infection will likely arise earlier. We can also
see the effect of quarantine and social distancing on the
temporal progression of the pandemic. The basic
reproduction ratio will be higher if we include data up to
August (see Fig. 3) compared to if we only use data up
to June because the increase in testing frequency will
consequently increase the number of known infected
cases. Figure 8A shows a comparative plot of the total
number of cases using data up to the lockdown enforced
on May 4th, which indicates a saturation of cumulative
incidence of around 45,000. This outcome is much
lower than what would have been the case had India not
enforced the lockdown as early as March 24th, 2020,
which is estimated to be around 250 million infected
cases. This curve is not shown in Fig. 8A due to its large
deviation from the other two curves.

DISCUSSION

This study can be divided into two sections. The first

"In fact, the peak appeared roughly one week earlier than the prediction from R, plot.

© The Author(s) 2021. Published by Higher Education Press

323



Rudra Banerjee et al.

A
 Loaonn 15 // —— Doubling time distribution
40,000 4 —— Lockdown 04/5 2
Fd

//
30,000
20,000
10,000 4

15/02 16/03 15/04 15/05

1 2 3 4 5 6 7

Figure 8. Variation of daily and cumulative incidence of COVID-19 cases in India. (A) Effect of lockdown on cumulative

incidence. (B) Mean doubling time estimation for India.

section involves estimating several parameters used to
predict the course of the COVID-19 infection in
different states of India. The second section involves
implementing the SEIRD model using the previously
estimated parameters. More specifically, using COVID-
19 data, we calculated the R,s for India and eight of its
states with varying population densities and infection
rates. Overall, we implemented a simple, yet effective
model to explain the growth and decline of the
pandemic within the context of India.

Due to the unavailability of detailed and structured
data to prominently project the incubation rate, recovery
rate, etc., we considered a range of values based on the
trends of the eight states and India as a whole. The
general trend is that longer incubation and infectious
periods would postpone the peak of infection. Our
calculations show that an incubation period of 7 d and
an infectious period of 5 d are the most plausible values
after comparing the plots generated by the SEIRD
epidemic model with real life data. Using these values,
the infection would be contained within 210-240 d of
onset in India (assumed to be March 14th in our study),
meaning the curve would start to flatten around the
middle of October. However, if the containment
measures are not obeyed and community transmission
occurs, the effective reproduction ratio would increase,
causing a delay in the containment of the disease.

If an estimated 6.5% of the infected population require
medical support, the total number of hospitalizations
would be around 200,000 in the most optimistic
situation, which would be well within India’s healthcare
capacity.

Our prediction of the peak of infection is dependent
on two parameters, the incubation period (IP) and
infectiousness period (IFP). Since we lacked the
necessary data for an exact evaluation of these parame-
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ters, we considered a range of values (5-7 d for IP and
3-5 d for IFP) that had been reported in other studies.
Figure 5 illustrates the peaks of different IP and IFP
values. To predict the most likely scenario, we used a
Gaussian fit (Fig. 6C), which suggests a peak of
infection around October 12th. Knowing this, we
selected the graph that predicted the closest date to be
October 12th and found that, the combination of IP="7 d
and IPF= 5 d would give us the most accurate predic-
tion. However, in reality, the peak of infection in India
appeared around September 17th to 20th, which pointed
to IP= 7 d and IPF= 4 d as the closest match. Therefore,
this analysis helped us determine these two model
parameters for India, which yielded in a fairly accurate
prediction. Other studies, such as the one conducted by
Mandal et al. [16], calculated a very low R, value of
1.03, which indicated a much lower incidence at the
peak of infection. This mismatch was probably due to
the adoption of an exponential growth model. On the
other hand, the study conducted by Chatterjee et al. [17]
overestimated the R, value, which resulted in an
inaccurate prediction of June, 2020 for the peak of
infection.

In addition, we utilized a particular combination of
methods to calculate the basic reproductive ratio in
conjunction with the serial intervals, which is discussed
in detail in the Methodology section. We also proposed
methods to estimate the initial susceptible population,
number of infected cases at peak, and number of
deceased cases through comparison of the Gaussian
peak and SEIRD model plots.

This study has several limitations, for example, the
computation method for the effective reproduction ratio
(R,) can be improved using more detailed data and a
time-dependent method, as suggested by Wallinga et al.
[21]. The apparent mismatch of 3—4 weeks seen in the

© The Author(s) 2021. Published by Higher Education Press
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Table 1 Result for SEIRD Model (E) Madhya Pradesh
(A) Andhra Pradesh R,=2.505
R,=2.439 . -
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o(dh) y@h Tinax(d) 5 3 99
5 3 89 4 112
4 101 5 125
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5 121 5 126
6 3 106 6 3 111
4 120 4 125
5 133 5 139
7 3 117 7 3 122
4 131 4 136
5 144 5 150
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140
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173
190

o(d™h
5
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Gaussian fit and model scenario may be due to the fact
that the data was plotted starting on March 14th, despite
the first case of COVID-19 reported as early as the last
week of January. Additionally, the incubation and
infectiousness periods should be calculated using the
more detailed data to identify an index case and study its
subsequent transmission channels, which would increase
the accuracy of the final prediction. Furthermore, an
age-structured analysis would be a useful way to
illustrate the effect of the disease on different age
groups. Finally, the methodology used in this study
should yield reasonably accurate predictions when
applied to other countries as well. Despite its limitations,
we are still obtaining acceptable predictions due to the
prolonged growth phase of the COVID-19 pandemic in
India, which is likely caused by the early lockdown and
containment measures.

METHODS

We employed a standard epidemiological model for
infectious diseases, namely the SEIRD model, which is
briefly discussed below.

SEIRD model

The  Susceptible-Exposed-Infectious-Recovered-Dead
(SEIRD) model is used for data modelling and analysis.
Since COVID-19 has a latent phase, when the infected
individual is not yet infectious, the delay between the
acquisition of infection and the infectious state can be
incorporated within the simpler SIR model by adding a
latent/exposed population £, and moving the infected
(but not yet infectious) population from S to £ and from
E to I. In the equation below, D refers to the deceased.

The dynamical equations for the SEIRD model are
listed below:
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ds dr
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For simulation purposes, we can rewrite the
dynamical equations into the discrete time progression
form, as listed below:

St+1)=S@)—-RyyS(®I(?)
E(t+1)=E®)+RyyS®)I(t)—cE()
It+1)=1(t)—vI(t)—vI(t)+ TE(t) (2)
R(t+1)=R(@) +yI(?)

D(t+1) = D(t) +vI(1)

In these equations, the initial conditions are S(0) > 0,
E(0)> 0, 1(0) > 0 and R(0) > 0 and the constants £, y, o,
v are defined below. The mortality rate can be calculated
using COVID-19 data from India and is related to v. The
recovery rate is the inverse of the mean infectiousness
period, which is the average healing time since the onset
of symptoms. The recovery rate is taken as 3, 4 and 5 d,
as suggested by Bi et al. [6], and based on the studies,
the inverse of the recovery rate gives us y in Eq. (1).

Data source

Data of the daily COVID-19 infection, recovery, and
deceased cases between March 14th and June 12th are
collected from publicly available websites [20,22]. The
official websites of the Indian government were also
consulted periodically for an overview of the situation
[23]. In addition, we also used population density data
from India’s 2011 census [24] and international data
from the Worldometer (up to July 12th) for data pre-
processing before carrying out the SEIRD-based model
calculations.

Computational techniques

The definitions and computation methods of the SEIRD
model parameters are described below:

Basic Reproductive Ratio (R,): The reproduction rate
R, can be calculated using the daily infection cases since
Day 1 (March 14th). Assuming the daily incidence
obeys an approximate Poisson distribution, the
Maximum Likelihood Estimate method is employed.
Given the observed number of incident cases (N, N,, N)
over consecutive time units and a generation time
distribution (w), R, is estimated by maximizing the log-
likelihood
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T —u, N,

et
LL(RO):ZLog( o ) (3)

=1 e

where 1, = R, ZIT:, N,_w;. The random vector w;, can be
estimated as the mean doubling time (Fig. 8B), or the
serial interval distribution, defined as the mean duration
needed for the number of cases to double within a given
period. [11, 21].

R, was calculated using data up to March 23rd, which
produced a value of 1.54 [10]. Similarly, the R, = 2.093
for data up to May 24th and R, = 1.917 for data up to
June 12th. The R, value for India is approximately 2.64
using data up to August 15, 2020. However, this should
not be taken under consideration since the computation
of R, should be conducted in the early, growing stage of
epidemic.

Serial Interval (T,): The serial interval is defined as
the sum of the incubation period and infectious period.
The incubation period refers to the number of days
between the time of infection and symptomatic develop-
ment, while the infectious period refers to the number of
days an infected individual remains infectious following
exposure. Doubling time is defined as the time required
for the cumulative infection cases to double [25, 26],

L ) In(2)x T,
which is also a function of both 7, and Ry: —Ro—l

[27].

Effective Reproductive Ratio (R,): This is a dynamical
quantity that reflects the average number of individuals
infected by other infected individuals during a
pandemic. The R, value also takes into consideration the
effectiveness of the preventative measures put in place
to contain the spread of the infectious disease.
Therefore, as time progresses and preventative measures
(i.e., lockdown, social distancing, contact tracing) are
employed by the government and local administrations,
this value will vary. The effective reproductive ratio can
be calculated in several ways [3] using detailed data that
can trace secondary infections generated by a primary
infection. However, without such data, we resorted to a
different method described by Lipsitch [28] that uses the
average latent/incubation period (d;), average serial
interval (7,), growth rate (1) of the epidemic in its
exponential phase. The reproductive number then can be
estimated as:

R, =1+.T,+ f(1- )(AT,), 4)

where A = In[Y(#)]/t, and f'is the ratio of the mean latent
period (time between infection and onset of symptoms),
to the serial interval, or doubling time in our case. T, is
taken as the sum of the mean latent period and the mean
duration of infectiousness.

© The Author(s) 2021. Published by Higher Education Press

Our calculations show that the effective reproductive
ratio has reduced from 1.84 on the 55th day to 1.44 on
the 140th day with T, = 10 d. For T, = 8 d, the calcu-
lated value of R, = 1.34.

Recovery rate (y): The recovery rate is defined as the
inverse of the infectious period d;,. Data obtained from
the WHO and other studies [6, 7, 14] suggest that the
infectious period for COVID-19 is between 3-5 d.

Incubation rate (0): The incubation rate is calculated
by taking the inverse of the mean incubation periodd..
Data obtained from the WHO and other studies [6, 7, 13,
11, 15] suggest that the incubation period is between
5-7d.

Mortality Rate (v): The mortality rate is calculated by
dividing the number of deceased individuals by the total
number of infected individuals within a certain time
period [17].
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