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ABSTRACT 
Due to ongoing viral evolution and frequent outbreaks, responding to the pandemic has been challenging for countries 
with limited resources, like Nepal. In this study, we retrospectively estimated the impact of nonpharmaceutical 
interventions (NPIs) in Sudurpashchim province of Nepal using COVID-19 second wave data (20 March-31 August 2021) 
by using the mathematical model. We estimated extremely low (2%) detection of new cases in Sudurpashchim, and only 
10% border screening with Antigen tests among the returnees in Sudurpashchim from India during the Delta surge which 
was not sufficient to lower the burden of the pandemic. The lockdown implemented during the pandemic was successful 
in lowering the disease burden. The control interventions were effective which reduced the 34% of new cases and 28% of 
active cases during the peak time and overall cases by 12.3% from 20 March-31 August 2021. During the peak of the 

pandemic, control intervention reduced the number of patients in regular beds by 27%, ICU by ~ 31%, and ventilators 

admissions each by  ~33%. Our results explore that, without sufficient detection of new cases in the community, border 
screening alone is not sufficient for the diseases control. Therefore, in the absence of pharmaceutical interventions, it is 
important to combine social distance with adequate case detection, which is made even more effective by perfect border 
screening, to reduce the burden of the pandemic. 
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INTRODUCTION 
The novel corona virus (SARS-CoV-2) that caused the 
COVID-19 pandemic is still spreading throughout the 
world in multiple waves. By September 1, 2021, the 
pandemic had already caused more than 219 million cases 
and 4.55 million fatalities worldwide (Worldometer, 2021; 
Adhikari, et al., 2022). Despite significant management and 
control efforts, the second wave of COVID-19, which is 
caused by various virus variants that are highly contagious, 
has primarily affected the world due to the Delta variant 
(B.1.617.2) (Kang, et al., 2021; Mindermann, et al., 2021; 
Ewen, 2021; Sara et al., 2021; WHO, 2021). After spreading 
to more than 30 countries, the World Health Organization 
(WHO) declared the Delta variant a global concern on May 
10, 2021 (Nebehay & Farge, 2021).  
 
Nepal consists of seven provinces, each of which was 
affected differently by the pandemic during the Delta 
surge. Sudurpashchim province situated on the far western 
region of Nepal (Fig. 1) is one of the most underdeveloped 
provinces of Nepal has two major official entry points 
(Gaddachauki and Trinagar) in the Indo-Nepal border 
along with two minor entry points (Julaghat and Darchula). 
Due to the open border provision with India, there is 
always in and out flux of seasonal migrant workers. In 
some communities of this region, 50-80 percent of 

households have at least one relative who works in India; 
the majority of these migrants migrate seasonally (Vaidya 
& Wu, 2011). 
 
The second wave caused by the Delta variety started in 
Nepal in April 2021. Nepal is a developing country with an 
open porous border with India, where the Delta was first 
noticed (Poudel et al., 2004). In the middle of April 2021, 
as cases in India were steadily on the rise, pilgrims from 
Nepal made their way to the north of India for the 
Kumbha Mela, a Hindu festival that draws millions of 
visitors (Khare, 2021). Their influx through the various 
entry points across the Indo-Nepal borders, particularly in 
Sudurpashchim province, along with that of the seasonal 
migrant workers, resulted in the second surge (Poudel et al., 
2004). As new cases started to raise in the neighboring 
country India from the beginning of March 2021, the 
Government of Nepal (GoN) started conducting antigen 
tests for returnee migrants along the Nepal-India border. 
Fig. 2 displays the daily antigen tests and instances of 
positive cases discovered at the two primary official entry 
points of the Sudurpashchim province from 1 April 2021. 
Figure 3 illustrates the noticeably high antigen test positive 
rate and the significant community transmission of the 
novel variant in India. 
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Figure 1.  Map of Nepal with highlighted Sudurpashchim province. The data (shapefile format) for the map was obtained 
from the government of Nepal’s official website (urlhttp://http dos.gov.np) (Accessed on April 23, 2021). The map was then 
created in R 4.3.1 using the cartography package. The Sudurpashchim province is represented by the yellow region. The 
large circles represent the major official entry points (Trinagar (left) and Gaddachauki (right)), while the small circles 
represent minor entry points (Julaghat (lower), Darchula (upper) border crossings) 

 

 

 
Figure 2. Total no. of daily Antigen tests in border between Nepal and India and COVID-19 positive cases 
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Figure 3. Total percentage of positive cases in the Antigen test at border between Nepal and India 

 
Despite the border screening,  COVID-19 cases surged 
very rapidly in Nepal as well as Sudurpashchim province. 
To slow the exponential growth of new cases, on April 29, 
2021, the GoN imposed the lockdown, beginning in 
Kathmandu (Aljazeera, 2021). Immediately after, 
Sudurpashchim’s local government imposed the lockdown 
in some areas, and it was later expanded to other areas 
(Sudurpashchim Khabar, 2021a). Despite the control 
interventions, the recorded new cases rose to 1052 on May 
17, 2021, with a huge shortage of healthcare facilities, 
particularly hospital beds and oxygen (Sudurpashchim 
Khabar, 2021b). This area, therefore, presents us with a 
unique opportunity for the retrospective study to gain 
precious insights into the specific pandemic transmission 
and evaluate the efficacy of control interventions that 
would be useful in designing policies for the control of 
spread and proper management of healthcare facilities for 
future pandemics. In fact, compartment models have long 
been used to study the dynamics of disease transmission, 
understand how diseases spread, and aid in the 
development of curative and preventative measures 
(Adhikari et al., 2021a; Gautam et al., 2022; Pantha et al., 
2021; Pokharel et al., 2022). 
 
In this study, we investigated the dynamics of COVID-19 
transmission in Sudurpashchim province using a data-
driven modeling approach. We validated our model with 
Sudurpashchim province data and estimated key model 
parameters. We estimated the effective reproduction 
number and used our model to investigate how control 
interventions helped Sudurpashchim province in coping 
with the additional burden of the pandemic during the 
Delta surge. 

 
MATERIALS AND METHODS 
Data source 
The data used in this study was obtained from the Ministry 
of Health and Population (MoHP) of the Government of 
Nepal (MoHP, 2021a). The Government of Nepal started 
the screening at different border checkpoints from the 
beginning of the Delta surges including two checkpoints 
Gaddachauki and Trinagar of Sudurpashchim. The 
Sudurpashchim province started the lockdown on 29 April 
2021 and returned to the almost no-policy state after the 
long-route buses and national flights were fully open 
except the resumed of Schools on September 1, 2021 
(Sudurpashchim Khabar, 2021a). We considered the data 
from March 20, until August 31, 2021. The data including 
antigen tests, new cases, and the cumulative cases were 
used in our model fitting and simulation.  The MoHP data 
did not include province-level positive cases for Antigen, 
and the various reports (Sudurpashchim Khabar, 2021b; 
MoHP, 2021b; Neupane, et al., 2021) indicate that 15% 
more cases were found via the Antigen test, we added 15% 
more cases to the published data. 
 
Transmission dynamics model  
To develop a transmission dynamics model based on the 
SEIR framework, the population of this region is divided 
into six distinct compartments: susceptible (S), exposed 

(E), recorded infectious (Iʀ), non-recorded infectious (Iɴ), 
recovered (R), and Migrant (M). The immigrant workers 

from India enter this region at the rate of 𝜆. Among the 

immigrants (𝜆), a portion 𝜙 is tested by the antigen, and 

the rest (1 -𝜙) entered to the community without the 

antigen test. The portion 𝜌 of immigrants with a positive 
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test result entered the recorded infected class (Iʀ ) and the 

remaining (1-𝜌) portion of immigrants with negative test 
result entered the susceptible class. Among immigrants 

without antigen test, (1-𝜏) portion entered  the susceptible 

and 𝜏 portion to the non-recorded infectious class Iɴ. 𝜒₁ 
and 𝜒₂ represent the death due to COVID-19 in Iʀ and Iɴ 
compartments respectively. The transmission rate from 
recorded infected individuals and non-recorded infected 

individuals are denoted by 𝛽₁ and  𝛽₂  respectively. The 

exposed individuals become infectious at the rate of 𝛿, 

among which a portion 𝜃 is recorded and the remaining (1-

𝜃) remain in the non-recorded class. The latency period is 
1

𝛿
 and the infectious period of the infected individuals of 

the recorded and non- recorded infectious class is 
1

𝜂
. The 

schematic diagram of the model is shown in Fig. 4.
 

 
Figure 4. The compartmental diagram of the model. The arrow represents the transfer from one compartment to another   
 
Mathematical Formulation 
From the model we obtain the following system of ordinary differential equations 
𝑑𝑆

𝑑𝑡
= 𝛬 + 𝜆(1 − 𝜙)(1 − 𝜏)𝑀 + 𝜆𝜙(1 − 𝜌)𝑀 −

(𝛽₁𝛪ʀ + 𝛽₂𝛪ɴ)

𝑆 + 𝐸 + 𝐼ʀ + 𝛪ɴ + 𝑅
−  𝜇𝑆 ……………(1) 

𝑑𝐸

𝑑𝑡  
=

(𝛽₁𝛪ʀ + 𝛽₂𝛪ɴ)

𝑆 + 𝐸 + 𝐼ʀ + 𝛪ɴ + 𝑅
 −  𝛿𝐸 −  𝜇𝐸  ………………. (2) 

𝑑𝐼ʀ

𝑑𝑡
 =  𝛿𝜃𝐸 +  𝜆ф𝜌𝛭 − (𝜂 +  𝜒₁ +  µ) 𝐼 ………… (3) 

𝑑𝐼ɴ

𝑑𝑡
 =  𝛿(1 −  𝜃) 𝐸 +  𝜆 (1 −  ф) 𝜏 𝑀 − (𝜂 +  𝜒₂ +  µ) 𝐼ɴ………………. (4) 

𝑑𝑅

𝑑𝑡
=  𝜂(𝐼ɴ +  𝐼ʀ)  −  µ𝑅………… (5) 

𝑑𝑀

𝑑𝑡
= − 𝜆𝑀 −  𝜇𝑀……………………. (6) 

 
Parameter estimation and model fitting to data 
Since the new cases began to increase in Sudurpashchim 
province from the last week of March 2021, we took March 
20, 2021, as the initial time (t=0) to initiate the first wave. 
The total population of Sudurpashchim in the census year 
2021 is 2711270 (CBS, 2022). About 3.5 million Nepalese 
live in India as migrant workers (Kunwar, 2015; Prasain, 
2021) and most of the migrant workers are from 
Sudurpashchim and Karnali Provinces, so we took 50,0000 
population in Migrant class. Using 14.4% [95% CI: 11.8-
17.0] seroprevalence found in the October 2020 (MoHP, 
2021b), our previous model  (Adhikari et al., 2022), allowed 
us to estimate the seroprevalence on March 20, 2021, to be 

∼ 24%. We deducted both seroprevalence and migrant 
population from the total population and took the initial 
susceptible population as 1377800 for this study.  
 
The lockdown from the Kailali and Kanchanpur districts 
of the province was started on March 29, 2021, and 
gradually extended to almost all parts of the province. The 
lock-down option gradually dropped as the number of new 
cases lowered, allowing people to resume their regular daily 
activities. We can incorporate these shifts in government 
policy into our model by assuming the following 

transmission rates of unrecorded cases (β₂): 
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𝛽₂(𝑡) =   

{
 
 

 
 

                                                                                                 
𝛽₂(0),      for 0 ≤ 𝑡 < 𝑡₀

𝛽₂(0) ((1 − 𝑐𝑏)𝑒
(−𝑟(𝑡 − 𝑡0)) + 𝑐𝑏) , for   𝑡₀ ≤ 𝑡 < 𝑡₁

(𝛽₂(𝑡₁) − 𝛽₂(0))𝑒(−𝑟₁(𝑡 − 𝑡₁))  + 𝛽₂(0), for  𝑡 ≥ 𝑡₁
                             }

 
 

 
 

 

 

where, 𝑡0 and 𝑡1 represent starting and ending times of the 

lockdown respectively. We took 𝑐𝑏 = 0.3 assuming up to 
70% reduction on contacts during the prolonged 

lockdown period, 𝑟 and 𝑟₁ are rates of reduction of 

transmission rate in time intervals 𝑡₀ ≤ 𝑡 < 𝑡₁  and 𝑡 ≥ 𝑡₁. 
The transmission rate of recorded infectious was assumed 
to be reduced by 80% than that of the non-recorded. We 
calculated the Positivity rate of the Antigen test (ρ) from 
the data who were screened at the border. The incubation 
and recovery period were taken from the literature and the 
remaining parameters were estimated by using the 
nonlinear least square method. 
        
For the model fitting the data available is the daily new 
cases of recorded infectious people. Since the available data 
does not contain the recorded cases at the  border by 
Antigen test, we only fit the data with the locally generated 
cases.   Using our model, the recorded local new infections 
generated at time t, D(t), can be computed using the 
following equation:  
 

𝐷(𝑡) = 𝛿𝜃𝐸(𝑡) 
 
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: 

𝐿(𝜙, 𝛽1 , 𝛽2, 𝜃, 𝜏) =∑[𝐷(𝑡𝑖) − 𝐷̅(𝑡𝑖)

𝑛

𝑖=1

]2 

where 𝐷(𝑡𝑖) and 𝐷̅(𝑡𝑖) are the new cases of infectious 
people who have been recorded, predicted by the model, 
and those given in the available data, respectively, and  

𝜙, 𝛽1, 𝛽2, 𝜃, 𝑎𝑛𝑑 𝜏  are parameters to be estimated. Here, 

𝑛 represents the total number of data points used for the 
model fitting.  In our study, all computations were carried 
out in MATLAB 2021a (The MathWorks, Inc.).  
  
Effective reproduction number from data 
There are several ways to calculate the basic reproduction 
rate using data on disease incidence. The maximum 
likelihood method (MLM), developed by White and 
Pagano is one of them and is frequently used in studies 
(Cori et al., 2013; You et al., 2020). We also calculated the 

effective reproduction number 𝑅𝑡 from the daily incidence 
data as a marker for the decrease or surge in infections 

from the real-time data. Time-varying 𝑅𝑡  can be calculated 
using the time series of the infections and generation time 
distribution (Cori et al., 2013). We used the approach 
developed by Thompson for the estimation of effective 
reproduction numbers using the EpiEstem package of the 
R program (Thompson et al., 2019). Based on the previous 
study (Adhikari et al., 2022), we used the mean serial 
interval to be 4.7 days with a standard deviation of 2.9 days. 

 
RESULTS AND DISCUSSION 
Analysis of the model 
In this section, we discuss the analytic properties of the given system.  
 
Positivity and boundedness of the system 

Theorem 3.1: If S(0) > 0, E(0) > 0, Iʀ(0) > 0, Iɴ(0) > 0, R(0) > 0, M(0) > 0 then the set of solution S(t), E(t), Iʀ(t), Iɴ(t), 

R(t), M(t) of the system (1-6) exist, remain non-negative and bounded, for all t ≥ 0.  

Proof: In order to show positivity, for  𝑡 > 0, we have from equation (1) 
𝑑𝑆

𝑑𝑡
= 𝛬 +  𝜆 (1 −  𝜏) (1 −  ф) M +  λ (1 −  ρ) ф M  − 

(β₁ Ιʀ + β₂Ιɴ)dt

(S + E + Iʀ + Iɴ + R)
− 𝜇 𝑆 

 
𝑑𝑆

𝑑𝑡
≥ − 

(β₁ Ιʀ + β₂Ιɴ)dt

(S + E + Iʀ + Iɴ + R)
− 𝜇 𝑆 

⇒ ∫
𝑑𝑆

𝑆

𝑡

0

 ≥ −∫
(β₁ Ιʀ + β₂Ιɴ)dt

(S + E + Iʀ + Iɴ + R)

𝑡

0

 

⇒ 𝑙𝑛
𝑆(𝑡)

𝑆(0)
≥ −∫

(β₁ Ιʀ + β₂Ιɴ)dt

(S + E + Iʀ + Iɴ + R)

𝑡

0

 

⇒  S(t)  ≥  S(0)𝑒 
−∫

(β₁ Ιʀ  + β₂Ιɴ)dt
(S + E + Iʀ + Iɴ + R)
𝑡
0  
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⇒  S(t)  ≥  S(0)𝑒 
−∫

(β₁ Ιʀ  + β₂Ιɴ)dt
(S + E + Iʀ + Iɴ + R)
𝑡
0  

Thus, S(t) > 0; as, t→ ∞ . 
From equation (2) 

𝑑𝐸 

𝑑𝑡 
 =  

(𝛽₁𝛪ʀ +  𝛽₂𝛪ɴ) 𝑆 

𝑆 +  𝐸 +  𝐼ʀ +  𝛪ɴ +  𝑅
−  𝛿𝐸 −  µ𝐸 

⇒ ∫
𝑑𝐸

𝐸

𝑡

0

≥ −∫ (𝛿 + µ)𝑑𝑡
𝑡

0

 

⇒ E(t)  ≥ 𝐸(0)𝑒−𝛿+µ)𝑡 
⇒ 𝐸(𝑡) ≥ 0 , ∀ t > 0 

As t→ ∞,  we get, E(t) ≥0. 
 

Similarly, we can show that Iʀ(𝑡) ≥ 0, Ιɴ (t) ≥ 0, R(t) ≥ 0, M(t) ≥ 0 
To show boundedness: 

Let us suppose that total population is N = S + E + Iʀ + Iɴ + R + M. 
Adding all differential equations (1-6), we get 

𝑑𝑁

𝑑𝑡
 =

𝑑𝑆

𝑑𝑡
+
𝑑𝑀 

𝑑𝑡
+
𝑑𝐸

𝑑𝑡
+ 
𝑑𝐼ʀ

𝑑𝑡
+
𝑑𝛪ɴ

𝑑𝑡
+
𝑑𝑅

𝑑𝑡
 

𝑑𝑁

𝑑𝑡
≤ 𝝀 − µ𝑵 

𝑑𝑁

𝑑𝑡
+ µ𝑵 ≤ 𝝀 

∫ 𝑑(𝑁𝑒µ𝑡) ≤ ∫ 𝑒𝜇𝑡𝜆𝑑𝑡
𝑡

0

𝑡

0

  

𝑁(𝑡) = 𝑁(0)𝑒−𝜇𝑡 +
𝜆

𝜇
−
𝜆

𝜇
𝑒−𝜇𝑡 

As, t→ ∞, 𝑒−𝜇𝑡 = 0. 

Hence, N(t) ≤
𝜆

𝜇
  . Thus, N(t) is bounded. 

Similarly, we can show that S, E, Iʀ, Iɴ, R, and M are bounded. 
 
Disease free equilibrium 
At disease free equilibrium, there is no disease at any 

compartment. So, Iʀ = Iɴ = E =0, and ρ = τ = ф=0; 
Solving for S, R, M, 

𝑑𝑆

𝑑𝑡
= 0;

𝑑𝑀 

𝑑𝑡
= 0;

𝑑𝑅

𝑑𝑡
= 0; 

we get, S0 = 
 𝝀

µ
,  R0 = 0, M0 = 0. Hence, we get 𝜀0 =

( 
 𝝀

µ
, 0, 0, 0, 0, 0) as diseases free equilibrium point. 

 
Reproduction Number 
First, we calculated the diseases free equilibrium point. At 
the disease-free equilibrium point the portion of positive 
antigen test is zero, i.e.  ρ = 0, τ = 0, and we use the pre-

pandemic condition λ = λ (0), and E = Iʀ = Iɴ = 0. We get 

the following disease-free equilibrium point:  𝜀0 =
(𝑆0, 0, 0, 0, 0, 0), where  𝑆∗ = N be the total population of 
the Sudurpashchim province. 

 
We divide the compartments into two groups: infected 

𝑋⃗ = (𝑋𝑖 , i =  1, 2, 3)  (Exposed, Recorded Infectious and 

Non-recorded Infectious) and non-infected 𝑌⃗⃗ = (𝑌𝑗  , j =

 1, 2, 3)  (Susceptible, Recovered and Migrant workers). 

Then the system (1-6) can be written as: 𝑋′𝑖 = 𝑓𝑖(𝑋⃗, 𝑌⃗⃗), 

and  𝑌′𝑖 = 𝑔𝑗(𝑋⃗, 𝑌⃗⃗), for 𝑖 = 1,2,3, 𝑗 = 1,2,3. The right-

hand side of the system of infected compartments can be 
written as:  
 

  𝑓𝑖(𝑋,⃗⃗⃗⃗ 𝑌⃗⃗) = 𝐹𝑖(𝑋⃗, 𝑌⃗⃗) − 𝑉𝑖(𝑋⃗, 𝑌⃗⃗) , where  

𝐹𝑖(𝑋⃗, 𝑌⃗⃗) contains the terms representing the new 

infections in compartment 𝑖 and 𝑉𝑖(𝑋⃗, 𝑌⃗⃗) contains the 
terms containing the difference between the transfer of 

individuals out of and into the compartment 𝑖. Then we 
construct the following two matrices using 

 

𝐹 =
𝜕𝐹𝑖

𝜕𝑋𝑖
  and  𝑉 =

𝜕𝑉𝑖

𝜕𝑋𝑖
 at the diseases free equilibrium (DFE) point as follows:  

 𝐹 = [
0 𝛽₁ 𝛽₂
0 0 0
0 0 0

], 𝑉 = [
𝛿 + µ 0 0
−𝛿𝜃 𝜂 + µ + 𝜒₁ 0

−𝛿(1 − 𝜃) 0 𝜂 + µ + 𝜒₂
]. Then we have 
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 𝑉−1 = 

[
 
 
 
 

1

𝛿 + µ
0 0

𝛿 + 𝜃

(𝛿 + µ)(𝜂 + µ + 𝜒₁ ) 

1

(𝜂 + µ + 𝜒₂)
0

𝛿(1 − 𝜃)

(𝛿 + µ)(𝜂 + µ + 𝜒₂)
0

1

𝜂 + µ + 𝜒₂]
 
 
 
 

, and 

 

𝐹𝑉−1 = [

𝛽₁𝛿𝜃

(𝛿+µ)(𝜂+µ+𝜒₁)
+

𝛽₂𝛿(1−𝜃)

(𝛿+µ)(𝜂+µ+𝜒₂)

𝛽₁

(𝜂+µ+𝜒₂)

𝛽₂

𝜂+µ+𝜒₂

0 0 0
0 0 0

]. 

The largest eigenvalue of the matrix 𝐹𝑉−1 gives the basic reproduction 
number as follows: 

𝑅0 =
β₁δθ 

(𝛿 +  µ)(𝜂 +  µ +  𝜒₁)
+ 

𝛽₂𝛿(1 −  𝜃)

(𝛿 +  µ)(𝜂 +  µ +  𝜒₂)
    =  𝑅1 + 𝑅2;         

Where 𝑅1 =
β₁δθ 

(𝛿 + µ)(𝜂 + µ + 𝜒₁)
, and 𝑅2 =

𝛽₂𝛿(1 − 𝜃)

(𝛿 + µ)(𝜂 + µ + 𝜒₂)
. 

 
 
We can interpret the two terms as representing the two 
routes of transmission through the reported infections 

(first term) and non- reported infections (second term). 
The corresponding effective reproduction number is 
 

𝑅𝑡 = (
β₁δθ 

(𝛿 +  µ)(𝜂 +  µ +  𝜒₁)
+ 

𝛽₂𝛿(1 −  𝜃)

(𝛿 +  µ)(𝜂 +  µ +  𝜒₂)
  )
𝑆(𝑡)

𝑁(𝑡)
 

 
 
Stability of disease-free equilibrium point 

As expected, we are able to theoretically establish R₀ as 
the outbreak threshold for our model, as stated in the 
following theorem: 

Theorem 3.2.   Disease free equilibrium point of the 

system of equations (1-6) is asymptotically stable if R₀ < 1 

and unstable if R₀ >1. 
Proof. Jacobian of the system of equations (1-6) evaluated 

at the disease-free equilibrium, 𝜀0, is 
 

[
 
 
 
 
 
−µ 0 −𝛽₁      −𝛽₂ 0 𝜆(1 − 𝜃) + 𝜆𝜃 
0 −𝛿 − µ 𝛽₁ 𝛽₂ 0 0
0 𝛿𝜃 −𝜂 − µ − 𝜒₁ 0 0 0
0 𝛿(1 − 𝜃) 0 −𝜂 − µ − 𝜒₂ 0 0
0 0 𝜂 𝜂 −µ 0
0 0 0 0 0 −𝜆 ]

 
 
 
 
 

 

 

Clearly, - µ , - µ , and -𝛌 are three eigen-values of this Jaccobian. For the remaining three eigen values we solve the 
following characteristic equation: 
 

a₀𝑃3 + 𝑎₁𝑃2 +  𝑎₂𝑃 +  𝑎₃ = 0,   

Where, 𝑎₀ =  1, 𝑎₁ =  𝛿 +  2𝜂 +  3µ +  𝜒₁ +  𝜒₂, 
𝑎₂ = 𝜂2 +  2ηµ +  ηχ₁ +  ηχ₂ + 𝜇2  +  µχ₁ +  µχ₂ + (1 −  R₁) (δη +  δµ +  δχ₁ +  ηµ + 𝜇2  +  µχ₁)  + (1 −
 R₂)(δη +  δµ +  δχ₂ +  ηµ + µ2  +  µχ₂ +  χ₁χ₂)   
And, a₃ = (1 −  R₀)(δ +  µ)(η +  µ +  χ₁)(µ +  µ +  χ₂)     
Also, a₁a₂ −  a₃a₀ = A(1 −  R₁)  +  B(1 −  R₂)  +  CR₀   
Where,  𝐴 = χ₁(3𝛿2 + 5𝛿𝜂 +  𝜒₂(𝛿 + µ) +  δµ +  3ηµ +  4 µ2)  + 𝛿2   𝜂 + 𝛿2  µ + 2𝛿𝜂2 +  𝜒2(𝛿 + 𝜇)(𝜂 + 𝜇) +
𝛿𝜂𝜇 + 4δ𝜇2 + 𝜒₁2(δ +  µ) + 2𝜂2µ +  5η𝜇2  +  3𝜇3 , 
𝐵 = (𝛿 +  𝜇)(𝜂 + 𝜇 + 𝜒₂)(δ +  2η +  3µ +  χ₁ +  χ₂), 
𝐶 = (𝛿 +  𝜇)(𝜂 + 𝜇 + 𝜒₁) +  (𝜂 + 𝜇 + 𝜒₂). 
So, as 𝑅1 < 1, and 𝑅2 < 1; 𝑎1 > 0, 𝑎2 > 0,  𝑎1𝑎2 − 𝑎3𝑎0 > 0 𝑎𝑛𝑑 𝑓𝑜𝑟 𝑅0 < 1, 𝑎3 > 0. 
Hence by Routh-Horwitz criteria, the DFE is locally asymptotically stable. 
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Existence of endemic equilibrium point(s) of the 
model 

Let 𝐸∗= (𝑆∗, 𝐸∗, 𝐼ʀ∗, 𝐼ɴ∗, 𝑅∗,𝑀∗) be the corresoponding 
arbitrary endemic equilibrium point of the model (1-6) 

and let  𝛹 =
β₂𝐼ɴ∗+𝛽₁𝐼ʀ∗

𝑆∗+𝐼ɴ∗+𝐼ʀ∗+𝐸∗+𝑅∗
 

 
And solving the system (1-6) making its right-hand side 
equal to zero, we get: 

𝑆∗ =
𝛬

µ + 𝛹
 

𝐸∗ =
𝛬𝛹

(µ + 𝛿)(µ + 𝛹)
 

𝐼ʀ∗ =
𝛿𝜃𝛹𝛬

(𝛿 + µ)(µ +𝛹)(𝜂 + µ + 𝜒₁)
 

𝐼ɴ∗ =
𝛿 (1 −  𝜃) 𝛹𝛬

(𝛿 + µ)(µ +𝛹)(𝜂 + µ + 𝜒₂)
 

𝑅∗ =
𝛿𝜂𝛹𝛬

𝜇 (𝛿 + µ)(µ +𝛹)(𝜂 + µ + 𝜒₂)
 

𝑀∗ = 0 
 

Now substituting these values of (𝑆∗, 𝐸∗, 𝐼ʀ, 𝐼ɴ∗, 𝐸∗, 𝑅∗) 
in the expression of Ψ gives Ψ = 0 which leads the 
disease-free equilibrium point and the following quadratic 
equation:  
 

a𝛹2 + 𝑏𝛹 + 𝑐 = 0, where,  

a = 𝜒1 ((η + μ) (δ (1 - θ) +μ) + μ 𝛹2) +(η + μ) ((δ + μ) 

(η + μ) + 𝜒2 (δ θ + μ))>0 

b = μ (𝜒1 ((η + μ) (δ (2 – θ) + 2μ) + 𝜒2 (δ +2μ) + (η + 

μ) (2(δ + μ) (η + μ) + 𝜒2 (δ θ + δ + 2μ)))>0 

c = Λ 𝜇2 (1 −  𝑅₀) (𝛿 +  𝜇) (𝜂 +  𝜇 + 𝜒2) (𝜂 +  𝜇 +
 𝜒₁) < 0, 𝑖𝑓 𝑅₀ > 1. 
 

This shows that Ψ gives the positive roots if R₀ >1. Thus, 
we have the endemic equilibrium point  

𝐸∗ = (𝑆∗, 𝐸∗, 𝐼ʀ∗, 𝐼ɴ∗, 𝑅∗,𝑀∗), if R₀ >1. 
 
Numerical simulation of the model 
In this section, we fit the model with real time data of 
COVID-19 of Sudurpashchim province and estimate the 
values of some parameters. We also examine the effects 
of control measures on the reduction of epidemic burden. 
 
Epidemic pattern and model validation 
We fitted our model to daily recorded new cases data of 
Sudurpashchim, Nepal from April 1 to August 31, 2021), 

and estimated five parameters 𝜙,𝛽1, 𝛽2, 𝜃, 𝑎𝑛𝑑 𝜏. The 
values of the best estimates along with all other parameters 
and state variables are provided in Table 1. As shown in 
Fig.5 (left) the model has an excellent agreement with the 
data of recorded new cases. In addition, we estimated the 
cumulative cases of COVID-19 during the period of study 
and compared our estimates with the data (Fig. 5, right).  
 
Our model is capable of accurately predicting the 
cumulative cases of COVID-19 in Sudurpashchim 
province, thereby validating our modeling approach. We 
estimated extremely low (2%) detection of new cases. We 
estimated only 10% border screening with Antigen tests 
among the returnees of Sudurpashchim from India during 
the Delta surge which was not sufficient to lower the 
burden of the pandemic. Antigen detection among 

returnees at the border reveals  ~10% positivity rate, which 
is incredibly high and is most likely caused by the 
identification of suspected cases who had some symptoms. 
We calculated that the detection rate inside the 
Sudurpashchim province was exactly the same as the rate 
among unscreened migrants, which we estimated to be 

only ~ 2%. 
 

 
Figure 5.  Model fitting with recorded new cases of COVID-19 (left) and the consistency of cumulative data of recorded 
cases with the model (right) 
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Table 1. Values of state variables estimated and fixed parameters 

Description of state 
variables/Parameters 

Symbols Base Values References 

Susceptible population S(0) 1377811 Calculated 

Recovered population R(0) 833357 Calculated 

Migrant population M(0) 500000 Calculated 

Exposed population E(0) 20 Assumed 

Recorded infectious population Iʀ(0) 12 Assumed 

Non-Recorded infectious population Iɴ (0) 80 Assumed 

Positive rate in Antigen test 𝜌 0.1 Calculated 

Migration rate to Nepal 𝜆 0.002 Calculated 

Recorded death 𝜒1 0.0012 Calculated 

Non-Recorded death rate 𝜒2 0.0001 Estimated 

Transmission rate of recorded 
infectious 

𝛽1 0.125 Estimated 

Transmission rate of  non-recorded 
infectious 

𝛽2 0.615 Estimated 

Detection rate of local cases 𝜃 0.02 Estimated 

Positivity of non-recorded cases from 
India 

𝜏 0.02 Estimated 

Antigen test rate 𝜙 0.1 Estimated 

Latency period 1

𝛿
 

5 days (Hossain et al., 2020) 

Infectious period 1

𝜂
 

12 days (Linton et al., 2020) 

Reduction rate of transmission of 
non-recorded infectious 

𝑟, 𝑟1  0.067, 0.05 Estimated 

 
 
Effective reproduction number 
Using the Maximum Likelihood Method (MLM), we first 

estimated the reproduction number 𝑅𝑡 from the data. 

Before the lockdown, 𝑅𝑡 was seen to reach up to 2.63 (95% 
CI [2.38-2.89]) on April 19, 2021. This finding suggests that 
there had already been significant community transmission 

of the disease prior to the lockdown. 𝑅𝑡 estimated from 
the data offers insightful information about the disease 
trend, but it excludes infections brought on by non-
detected cases, which may be the primary disease super-
spreader. To get around this restriction, we also used our 
model to estimate the time-dependent reproduction 

number (𝑅𝑡). Because of the infections from non-recorded 
cases, the model accurately predicted a higher value of the 
reproduction number of 4.8 at the beginning of the Delta 

surge. 𝑅𝑡 then rapidly declines after the lockdown is 
initiated. It dropped below threshold value 1 around the 
Mid of May 2021. Excellent agreements exist between this 

model's (𝑅𝑡) trend and the trends of new cases. 
 
Effect of border screening and lock-down 
The Government of Nepal started the lock-down in 
Kathmandu Valley, the nation's capital, on April 29, 2021, 
after starting to raise new cases. The lock-down was 

immediately implemented in the Kailali and Kanchanpur 
districts of the Sudurpashchim province and soon 
expanded to the other districts. So, Border screening and 
lock-down were the two non-pharmaceutical control 
measures. The figures demonstrate the effectiveness of 
interventions in reducing the pandemic in the 
Sudurpashchim province. 
 
Figure (7) (a) demonstrates how the effective reproduction 
rate dropped quickly as a result of the control interventions 
and reached below the cutoff value one, 3-4 days earlier 
than in the absence of policies. Figure (b), (c) and (d), show 
how well the control strategies reduced the number of 
cases. It demonstrates that border screening was 
ineffective at reducing cases in the absence of a lockdown. 
The number of new, active, and cumulative cases would 
have remained unchanged in the absence of the lockdown 
and the two control interventions. Without lockdown, the 
number of daily new cases at the peak time would be 
increased from 864 to 1303, the number of active cases 
from 7805 to 10987, and the total number of cases until 
August 31, 2021, from 28564 to 32571. Thus, control 
interventions reduced 34% of new cases, 28% of active 
cases during the peak time and overall cases by 12.3% until 
August 2021. 
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Figure 6. Effective reproduction number from model (left) and from the data (right) 

 
 
Since, we have data on the number of cases in hospitals 
across the Sudurpashchim province. To estimate the 
potential hospital burden that would exist in the absence 

of control interventions, we used this data. The actual and 
potential hospitalization in the absence of control 
interventions is represented in  Fig. 8 given below. 

 
 

 
Figure 7. Effect of the control measures on the reduction of (a) reproduction number (b) daily new cases (c) active cases 
and (d) total number of cases are given in Figure below 

 
 
The potential hospitalization cases are calculated as: 

The potential hospitalization cases at time (t)

=
𝐻 × 𝑇𝑊
𝑇𝐶

 

Where, H: Hospitalization at time (t), 

𝑇𝐶 : Total recorded active cases with control measures at 
time (t) 

𝑇𝑊 : Total recorded active cases without control measures 
at time (t). 
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Similarly, we estimated  ICU and Ventilator cases. The 
results show that the intervention policies have 
significantly reduced the number of hospital cases. If no 
actions were taken, at the peak of the pandemic, there 
would be an increase in the number of patients in normal 
beds from 1594 to 2024, in ICUs from 51 to 67, and on 
ventilators from 15 to 20. As a result, during the peak of 
the pandemic, control interventions reduced the number 

of patients in regular beds by ~ 27%, ICU admissions by 

~31%, and ventilator cases by  ~33%. 
 
Non-pharmaceutical interventions are the only way to 
control new and frequent outbreaks of pandemics with 
new strains in the absence of an effective vaccine or drug 
therapy. Each of the more than 200 countries that were 
impacted by COVID-19 first and second waves uniquely 
responded to the crisis in a unique way making it 
challenging to assess the efficacy of the measures. We 
developed the deterministic mathematical model validated 
with the data of Sudurpashchim, Nepal and estimated key 
parameters of the disease dynamics. We then used the 

model for a retrospective analysis of measures taken to 
combat the spread of the disease, to evaluate their impact. 
 
We only estimated 10% of returnee migrants had antigen 
tests at the border, so this number of border screenings 
was insufficient to reduce epidemics. Some studies (Zhang 
et al., 2021; Aronna et al., 2022)  also  show that the 
direction of COVID-19 cases is significantly low in other 
places as well. We also estimated that the number of 
recorded cases is significantly low (2%), which also lowers 
the effectiveness of  border screening, therefore, border 
screening is useless without meticulous contract tracing 
and the detection asymptomatic cases as well. However, 
the lockdown was successful in reducing the pandemic’s 
peak, overall size, and hospital cases. Our findings are 
consistent with many other studies (Aljazeera, 2021; 
Shrestha & Mandal, 2020; Shiraef et al., 2022). However, 
due to border screening along with lockdown, and contract 
tracing, the number of COVID-19 cases in Nepal during 
the first wave of the disease was significantly decreased 
(Adhikari et al., 2021b; Pantha et al., 2021). 

 

 
Figure 8. Effect of control measures on the reduction of hospitalization cases (left)   ICU and ventilator cases (right)  
during the peak of the epidemic 

 
 
We acknowledge some limitations of our study. We made 
use of the limited publicly accessible data sets from the 
Nepalese Ministry of Health and Population. The 
information on border screening must be carefully 
considered due to inadequate border policy. The findings 
of our model will be enhanced by the exact border 
screening and quarantine data. However, we examine the 
parameter's sensitivity over a wider range. 
 
CONCLUSIONS 
In conclusion, although cross-border mobility prohibitions 
and screening have a significant impact on infection 

transmission and spread, they have only a small effect on 
reducing the overall number of infections in the country 
because a significant number of infectious people are 
exposed to a stronger force of infection. When border 
screening and internal movement limitations are 
integrated, new case detection is quite successful. It is 
advisable to promote additional NPIs such as self-
quarantine, telework, at-home case isolation, and social 
event limits during the contagious pandemic. 
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