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COVID-19 (SARS-CoV-2) is rapidly spreading in South Asian countries, especially in
India. India is the fourth most COVID-19 affected country at present i.e., until July 10,
2020. With limited medical facilities and high transmission rate, the study of COVID-19
progression and its subsequent trajectory needs to be analyzed in India. Epidemiologic
mathematical models have the potential to predict the epidemic peak of COVID-19
under different scenarios. Lockdown is one of the most effective mitigation policies
adopted worldwide to control the transmission rate of COVID-19 cases. In this study, we
use an improvised five compartment mathematical model, i.e., Susceptible (S)-Exposed
(E)-Infected (I)-Recovered (R)-Death (D) (SEIRD) to investigate the progression of
COVID-19 and predict the epidemic peak under the impact of lockdown in India. The aim
of this study is to provide a more precise prediction of epidemic peak and to evaluate
the impact of lockdown on epidemic peak shift in India. For this purpose, we examine
the most recent data (from January 30, 2020 to July 10, 2020 i.e., 160 days) to enhance
the accuracy of outcomes obtained from the proposed model. The model predicts that
the total number of COVID-19 active cases would be around 5.8 x 10° on August
15, 2020 under current circumstances. In addition, our study indicates the existence of
under-reported cases i.e., 10° during the post-lockdown period in India. Consequently,
this study suggests that a nationwide public lockdown would lead to epidemic peak
suppression in India. It is expected that the obtained results would be beneficial for
determining further COVID-19 mitigation policies not only in India but globally as well.

Keywords: epidemic peak, SEIRD model, COVID-19, lockdown, India, under reporting

INTRODUCTION

COVID-19 is a contagious disease of the Severe Acute Respiratory Syndrome Corona Virus
(SARS-COV) family, and has emerged as the biggest health crisis of the twenty-first century
across the globe. It has been declared as a global pandemic by World Health Organization
(WHO) on March 11, 2020 just after a few months since its first case reported in Wuhan,
China [1]. COVID-19 infected patients generally exhibit common symptoms like cough, fever
and respiratory disorders. In the worst conditions, it might result in serious health issues like
kidney failure, and pneumonia which might cause death of patients. Investigations on COVID-19
indicate that it transmits through respiratory droplets, as well as human to human transition [2].
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The most serious issue with the COVID-19 pandemic is its
rapidly growing transmission rate across the world. Until July
10, 2020, total confirmed cases in world are 1.2 x 107 and total
number of deaths are 5.5 x 10° [3]. United States of America
(USA), Brazil, Russia, India and United Kingdom (UK) are the
top five most COVID-19 affected countries until July 10, 2020
[4]. Although researchers across the world are working on a
vaccination for COVID-19 to suppress its rapid dissemination
[5], an official vaccination of COVID-19 will not be available
for some time. Therefore, the preliminary mitigation policies
i.e., social distancing, public lockdown and improved testing
efficiency are vital steps to control the transmission rate of
COVID-19 worldwide [6].

Despite several mitigation policies, COVID-19 cases are in
an alarming situation in South Asian countries, particularly in
India. Being a developing nation and the second largest populous
country in the world, it is very challenging to control the spread
of COVID-19 in India. The first COVID-19 confirmed case was
reported in Kerala, India on January 30, 2020 [4]. Under the
lack of sufficient medical facilities in a country of 1.3 billion
people, various preliminary containment strategies have been
implemented by the government of India in the beginning
phase of COVID-19 transmission [7-9]. Social distancing and
several social awareness programs have been initiated as the
first precautionary steps to prevent the possibility of human-
to-human transmission. The primary goal of these strategies
is to control the main cause of COVID-19 transmission i.e.,
the social interaction in public places i.e., schools, colleges,
theaters, cultural and sports events excluding the essential public
services like hospitals, daily grocery shops, banks, and police.
On March 25, 2020 the Indian government announced the

first official nationwide lockdown for 14 days [9]. Subsequently,
the public lockdown has been implemented in five different
phases in India. In the second and third phase, the lockdown
has been extended up to April 15, 2020 and May 03, 2020
respectively to achieve better control on COVID-19 transmission
in India. However, few relaxations (conditional inter-state travel,
resuming domestic flights) in full lockdown have been provided
by Indian government in the fourth (May 04- May 17, 2020) and
fifth phases (May 18- May 31, 2020) of lockdown respectively. On
June 01, 2020 onwards, the nationwide lockdown was partially
lifted in India. Unfortunately, it resulted in a sudden growth in
COVID-19 cases in the last 40 days. At present, the number of
COVID-19 cases are dramatically increasing in India and tending
toward its epidemic peak [10]. Therefore, it is necessary to study
the dynamics and predict the future inflammation of COVID-19
in India.

Mathematical models have the potential to trace and
predict the epidemic trajectory under different circumstances.
Various mathematical, statistical models have been proposed to
understand the dissemination trajectory for a pandemic [11-34].
Among these models, Susceptible (S)-Infected (I)-Recovered (R)
model (SIR model) has been frequently used in past to predict
the dynamics of various contagious diseases i.e., HIV virus [11],
plague [12], SARS [13]. Recently, SIR model has also been
applied for prediction of COVID-19 trajectory and its epidemic
peak in all over the world [15-19]. Numerous relevant studies
have been carried out in India as well [20-34]. A COVID-19
simulation models i.e., IndiaSIM have been proposed by Center
for Disease Dynamics, Economics & Policy (CDDEP) to predict
COVID-19 infected cases under different lockdown periods in
India [25]. This model predicts the total infected cases as 10°
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FIGURE 1 | Spatial distribution of COVID-19 reported confirmed cases under the effect of lockdown in India (A=C). Color bar represents the spatial variation of
confirmed cases from lowest (green color) to highest (red color) under three phases of lockdown i.e., pre-lockdown (A), during lockdown (B) and post-lockdown

(C) in India.
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under pre-lockdown conditions and 1.5 x 10° under lockdown
conditions, respectively. Pai et al. investigated the COVID-19
transmission dynamics under the effect of lockdown. This study
predicts that the peak of active infected cases around 43,000
will occur in the middle of May, 2020 [29]. In another study,
a compartmental mathematical model to predict COVID-19
dynamics has been proposed by analyzing data up to April
30, 2020. This study mainly focuses on the computation of
basic reproduction number (Rg) for COVID-19 spread and its
impact on epidemic transmission in India. Moreover, Sarkar
et al. proposed a six compartment mathematical model i.e.,
susceptible (S), asymptomatic or pauci-symptomatic infected
(A), symptomatic reported infected (I), unreported infected
(U), quarantine (Q), and recovered (R) [“SAIUQR” model]
to predict the COVID-19 dynamics in four major states of
India i.e., Jharkhand, Gujarat, Andhra Pradesh, and Chandigarh

[33]. However, such studies have been carried out at the very
early stage of the pandemic. Further a major problem for such
short-term predictions is the determination of crucial model
parameters and corresponding impact of intervention strategies
on the epidemic dynamics. Moreover, these studies mainly
predict the number of active cases from COVID-19 at particular
region whereas the mortality i.e., death rate is also a crucial
factor to take into account while forecasting the influence of
a fatal pandemic i.e, COVID-19. In addition, it is pointed
out in earlier studies that under-reporting i.e., the difference
between the reported cases and actual confirmed cases is another
vital parameter in prediction of COVID-19 trajectory [16]. A
data=based study on impact of abrupt changes in intervention
policies (testing) and corresponding population synchrony with
transmission dynamics of Bovine-tuberculosis has been discussed
[14]. It depicts how testing interruptions can alter the epidemic
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(R)

Death
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FIGURE 2 | Schematic of modified SEIRD model. Susceptible (S) is the number of un-infected persons, exposed (E) are the individuals which are infectious but not
able to transmit the disease, infected (I) represent the active cases i.e., those who can transmit the disease, recovered (R) are the number of individuals who have
been cured from disease and Death (D) represents the number of deaths from COVID-19. The parameters g, ¢, y and § are transmission rate, incubation rate,
recovery rate and death rate, respectively. The transmission rate (8) is optimized to B/k, (0.2 < k < 1) to account for the impact of lockdown.
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FIGURE 3 | Determination of recovery rate and death rate in India (A) Reported recovered cases (B) Reported deaths with respect to daily confirmed cases. The
recovery rate (y) and death rate (3) have been estimated using linear regression method with r = 0.9701 and p < 0.0001.
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parameters and shift the dynamics of disease, and suggests
regular testing leads to more de-synchronized infected cases.

In this study, we propose an improvised five compartment
mathematical model i.e., Susceptible (S)-Exposed (E)-Infected
(I)-Recovered (R)-Death (D) (SEIRD model) to analyze the
progression of COVID-19 and forecast the epidemic peak of
COVID-19 pandemic under the influence of a nationwide public
lockdown in India. We use robust statistical methods i.e., linear
regression method and least square method to estimate the
SEIRD model parameters by analyzing publicly available reported
data of COVID-19 outbreak in India. In particular, a few crucial
factors i.e., optimized transmission rate, effective reproduction
number [R (t)] and under-reporting are incorporated in this
study for accounting impact of public lockdown. Consolidation
of these additional parameters is helpful to provide a broader
picture of COVID-19 dissemination in India.

MATERIALS AND METHODS

Data Collection
The data has been collected from the open source COVID-19
dataset official websites [3, 4, 9]. Global data of COVID-19 has
been retrieved from World Health Organization (WHO) official
dashboard [3] whereas publicly available data sources [4, 9] have
been used to perform data based study COVID-19 progression
in India.

Figures 1A-C represents the spatial transmission of COVID-
19 cases in India during three time periods i.e., pre-lockdown
(January 30- March 24, 2020), lockdown (March 25-May 31,
2020) and post-lockdown periods (June 1-July 10, 2020). It clearly
indicates that COVID-19 cases are least transmitted during
the lockdown period as compared to pre-lockdown and post-
lockdown across different states of India.

SEIRD Model
We used a five-compartment epidemic model i.e., Susceptible
(S)-Exposed (E)-Infected (I)-Recovered (R)-Death (D) (SEIRD
model) to study COVID-19 in India. The SEIRD model has been
improvised to account for the effect of the containment policy
(lockdown) by adjusting the contact rate (8) and reproduction
number (R) accordingly. Figure 2 represents a pictorial view of
SEIRD model.

Theoretically, the SEIRD model can be represented by four
differential equations [16]

%:—BIS (1.1)
%:BIS—SE (1.2)
gzeE—yI (1.3)
%1: =y(1—9]I (1.4)
(ii—lt):&yl (1.5)

Here B, ¢, y and § are contact rate/transmission rate, incubation
rate, recovery rate and death rate, respectively and known as
model parameters.

SEIRD Model Parameters

Equations (1.1-1.5) are solved in Matlab programming software
(Mathworks, R2016a) using ordinary differential equations solver
function “ode45.” In this study, initial susceptible volume has
been determined by multiplying the total population of India
(N) with a factor 1073 [20]. The total confirmed cases have
been estimated by adding the number of infected (active) cases,
recovered cases and number of deaths predicted from the model.
The data is fitted with the SEIRD model to predict the possible
total confirmed cases in India under the effect of lockdown. The
fixed value of incubation period i.e., 5.2 days (incubation rate =
0.1923 day_l) is used in our model [21]. However, the recovery
rate (y) and death rate (§) has been calculated with the help of
Figures 3A,B, respectively. To estimate the transmission rate (8),
the least square method is used to optimize the value of 8 [23].
We have minimized the difference between reported cases taken
from [4] and predicted the number of cases as

min|C*(t) — C (H)|* ()

Here C* (t) represents the data based total number of confirmed
cases and C (f) represents the corresponding number of cases
predicted by model. The numerical values of C(t) can be
computed as [28]

C() =1()+R()+D(1) 3)

Further, we have assumed that 8 has been changed to 8/k, (0.2 <
k < 1) under the impact of lockdown in India [29] and projected
the number of total confirmed cases for the estimated 8. Out
of these estimated values of B, the most suitable value i.e., 8 =
0.4809 is used to obtain the best fit for predicted number of cases
with reported number of cases. These SEIRD model parameters
are listed in Table 1.

Effective Reproduction Number [R (t)]

The basic reproduction number (Rp) is the most crucial
parameter in the SEIRD mathematical model. It determines how
the disease is transmitting over the population during a particular
time interval. The value of Ry > 1 implies the disease is in

TABLE 1 | SEIRD model parameters.

S.No. SEIRD model parameters  Value and source

1 B 0.4809 (estimated)

2 € 0.1923 (adapted from [21])

3 r 0.7012 (calculated from Figure 3A)
4 3 0.0215 (calculated from Figure 3B)

Transmission rate (B) has been estimated from the model with 95% confidence interval
(0.4521, 0.4922). The incubation period (g) (5.2 days) is fixed and adapted from [21].
The recovery rate (y) and death rate (8) have been estimated using
Figures 3A,B, respectively.
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outbreak state, Ry = 1 indicates that the disease is still in system
but in a stable state while Ry < 1 represents the disease has
diminished completely. In practice, the effective reproductive
number R (t) measures the number of secondary cases generated
by an infectious case once an epidemic is ongoing. In our study,
we have considered R as R(t) i.e., as a function of time [17]. It is
given as

Rty =29
v

)
Case Fatality Risk/ratio (CFR) is another important parameter for

epidemic study. It interprets the status of epidemic in terms of
deaths. It is defined as [16]

RESULTS AND DISCUSSION

At first, we performed a data-based study of COVID-19
progression in India during the time period of January 30-
July 10, 2020 i.e., 160 days. We have observed the trend of
COVID-19 under the impact of lockdown. Figure 4A represents
the number of cases progression over time and indicates that
the COVID-19 cases were negligible in pre-lockdown period.
It implies that the lockdown has been implemented at the
beginning phase of COVID-19 transmission in India. Further
on comparing the cases in the lockdown and post lockdown
periods, clearly our results show that the cases are much fewer
during the lockdown period, and have increased abruptly just
after lockdown lifted. Similarly, Figure 4B depicts the variation

CFR — Number of deaths daily (5) of testing samples under the impact of lockdown. It is observed
Number of cases daily that a negligible amount (20,864) of samples have been tested
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FIGURE 4 | COVID-19 reported data [5] based analysis during different time intervals in India (A) Reported number of daily cases (B) daily tested samples (C) Case
Fatality Ratio (CFR). The time interval has been divided into three sections i.e., pre-lockdown, during lockdown (blue shaded area) and post-lockdown (red shaded
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possible under-reported cases in India. [Blue shaded region represents actual lockdown period].
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during pre-lockdown period [3] which implies that a number Figure 5A represents the variation in effective reproduction
of cases might have not been reported during the pre-lockdown  number at various phases of lockdown in India. A descending
period as well. In fact, first sample testing data has been reported ~ trend has been observed in R during the lockdown period,
on March 13, 2020 in India. Upon further analyzing the sample =~ whereas it hikes again as the lockdown is lifted i.e., in post
testing data, an increasing trend of testing samples was observed ~ lockdown period. Further observations suggest that R (t)
with respect to time. Apparently, a lesser number of samples had ~ approaches unity around August 25, 2020. It indicates that the
been tested during the lockdown period as compared to the post-  epidemic peak should appear in August 2020 in India. Apart
lockdown period. Moreover, an identical ascending trend has  from this, Figure 5B represents the possible under-reported
been noticed for number of cases and number of testing samples. ~ cases in India. It can be defined as the difference in the
In addition, Figure 4C indicates that CFR is very low (1-3%) in  total confirmed cases predicted from model and data based
India i.e., COVID-19 fatality is below average as compared to  reported cases [17]. A significant number of underreported cases
other countries in the world. However, CFR also increases rapidly ~ (~10°) has been observed in the beginning of post lockdown

in the post-lockdown period. in India.
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FIGURE 6 | Mathematical model prediction of COVID-19 dissemination in India, (A) Five compartment trajectory over time (B) COVID-19 epidemic peak i.e.,
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(incubation rate = 1/5.2 day~"') is 0.7012 day~" respectively.
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TABLE 2 | COVID-19 epidemic peak prediction using SEIRD model in India under
lockdown effect.

S.no. Lockdown period Estimated COVID-19 epidemic peak
Date Estimated maximum
cases
1 0 days (hypothetical cases ~ September 2.1 x 107
i.e., if no lockdown has 25,2020
been implemented in India)
2 65 days (March 25- May August 2.5 x 108
31 2020) (actual case) 16, 2020
3 Lockdown of 100 days September 1.2 x 108
(extensive case) 15, 2020

Prediction of COVID-19 Epidemic Peak in

India

To forecast the trajectory of COVID-19 in subsequent months,
we have applied the SEIRD model to predict the trajectory
of COVID-19 under the nationwide lockdown in India.
Figure 6A represents the actual transmission dynamics of all
five compartments (susceptible, exposed, infected, recovered
and death) for COVID-19 in India. Figure 6B provides more
clear insights of the epidemic peak in India based on actual
model parameters. It is estimated that the maximum number
of COVID-19 confirmed cases and active cases should be found
around 2.5 x 10° and 5.8 x 10° respectively at mid-August 2020.
The red colored markers represent the COVID—19 trajectory
based on reported data [4]. On the other hand, Figure7A
shows the five-compartment (SEIRD) trajectory under the pre-
lockdown condition in India. It indicates that the number of cases
would be around 107 in that case. Moreover, Figure 7B depicts
if a lockdown of 100 days could have been implemented instead
of 65 days, the number of cases would be much lower i.e., 10°.
However, the peak would be shifted to mid-September 2020 in
that case.

Table 2 represents the predicted numerical data under various
lockdown possibilities in India. Observations show that the cases
could be order of 107, if lockdown had not been implemented in
India whereas a lockdown of 100 days instead of 65 days could
suppress the cases to up to 50% of the actual cases prediction
in India.

CONCLUSION

In this study, we have analyzed and predicted COVID-19
dissemination dynamics in India using a five-compartment
mathematical model i.e, SEIRD model. The conventional
SEIRD model has been improvised for accounting the impact
of COVID-19 mitigation policy i.e., nationwide lockdown in
India. The modified transmission rate [B/k, (0.2 < k < 1)]
based on intervention strategies i.e., lockdown, time dependent
reproduction number [R (t)] and determination of under
reported cases are the key elements of our improvised SEIRD
model. Moreover, the data has been examined up to July 10,
2020 in this study. The data based study suggests that COVID-19

inflammation has been controlled up to 50% by implementing
public lockdown in India at the starting phase of disease
transmission. Results indicated that the effective reproduction
number has been varied within a range of 2 to 3 during the
lockdown period. On the other hand, a relationship has been
established between testing efficacy and disease transmission in
an earlier study [34]. Our study strongly recommends improved
testing efficiency (higher number of sample testing) as one of the
robust strategies against COVID-19 spread worldwide. However,
a significant number of un-reported cases (~10°) have been
identified in early post-lockdown period in India. The possible
reasons for this underreporting might be inconsistency in testing
samples or abrupt release of lockdown.

In addition, the COVID-19 epidemic peak has also been
estimated under different possible lockdown scenarios using the
mathematical model. This study predicts the maximum number
of total confirmed cases and maximum active cases around
2.5 x 10° and 5.8 x 10°, respectively on August 15, 2020.
Corresponding outcomes imply that COVID-19 cases could have
been controlled up to a better extent with an extensive lockdown
period. Although nationwide lockdown has been implemented at
the emerging phase of COVID-19 in India, this was only for 65
days. Keeping in mind the population and medical facilities in
India, such a short lockdown period might not be sufficient in
order to suppress COVID-19 transmission. Our study suggests
that the lockdown could have been extended up to 100 days to
achieve better control over COVID-19 transmission. Apart from
this, the researchers around the world are engaged in developing
a vaccine for SARS-COV-2. Therefore, one can expect that the
evolution of such pharmaceutical intervention strategies and
other medical interventions against COVID-19 might modify the
outcomes of this study.

In brief, this study recommends the nationwide public
lockdown as an effective controlling policy for COVID-19
dissemination, not only in India but across the globe. It will
definitely play a crucial role in epidemic peak suppression
of COVID-19 dissemination. Although our improvised
SEIRD model provides satisfactory results, one can include
few additional parameters i.e., imported or exported cases,
asymptotic cases, under-reported cases etc. to enhance
the wvalidity of mathematical model while predicting an
epidemic dissemination.
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