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ABSTRACT

While most of the countries around the globe are combating the pandemic of COVID-19, the level of its
impact is quite variable among different countries. In particular, the data from Nepal, a developing coun-
try having an open border provision with highly COVID-19 affected country India, has shown a biphasic
pattern of epidemic, a controlled phase (until July 21, 2020) followed by an outgrown phase (after July 21,
2020). To uncover the effective strategies implemented during the controlled phase, we develop a math-
ematical model that is able to describe the data from both phases of COVID-19 dynamics in Nepal. Using
our best parameter estimates with 95% confidence interval, we found that during the controlled phase
most of the recorded cases were imported from outside the country with a small number generated from
the local transmission, consistent with the data. Our model predicts that these successful strategies were
able to maintain the reproduction number at around 0.21 during the controlled phase, preventing
442,640 cases of COVID-19 and saving more than 1,200 lives in Nepal. However, during the outgrown
phase, when the strategies such as border screening and quarantine, lockdown, and detection and isola-
tion, were altered, the reproduction number raised to 1.8, resulting in exponentially growing cases of
COVID-19. We further used our model to predict the long-term dynamics of COVID-19 in Nepal and found
that without any interventions the current trend may result in about 18.76 million cases (10.70 million
detected and 8.06 million undetected) and 89 thousand deaths in Nepal by the end of 2021. Finally, using
our predictive model, we evaluated the effects of various control strategies on the long-term outcome of

this epidemics and identified ideal strategies to curb the epidemic in Nepal.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

human lives, the impact of the epidemic quite varies from coun-
try to country, thus the study focused on a specific country can

Since the first reported case in China in December 2019 as a
case of pneumonia of unknown cause, the novel corona virus dis-
ease (COVID-19) has spread rapidly all over the world, and on
March 11, 2020, the World Health Organization (WHO) declared
COVID-19 a pandemic (Time, 2020). As of September 16, 2020,
more than 29 million cases of COVID-19 and more than 900 thou-
sand deaths due to the disease have been reported worldwide
(WHO, 2020c). In its global devastating effects on all aspects of
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provide better understanding of the disease and its control
strategies.

In Nepal, the first case of COVID-19 was confirmed on January
23, 2020, which was also the first COVID-19 case in South Asia
(GoN, 2020). After this first case found to be an infected Nepali stu-
dent who had recently returned from Wuhan, China (Wiki, 2020),
no additional case was reported until March 23, 2020. On March
24, 2020, the Government of Nepal implemented a country-wide
lockdown including business closures and restrictions on move-
ment within the country and access to flights in and out of the
country (UN, 2020). In addition, the Government of Nepal aggres-
sively initiated a border screen policy to quarantine people
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traveling to Nepal from abroad, to test them, and to isolate them if
the test is positive. Because of such timely and aggressively imple-
mented control strategies, the number of COVID-19 cases in Nepal
remained relatively low (only 4% of the total cases from local trans-
mission) until mid of July, 2020 (EDCD, 2020c), when these policies
ended. Since these policies were lifted, the new cases began to
grow dramatically, and as of September 16, 2020 the total of
58,327 cases (mostly from local transmission) have been reported
(EDCD, 2020a). We define the epidemic phase from March 22 to
July 21 as the controlled phase, during which the daily recorded
cases remained significantly low, and the epidemic phase from July
22 to September 16 (end of the study) as the outgrown phase, dur-
ing which the daily recorded COVID-19 cases exponentially
increased. A detailed study of the biphasic epidemic trend of
COVID-19 appeared in Nepal provides us with an opportunity to
identify and evaluate effects of control strategies in the context
of countries like Nepal, which is uniquely characterized by an open
border provision with India, one of the highest COVID-19 affected
countries.

Mathematical modeling using nonlinear systems has been an
important tool for describing the dynamics of infectious diseases
and evaluating the control strategies to curb epidemics (He
et al, 2020; Hiroshi et al., 2020; Keeling and Rohani, 2008;
Martcheva, 2015; Okuonghae and Omame, 2020; Vaidya and
Lindi, 2015; Yang et al., 2020; Zhang et al, 2012; Rahman
et al,, 2019; Van den Driessche and Watmough, 2020). Determin-
istic mathematical models, including the SEIR (Susceptible-Expo
sed-Infected-Recovered) model, have been widely used in quan-
titative studies of COVID-19 pandemics. While some models
were used to estimate the parameters, such as incubation period
and infectious period (Backer et al., 2020; Linton et al., 2020; Liu
et al.,, 2020b; Wan et al., 2020), others examined the effective-
ness of control strategies, such as lockdown, detection and isola-
tion, border screening, and medical resources (Hellewell et al.,
2020; Shayak et al., 2020; Sun et al., 2020; Xiao et al., 2020;
Chanda, 2020; Cheng et al., 2020; Faal et al., 2020; Ferretti
and Chris, 2020; Wang et al., 2020). The quarantine for the trav-
eler and suspected cases were also studied as the effective con-
trol measures for mitigating COVID-19 (Armitage and Nellums,
2020; Hossain et al., 2020; Liu et al., 2020a; Yuan et al., 2020).
Regarding COVID-19 in Nepal, previous studies (Bhandary,
2020; Bhuju et al., 2020; Pun et al., 2020; White et al., 2020)
have provided some insights into doubling time of new infec-
tions, early transmission trend, and the timing of the daily inci-
dence burden in Nepal. However, none of the previous models
have considered the entry of cases through the Nepal-India open
border and border-related control strategies, which can be
important factors because the travel history of recorded infec-
tious people shows that more than 80% infectious cases came
from abroad, especially from India, during the early period of
epidemics (EDCD, 2020b; Rijal, 2020). Also, despite the Nepal
government’s effort of applying strategies, such as border screen-
ing, quarantine and isolation, poor handling policy at the border
does exist, allowing many infected individuals to enter the com-
munity without quarantine (Shrestha, 2020).

In this study, we develop a deterministic mathematical model,
which incorporates the imported as well as locally generated cases
along with various policies implemented for the control of COVID-
19 in Nepal. Using case data from both the controlled and out-
grown phases of epidemics in Nepal, we estimated key parameters
as well as the basic and effective reproductive numbers. Using our
model, we evaluated the control strategies implemented in Nepal.
Furthermore, we applied our model to predict the long-term
dynamics of COVID-19 in Nepal, and provided the simulations to
demonstrate how these control strategies can curb the epidemics
in Nepal.
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2. Method
2.1. Data source

The data used in this study was obtained from the Ministry of
Health and Population, Epidemiology and disease control division
(EDCD) of Nepal (EDCD, 2020a). Since March 22, 2020 is the last
day of any single COVID-19 case in the country, we considered
the data of COVID-19 from March 22. The government of Nepal
started the countrywide lockdown and border screening from
March 24 to July 21. Since the country returned into an almost
no-policy state after the long route buses and national flights were
fully opened on September 17, 2020 (WHO, 2020e), we considered
the data until September 16, 2020. The data including quarantine,
new cases, cumulative cases, and RT-PCR tests, were used in our
model fitting and simulation. We note that during the initial phase
of epidemic, most of the PCR tests performed were for the quaran-
tined people and only a few for the community and front line
workers (armed forces, hospital workers, civil workers, etc.). There-
fore, we considered 80% of the PCR-tests performed were for the
people who were quarantined.

2.2. Modeling basic transmission dynamics

We consider the transmission dynamics model based on the
SEIR framework. We divide the whole population into five distinct
compartments: S (susceptible), E (exposed), Iz (recorded infec-
tious), Iy (non-recorded infectious), and R (recovered). In our
model, susceptible individuals contract the virus when they come
in contact with the non-recorded infectious individuals at the rate
B. These exposed individuals become infectious at per capita rate 6
with the proportion 6 being recorded and 1 — 0 remaining non-
recorded. Individuals from both I and Iy classes get recovered with
the rate » or die with the rate k. i and A represent the per capita
rate of natural mortality and the natural recruitment rate into the
susceptible class. We represent the entry of individuals from
abroad, mainly across the Nepal-India border, by the time-
dependent rate A(t), among which the proportion p are infected
and the remaining (1 — p) are susceptible.

2.3. Modeling control strategies implemented in Nepal

The main control strategies implemented by the government of
Nepal are: (i) Border screening and quarantine, (ii) Lockdown, and
(iii) Detection and isolation.

Border screening and quarantine. To model the border screen-
ing and quarantine strategy, we introduce a quarantined class, Q, to
which ¢4(t) of individuals from abroad enter, where ¢ represents
the rate of border screening. For these quarantined individuals
PCR test is performed with rate 7 and the tested individuals with
positive result enter into the Iy class and are isolated. As the
expected rate of positive test in people entering into the country
is p, we assume that p represents the portion of the tested popu-
lation getting positive result, while the remaining (1 — p) portion
of the tested population show negative result and enter the suscep-
tible class, S. Due to the limitation of PCR test, there were cases of
individuals, including some without onset of the symptoms, being
released from the quarantine center without performing PCR test.
We assume that individuals leave the quarantined class without
PCR test at the rate of y. Among them, the portion p enters non-
recorded infectious class and the remaining (1 — p) enters the sus-
ceptible class.

Lockdown. Lockdown strategy reduces the contact among indi-
viduals, and we assume the reduction of contact by ¢ resulting in
the transmission rate f — (1 — ¢)B. Since the strategy was altered
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in two different phases, the controlled and the outgrown, we con-
sider two different reduction rates of contact as follows.

{ &,
éa’
where t. represents the time when the epidemic phase changes cor-
responding to alteration of policies (July 21, 2020). As a result, the
net infection rate becomes . = (1 — &)B and B, = (1 — &,)B before
and after t = t, respectively.

Detection and isolation. As mentioned above, recorded
infected individuals, Iz, in our model are isolated. Therefore, the
detection and isolation strategy can be incorporated into our
model by altering the rate 9. We introduce a parameter i/ to repre-
sent the effect of the detection so that the rate of individuals in
exposed class, who are detected and recorded, changes as
0 — 0. Since the strategy of testing for individuals in the general
community was altered after the lockdown was lifted, we take
two different detection rates for the controlled and outgrown
phases as follows.

vo={

As a result, the net detection and isolation rate becomes
0. = .0 and 6, = y,0 before and after t = t., respectively.

Combining all the control strategies implemented in Nepal into
the basic transmission dynamics model, we obtain the model as
shown in Fig. 1. The model is described by the following system
of ordinary differential equations.

t<t,

¢(t) = t>t

tgt[a
t>t..
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Here, the total
N=Q+S+E+Ig+Iy+R.

population is given by

2.4. Estimation of population size and model parameters

Even though the first case of COVID-19 in Nepal was confirmed
on January 23, 2020, no additional cases were reported until March
23, 2020. Therefore, we consider March 22, 2020 as the initial time
t =0 for our dynamical system model. The total population of
Nepal in the census year 2011 was 26,494,504, which was pro-
jected to reach 29,704,501 by the end of 2019 (CBS, 2011). There
are about 3 to 4 million Nepalese working in India (Kunwar,
2015; TKP, 2020b) and about 1.5 million Nepalese working in the
Gulf countries and Malaysia (MoL, 2020; IOM, 2019), making
approximately the total of 5 million Nepalese as seasonal migrants.
Therefore, deducting 5 million people as migrants from the total
population of 29,704,501, we get N(0) = 25,000,000. Also, 63 people
came from abroad were sent to Kharipati quarantine (a quarantine
centre) on March 21 (TRN, 2020). Therefore, we take Q(0) = 63.
The first case identified on January 23, 2020 had been recovered
(GoN, 2020) by the beginning of our dynamics, and hence we take
R(0) = 1. Since the initial time of our dynamic model is the begin-
ning of the epidemic, we assume E(0) = 1, Iz(0) = 0, and Iy(0) = 1.

Since the infected individuals remain in the exposed class for
about 5.2 days until they become infectious (Stephen et al.,
2020; Backer et al, 2020; WHO, 2020a), we take
6=1/5.2=0.1923 per day. Also, the infectious individuals get

(Z—?: A(t)¢ —tQ — nQ —vQ, (1) recovered in about 17 days (Time, 2020), implying the average
ds B(E)SIx recovery rate § = 1/17 = 0.0588 per day. We estimate the rate of
= A AHOA =)A= p)+1(1 = p)Q+7(1 = p)Q —=F— — 15, (2) death due to COVID-19 using the data taken from the official web-
dE  B(t)SIy site of the Nepal government (GoN, 2020). Specifically, we take the
a- N 0+ WE, 3) average death rate from March 22 to September 16, 2020, and
dlp obtain the death rate k = 0.000281 per day. We take y and A in
dar = OVOE+pTQ = (n+ i+ Kl ) such a way that the natural birth rate and death rate remain equal
dy for the period of this pandemic. In addition, we use the quarantine
——=At)p(1 - ) o(1 —0(t))E — )l 5 ’
dt HOP( = 9) +7pQ+ 0 (O)F = (n -+ 1+ B)lw, ) and PCR data along with the model to estimate parameters T and 7,
dR = yly + nlx — UR. (6) which are rglated to people leaving quarantine center. We estimate
dt the remaining parameters ¢, f., f8,, ¢, 0, and p by using the least
square fitting of the model to the daily recorded new case data.
B
YOI
a T 1K
pPT
7 > l
o) Y(1-p) /NP \\,@" " R
| u01-9) 1-p) o Ul
—_—, Q
M- s 5 n
T
" B(y) E 2
A n
R p
\ In
MH(A-9) p

Fig. 1. Schematic diagram of the model. The arrow along with parameters shows the rate of flow from one compartment to another. The basic transmission dynamics of COVID-
19 is shown in black color while the implemented control policies are indicated by red color.
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2.5. Data fitting

We implemented the previous method (Rahman et al., 2019) to
perform the data fitting and to identify a reasonable confidence
interval of the estimated parameters. In brief, the method involves
thorough process of consecutive reduction of number of parame-
ters until the reasonable confidence intervals are identified. The
process allowed us to identify the parameters ¢, B, B, 6., 6,, and
p that can be reasonably estimated from the available data. Further
reduction of the number of parameters from the current six param-
eters provided a poor fit (F-test, p-value < 0.05).

For the model fitting the data available is the daily new cases of
recorded infectious people. Using our model, the recorded new
infections generated at time ¢, L(t), can be computed using the fol-
lowing equation:

L(t) = TpQ(t) + S0E(t) (7)

We solve the system of differential equations numerically using
a fourth order Runge-Kutta method. We use the solutions to obtain
the best-fit parameters via a nonlinear least squares regression
method that minimizes the following sum of the squared
residuals:

n
J(: Bes B Oc, 00, p) = D [L() — L(t9)] ", (8)
i-1
where ¢, ., 8,,0c,0,, and p are parameters to be estimated, and
L(t,) and L(t,) are the new cases of recorded infectious people pre-
dicted by the model and those given in the available data, respec-
tively. Here, n represents the total number of data points used for
the model fitting. To obtain the confidence limits for the estimated
parameters, we compute the standard errors from the sensitivity
matrix (S) by using the complex-step derivative techniques
described previously (Banks et al., 2014; Banks and Joyner, 2018;
Rahman et al., 2019).

Furthermore, we use the sensitivity-based method (Miao et al.,
2011) to analyze the identifiability of these parameters. In particu-
lar, we found the matrix 'S to be of the full rank (rank = 6), which
confirms the identifiability of the estimated parameters (Miao
et al., 2011). In our study, all computations were carried out in
MATLAB 2020a (The MathWorks, Inc.) using its various routines,
including “ode45” (ODE solver) and “fmincon” (minimizer).

3. Results
3.1. Estimation of border screen

Given the open border of Nepal with India, one of the most
COVID-19 infected countries, and related border screen and quar-
antine policies implemented by the Nepal government, the rate
of border screening and quarantine is important for accurate eval-
uation of the policy. However, the official data of this information
is not available. We use our model to estimate the rate of border
screen and quarantine, ¢A(t), from the data of the active quarantine
population, Q(t;), and the number of PCR-tests performed, PCR(t;).

Using the fact that the natural death is negligible during the
short period of epidemic (i.e., it ~ 0), we apply the model Eq. (1)
at the data collected time t; to obtain the following approximation:

d
pt) ~ 8 ) + 700t
t=t;
~ Q(t) — Q(tir) + TQ(t) + yQ(t),
where t; — t;_; = 1 day, as the data was recorded every day. In this

expression, tQ(t;) is given by PCR(t;), and yQ(t;) represents those
leaving quarantine center without PCR test (no_PCR(t;)), implying
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$A(t;) ~ Q(t;) — Q(ti-1) + PCR(t;) 4+ no_PCR(t;).

Since ¢/(t;) > 0, we obtain the minimum estimate of no_PCR(t;)
as

no_PCR(t) ~ { Q) = Q(ti-1) + PCR(t), if PCR(t) > Q(ti1) — Q(t),
0, otherwise.

Using data of active quarantine, Q(t;), PCR tests, PCR(t;), and the
estimated population leaving quarantine center without PCR,
no_PCR(t;), we then estimated the daily number of people border
screened and entered into the quarantine, ¢A(t;), until July 21,
2020 (the controlled phase). Our estimates show that the rate of
border screen and quarantine was relatively low (less than 2 thou-
sand per day) until the mid of May, 2020, and then the rate
increased rapidly reaching a peak of about 16 thousand per day
around mid-June. After the peak, the rate began to fall and reached
a low level by the end of the first phase of epidemic (Fig. 2). Data
shows that, after July 21 (the outgrown phase), the active quaran-
tined population continues to decrease indicating less impact of
these individuals on the epidemic during the outgrown phase.
Therefore, for simplicity, we assume that ¢4(t;) decreases linearly
after July 21 (Fig. 2).

Furthermore, we use our model to estimate the per capita rate
of individuals leaving quarantine center with (t) and without (7)
PCR test. We can approximate these rates as follows:

n n
T z% ZPCR(t,-) and y= % ZnoJ’CR(ti).
i1 p

Our calculation shows that the individuals leave the quarantine
center at the rate T = 0.06 per day with PCR test and at the rate
y = 0.00975 per day without PCR test.

3.2. Epidemic pattern and model validation

We fitted our model to daily recorded new cases data of Nepal
from both the controlled (March 22 to July 21) and the outgrown
(July 21 to Sept 16) phases, and estimated six parameters
&, Bey Bo, Oc, 0o, and p. The values of the best estimates, along with
their 95% confidence intervals, are provided in Table 1. As shown
in Fig. 3a the model has an excellent agreement with the data of
recorded new cases from both phases of the epidemic. In addition,
we used our model to estimate the cumulative cases of COVID-19
during the entire period of study and compared our estimates with
the data (Fig. 3b). Our model is capable of accurately predicting the
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Fig. 2. Estimation of border screen and quarantine. Estimated number of daily
quarantined individuals using the border screening and quarantine policy.



K. Adhikari, R. Gautam, A. Pokharel et al.

Table 1
Values of estimated and fixed parameters.
Parameters Value 95% Cl Reference
Be 0.052 [0.0085 Data fitting
0.0955]

Bo 0.248 [0.20 Data fitting
0.29]

0c 0.75 [0.64 Data fitting
0.85]

0o 0.57 [0.49 Data fitting
0.65]

¢ 0.75 [0.64 Data fitting
0.85]

P 0.052 [0.04 Data fitting
0.063]

k 0.000281 Fixed Calculated

Y 0.00975 Fixed Calculated

T 0.06 Fixed Calculated

n 0.0588 Fixed (Li et al., 2020)

) 0.1923 Fixed Stephen et al. (2020), Backer et al.

(2020), WHO, (2020a)

cumulative cases of COVID-19 in Nepal for both epidemic phases,
thereby validating our modeling approach.

In consistence with the data, the epidemic trend of the COVID-
19 in Nepal predicted by our model shows that the recorded
COVID-19 cases increased slowly until the mid of May, attained
the peak of the controlled phase during the mid-June, and then
decreased until the end of the first phase (the controlled phase),
when the policies were altered. After the controlled phase, the
cases again started to rise with a higher rate until the end of the
study, giving the outgrown phase following the controlled phase.
It’s worth noting that the first peak observed during the controlled
phase is around the same time when the maximum number of
returned migrants were border-screened and quarantined (Fig. 2).

3.3. Importation vs local transmission of COVID-19 cases in Nepal

For countries like Nepal that shares open-border with another
country (India) having one of the highest levels of COVID-19 cases,
it is critical to identify the impact of importation through the bor-
der and the local transmission on the disease spread. We used our
model to estimate the imported cases and the cases from local
transmission, both recorded and non-recorded (Fig. 4). Our estima-
tion shows that during the controlled phase of the epidemic, most
of the COVID-19 cases in Nepal were imported, indicating the local
transmission was well controlled. During this phase, the imported
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Fig. 4. Contribution of Importation vs local transmission in COVID-19 cases. Model
estimation of the daily number of COVID-19 cases (solid line) along with the
contributions from the importation through border (dashed line) and local
transmission (dot-dashed line).

cases gradually increased while the local transmission remained
significantly lower than the imported cases. The imported cases
reached the maximum number (about 460) around July 01, consis-
tent with the highest border screen (Fig. 2), and then gradually
decreased for the entire period of our study.

While the local transmission was quite controlled during the
controlled phase (only 6,577 cases), during the outgrown phase
the local cases dramatically increased outcompeting the imported
cases at the end of July. The outgrown phase (July 22-September
16, 2020) resulted in 67,073 total cases (recorded and non-
recorded), out of which 60,123 (=~ 90%) are from local transmis-
sion, by the end of our study (September 16, 2020). Note that the
timing of the dominance of the local transmission over importation
is consistent with the alteration of policies by the government of
Nepal, especially the lifting of the lockdown.

3.4. Effectiveness of control strategies

From the epidemic trend it can be clearly seen that the major
policies implemented by the government of Nepal, namely border
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O data
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Fig. 3. Data fitting and model validation. (a) Recorded daily new cases of COVID-19 data (circle) along with the best fit of the model prediction (line). (b) Cumulative cases over

entire study period estimated using the model (line) along with the data (circle).
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screening and quarantine, lockdown, and detection and isolation,
were significantly effective because the disease spread was well-
controlled while the policies were in place and became out of con-
trol once the policies were lifted. We can use our model parame-
ters ¢,¢, and y to quantify the effectiveness of these policies,
border screen and quarantine, lockdown, and detection and isola-
tion, respectively, on controlling COVID-19 epidemic in Nepal dur-
ing the controlled phase. Our model shows that the epidemic
dynamics would have been quite worse (19,090 new cases per
day during the peak) if these policies were not implemented
(Fig. 5a). Through these policies, 442,640 cases were prevented
and 1,216 lives were saved during the period of controlled phase
(real scenario from the official data: 17,994 cumulative cases and
40 deaths).

We also estimated the effectiveness of each of the policies indi-
vidually (Fig. 5b). Removing each policy (border screen and quar-
antine, lockdown, and detection and isolation) at a time, our
model predicts the peak infectious case of 1339, 4199, 884, respec-
tively. As per our model estimation, in the absence of border screen
and quarantine, lockdown, and detection and isolation, one at a
time, the total cumulative cases would have reached 42050,
162400, 38920, respectively, taking the Nepalese lives of 162,
497, 138, respectively. Among these three policies lockdown was
found to be the most significant, followed by the border screening
and quarantine, and then by the detection and isolation. These
results show that the detection and isolation does not seem to have
significant impact on the reduction of infections and deaths on the
early phase, compared to other two strategies, presumably because
of the less local transmission due to the strict lockdown. However,
the detection and isolation may have important role and signifi-
cant impact during the outgrown phase when the local transmis-
sion becomes the leading cause of infection.

3.5. Long-term prediction and potential control in Nepal

In this section, we present our model prediction of epidemic
outcome, especially the new cases, cumulative cases, and the total
deaths, in Nepal by the end of the year 2021. If the current trend
continues without any interventions, our model predicts that the
peak value of daily new cases will reach 144,600 (82,420 recorded
and 62,180 non-recorded) on March 4, 2021 (Fig. 6a). With this
epidemic trend, Nepal will suffer from the cumulative cases of
18.76 million (10.70 million recorded and 8.06 million non-
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recorded) and the total COVID-19-related deaths of 87 thousand
by the end of 2021 (Fig. 6b).

At the current situation of the limited pharmaceutical preven-
tion, applying public health measures, including the ones the gov-
ernment of Nepal implemented during the controlled phase, are
the most promising control mearues (MoHP, 2020; WHO, 2020b).
We now assess the impact of these control measures on curbing
COVID-19 epidemics from September 2020 to December 2021.
Since the current trend (the outgrown phase) shows that the
imported COVID-19 cases are not important compared to the local
transmission, we particularly focus on two control strategies, the
lockdown and the detection and isolation. Note that the current
value of infection rates is § = 3, and the detection rate is 0 = 0,
(Table 1). In our model, the level of lockdown and detection and
isolation can be incorporated using the parameters ¢ and v,
respectively.

Our model predicts that both the lockdown (reduction on ) and
the detection and isolation (increment in 6) are significantly
impactful on curbing COVID-19 epidemic burden in Nepal
(Fig. 7). For example, 50% reduction of contact through lockdown
(i.e., £=0.5) can reduce the cumulative number from the base-
case of 18.7 million to 426 thousand and the total deaths from
87 thousand to 20 thousand. Similarly, 1.4 times increment in
the detection and isolation rate (i.e., ¥ = 1.4) can bring the cumu-
lative cases down to 494 thousand and the total death down to 13
thousand.

3.6. Reproduction number

The basic reproduction number, Ry, is an average number of sec-
ondary infections generated by a single infectious individual in a
completely susceptible population. For infectious diseases, it is
an important threshold, which helps determine whether outbreak
occurs (Ry > 1) or is avoided (Ry < 1) (Martcheva, 2015). We used
the Next Generation Matrix method (Diekmann et al., 1990; Van
den Driessche and Watmough, 2020) to derive the expression of
Ro for our model (see Appendix) and obtained

Bco(1 = 00)S
d+wW+k+m)Q +5)
where

¢ A HO(T+y+pd - ¢))
1 [T +7+ 1)

Ro=1
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Fig. 5. Effect of control strategies. Daily new covid-19 cases (a) with (solid line) and without (dashed line) all control strategies in combination, and (b) with (solid line) and
without one policy at a time, border screening and quarantine (dot-dashed line), lockdown (dashed line) and detection and isolation (star-line).
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Fig. 6. Long-term dynamics of COVID-19 in Nepal. Long-term dynamics of (a) daily new cases and (b) daily deaths due to COVID-19, predicted by our model. Here, the current

(Oct 2020) peak of the new cases and daily deaths are 1,127 and 4, respectively..

As expected, we are able to theoretically establish Ry as the out-
break threshold for our model, as stated in the following theorem:

Theorem 1. Disease free equilibrium point of the system of Eqs. (1)-
(6) is asymptotically stable if Ry < 1 and unstable if Ry > 1.

The proof of the theorem is given in Appendix. Using the esti-
mated parameters, we found the value of Ry, = 0.21 for Nepal.
Ro < 1 implies that the outbreak was avoided at the time the
locally infected case was introduced in March 2020. The successful
control is consistent with the fact that the local transmission dur-
ing early epidemic period was negligible with the majority of infec-
tions coming from abroad. Furthermore, we found that if the
government of Nepal had not timely implemented policies (i.e., if
we replace S, by B, and 0. by 0,), the basic reproduction number
would have been R, = 1.8. Using our model, we also performed
analysis to identify the level of lockdown (¢) and the level of detec-
tion and isolation () required to assure the value of Ry less than
unity so that the epidemic is avoided. The resulting combinations
of these two policies, which can avoid the epidemic, are shown
in Fig. 8a. For example, a policy with combination of 22% reduction
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in contact due to lockdown (¢ =0.22) and 1.2 times increase in
detection and isolation (yy = 1.2) can make Ry less than unity,
thereby avoiding epidemic to occur.

While the basic reproduction number provides the important
information about the beginning of the epidemic, the average
number of the secondary infections varies over time, mainly due
to alteration of implementation of policies over the epidemic per-
iod. To describe the time varying average number of secondary
cases more accurately, we considered the effective reproduction
number, R;. The value of R; allows us to track whether the epidemic
at time t is in increasing (R; > 1) or decreasing (R; < 1) trend. For
our model, the effective reproduction number is given by

GRS ING)
T+ W+ k+ N(t)

Using the estimated parameters, we observed that the value of
effective reproduction number R(t) remains about 0.21 until July
21 (Fig. 8b), indicating that the local transmission is under control
during the controlled phase. However, around July-21 (the date of
end of policies), the effective reproduction number rapidly
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Fig. 7. Long-term impact of control policies. Model prediction of (a) the cumulated cases and (b) the cumulative deaths due to COVID-19 by December 2021, under the different

levels of lockdown and detection and isolation.
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Fig. 8. Reproduction numbers. (a) Parameter space showing the level of lockdown (¢) and the level of detection and isolation (/) that make R, less than or greater than 1. (b)

Effective reproduction number of COVID-19 (R; = 1) in Nepal until December 2021.

increased and reached 1.80 indicating the rapid local transmission
during the outgrown phase. The long-term prediction of our model
shows that the value of R, remains greater than unity until March
2021 (increasing trend). After March 2021, the epidemic will
observe the decreasing trend (i.e, R, < 1).

4. Discussion

In this study, we focused on modeling COVID-19 epidemic in
Nepal, which shares an open border with India, one of the most
affected countries in the world. Since a large number of Nepalese,
especially male labor migrants, work in India, the mobility across
the Nepal-India open border has directly affected COVID-19 cases
in Nepal, causing considerable number of imported cases through
the migrant workers coming from India (EDCD, 2020c). Despite a
large number of inflow of COVID-19 cases from India, the timely
implementation of the Nepal Government’s policies, namely (i)
border screen and quarantine, (ii) lockdown, and (iii) detection
and isolation, was successful in controlling the epidemic for about
four months until these policies were lifted on July 21, 2020. After
the policies were lifted, the cases surged uncontrollably, resulting
in a biphasic trend of COVID-19 in Nepal, the controlled phase (un-
til July 21, 2020) and the outgrown phase (after July 21, 2020). In
order to evaluate these successful control policies, here we took
advantage of modeling and data of unique epidemic in Nepal with
biphasic trend resulting from the combination of case-inflow
through the Nepal-India border and control policy implementa-
tion. Our novel model, which is capable of excellently describing
the COVID-19 data from Nepal, has provided number of important
insights into transmission dynamics and related effective control
policies.

Using our model and the available data from the ministry of
health and population, we estimated the key parameters related
to COVID-19 transmission and control in Nepal. Based on our
model, we identified quite distinct transmission rate () and dis-
tinct rate of detection and isolation (6) between two phases of epi-
demics, showing that the policies implemented were indeed
significantly effective. The timely implementation of policies was
able to maintain the low level of effective reproduction number
(=~ 0.21) while the polices were in place, and upon lifting the poli-
cies the effective reproduction number rapidly rose to 1.80. As per
our model evaluation, with these policies the government of Nepal
was able to prevent more than 444 thousand cases and save more

than 1,200 lives. Among these three policies, “lockdown” was
found to be the most effective, followed by “border screen and
quarantine” and then by “detection and isolation”.

Consistent with the data based on the travel history of recorded
infectious people (more than 80% came from aboard, especially
from India) (EDCD, 2020b; Rijal, 2020), our result also shows that
about 70% of COVID-19 cases in Nepal were imported during the
controlled phase. Despite inflow of significant number of COVID-
19 cases from India, the local transmission remains well controlled
during the controlled phase of epidemic, implying that the “border
screening and quarantine” policy in combination with other poli-
cies implemented by the government of Nepal was key to avoid
a potential early surge of cases from local transmission. Our model
predicts a high rate of local transmission, consistent with the data,
during the outgrown phase (i.e., after the policies were lifted on
July 21, 2020). As a result, the contribution of the local transmis-
sion to epidemics became significantly high outcompeting the
importation after July 21, 2020. We note that along the line of
our results, various reports and updates on the situation of Nepal
(Pun et al., 2020; NIE, 2020; EDCD, 2020b; TKP, 2020a; WHO,
2020d; WHO, 2020e; WHO, 2020g) also claim that there were
small number of local transmissions before July 21, 2020 and the
mass community transmission has become noticeable only after
lifting the policies on July 21, 2020.

Based on the current epidemic trend identified by our model,
we predict that without any interventions about 18 million Nepa-
lese (~ 70% of the total population) will be infected with COVID-19
by the end of 2021. The model predicts that the current increasing
trend of daily new cases will continue to increase reaching the
peak level of about 144 thousand new cases per day on March
04, 2021. However, we also acknowledge that there is a possibility
for the peak time to occur earlier, as projected by some studies
(White et al., 2020), if the government reduces the testing of
asymptomatic cases (i.e., reduces the detection and isolation in
our model) as mentioned in (OLK, 2020). Because Nepal is in the
high risk zone of COVID-19 due to its poor health system and por-
ous borders with India, potential epidemic outcomes predicted by
our model strongly recommend the urgent implementation of con-
trol strategies.

Since the pharmaceutical control of COVID-19 is not widely
available, most of the countries have been implementing the
non-pharmaceutical approaches, including the ones implemented
by the government of Nepal, for mitigating COVID-19 transmis-
sions. As identified by our model in the context of Nepal, many



K. Adhikari, R. Gautam, A. Pokharel et al.

countries, such as China, Taiwan, and South Korea, which have
been successful to control the epidemics, also applied the strict
lockdown, meticulous testing and tracking, and massive isolation
of people, precise and widespread contact tracing and testing
(Azman and Luquero, 2020; Choi, 2020; Trevisan et al., 2020;
Cheng et al, 2020) as effective means of epidemic control.
Therefore, we also evaluated the local transmission related con-
trol strategies “Lockdown” and "Detection and isolation” in the
context of Nepal, and identified the level of these policies
required for successful mitigation of potential COVID-19 surge
in Nepal. For example, our result shows that the lockdown level
that can reduce the contact rate by 50% will decrease the peak of
new cases of COVID-19 below 2,600, significantly less than the
predicted base-case of 144 thousand. In this level of lockdown,
the cumulative cases will also reduce from 18 million to less
than 200 thousand. Similarly, the total COVID-19 cases can be
reduced to 494 thousand if the detection and isolation policy
is increased by 1.4 times the base case. Importantly, our model
has identified that for a significantly large level of the detection
and isolation (for example, greater than 1.6 time the base case),
the disease spread can be avoided without needing a high level
of lockdown.

We acknowledge several limitations of our study. We used the
limited data sets available publicly from the ministry of health and
population of Nepal. Because of poor policy at the border, the data
related to border screen need to be carefully considered. The
detailed data with accurate border screening and quarantine will
improve the predictions of our model. While the testing program
for border screened population was better documented, the testing
for local community is less understood, which may have slightly
impacted on our estimates of detection and isolation rate. How-
ever, we conducted sensitivity of this parameter over the wider
range. We have ignored the spatial heterogeneity on the dynamics
and policy implementation, especially among seven provinces of
Nepal. Not all provinces equally share border with India and also
cases distribution is not uniform. For example, Gandaki province
has sporadic transmission (WHO, 2020f) while other six provinces
(Province 1, Province 2, Bagmati, Lumbini, Karnali and Sudur-
paschim) show clusters of cases. Therefore, future studies on
province-wise analysis of COVID-19 transmission along with
inter-province mobility will help for better implementation of
effective control strategies.

In summary, we developed a novel mathematical model to
uncover effective control strategies that were implemented in
unique biphasic epidemic trend in Nepal, under the influence of
human mobility across the open-border with India, one of the
most COVID-19 affected countries in the world. Quantification of
these successful control strategies through distinct two phases of
epidemic in Nepal (the controlled phase and the outgrown phase)
has provided us with opportunity to evaluate the impact of these
strategies to curb potential surge in Nepal. Our results may pro-
vide important policy guidance for devising the appropriate con-
trol strategies for bringing Nepal out from the devastating
pandemic.
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Appendix A

A.1. Derivation of basic reproduction number, Ry, using the next
generation matrix

We first obtain the disease free equilibrium, &*, of the model
system. Using the pre-pandemic condition 1= 4(0) and the
disease-free conditions E=0, [y =0, Iy=0, we obtain p=0.
Then the model system provides the following disease free
equilibrium:

¢ =(5,Q2,0,0,0,0),

where
g A MOy +pd—¢) Ly 0 - HO)p
u WT+7y+p) T+y+U

According to the next generation matrix method, we divide the
compartments used in the model into two groups: infected
X=(x,i=1,2,3) = (E Iz, Iy) and non-infected group
¥=(¥,j=1,2,3) = (5,Q,R). Then the model system can be writ-
ten as:

X; :fl()_ém)_;) and y_; :gj(27.37) for 17] = 17213'

We now write the right hand side of the system of infected
compartments as f;(X,y) = Fi(X,y) — Vi(X,y), where F;(X,y) contains
the terms representing the new infections in compartment i and
Vi(X,y) contains the terms containing the difference between the
transfer of individuals out of and into the compartment i:

F1 SO

F | = 0 )

F3 0

Vi (0+ WE

Vy, | = (V] +k+ ,U)IR - 50(t)E
Vs (m+k+ wly—9o(1 —06(t)E

We now take the values f(t) = . and 6(t) = 6. corresponding to
the beginning of the epidemic, and construct the following two

matrices using F = (‘)—F'>’ and V = (%) .
/;,4 \J 6’*

OX;j

ES*
0 0 & S+ p 0 0
F={0 0 0 |, V= —60, n+k+p 0
00 O —0(1—6c) 0 n+k+pu
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These matrices allow use to compute the second generation
matrix as follows:

Bed(1-0c)S" BcS
; (0+k+p)(+k+10)(Q7+S7) (M+k+p)(Q°+S7)
v = 0 0 0 )
0 0 0

. Bed(1-0,)S* .
whose eigenvalues are 0, 0, and GRS Then the basic

reproduction number is given by the dominant eigenvalue.
Therefore,

Beo(1 - 0c)S
(0+ @M +k+p)(Q +S)

Ry =

A.2. Proof of Theorem 1

Jacobian of the system of Eqs. (2)-(6) evaluated at the disease
free equilibrium, &*, is

—u y1=p)+(1-p 0 0 5y 0
0 —(T+y+ 0 0 0 0
0 0 —(0+p) 0 o 0
0 pT 60, —(n+k+p 0 0
0 701 81 -6c) 0 —(m+k+p 0
0 0 0 n n I

The eigenvalues of this Jacobian are given by

=y =iz =—N+k+ ), la=—()+T+ W,

) (514204 k) =0+ 11+ 2+ k)% — 4+ ) (1 + 1+ K)(1 = Ro)
5 = 2 ’

and

—(5+n+2u+k)+\/(5+n+2u+k)2—4(6+u)(11+,u+k)(1 —Ry)
6 = 2

We can clearly observe that all the eigenvalues are negative if
Ro < 1. Therefore, the disease free equilibrium, &*, is asymptoti-
cally stable if Ry < 1 and unstable if Ry > 1.
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