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Abstract 

 

 Article Info 
 

Background: Vaccination against COVID-19 is as a key solution to interrupt its spread. 

This study aimed to describe the vaccination coverage required to stop the spread of 

COVID-19 in Sri Lanka using a mathematical modeling strategy. 

Materials & Methods: This longitudinal study used age-stratified and unstratified 

Susceptible-Infectious-Recovered (SIR) models. Data on the population's age distribution 

were acquired from the census report of the Census and Statistics Center of Sri Lanka, 

consisting of groups: below 30, between 30-59, and over 60. Models with differential 

equations forecasted the spread of COVID-19 with vaccination based on parameter 

estimates and numerical simulation, assuming fixed population, infection, and recovery 

rates.  

Results: Simulations investigated how the susceptible, infected, and recovered 

populations varied according to the different vaccination coverages. According to the 

results, 75% vaccination coverage was required in the entire population of Sri Lanka to 

interrupt the transmission of COVID-19 completely. The age-stratified SIR model showed 

that over 90% of vaccination coverage in each age group (below 30, between 30-59, and 

over 60) was required to interrupt the transmission of COVID-19 in the country altogether.  

Conclusions: The number of COVID-19 infections in each age group of Sri Lanka 

reduces with the increase in vaccination coverage. As 75% vaccination coverage is 

required in Sri Lanka to interrupt the transmission of the disease, precise vaccination 

coverage measurement is essential to assess the successfulness of a vaccine campaign 

and control COVID-19.  
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Introduction 

COVID-19 is one of the fastest spreading diseases 

around the world. It was initiated in China in 

December 2019. The number of COVID-19-

affected countries and territories is more than 220 

[1]. Maintaining a distance between people, 

wearing a mask, washing hands frequently, 

choosing open ventilated places, and following 

instructions of health professionals are widely 

recommended and performed preventive 

measures for the disease [2]. Age and sex are 

factors that affect the severity and infection of 

COVID-19 [3]. Some people, medical staff and 

public transport drivers, face high risks of COVID-

19 infections [4]. The survival time of coronavirus 

differs on different surfaces, increasing the spread 

of the disease [5, 6, 7]. The airborne transmission 

may affect the spread of COVID-19 [8]. The 

attention of the public domain on preventive 

strategies for the disease should be increased [9]. 

504,829,432 COVID-19 infected cases and 

6,223,540 COVID-19 deaths were reported 
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worldwide as of April 18, 2022 [1]. The USA, India, 

and Brazil are the top three countries on the list of 

the total number of COVID-19 infections and the 

total COVID-19 deaths [1]. Table 1 shows the total 

number of cases and deaths recorded from the 

disease as of April 18, 2022, in each continent. As 

can be seen, the least number of deaths has 

occurred in Oceania whereas most have occurred 

in Europe [1]. These figures illustrate the severity 

of the disease spread in the universe. 

 
Table 1. Total number of cases and deaths in each continent [1] 

Continent Total number of cases Total number of deaths 

Asia 145,740,356 1,416,179 

South America 56,547,763 1,291,992 

Africa 11,824,589 253,389 

Oceania 6,537,104 10,017 

North America 97,395,561 1,452,878 

Europe 186,783,338 1,799,070 

 

 

To control the disease, many countries have 

started vaccinating against COVID-19. Nearly 

33.4% of the world population has received at least 

one dose of a COVID-19 vaccine [10]. Until the 

entire population is vaccinated, individual and 

social preventive measures can help minimize the 

COVID-19 spread [11]. 

The first local COVID-19 case was found in Sri 

Lanka on March 11, 2020 [1]. As of December 31, 

2020, 43,299 COVID-19 infected cases and 204 

COVID-19 deaths were reported in Sri Lanka. The 

country reported 662,827 infections on April 18, 

2022, with 16,495 deaths [1]. The distributions of 

the cumulative number of cases and deaths are 

depicted in Figures 1 and 2 [12]. According to the 

figures, further transmissions can be expected in 

Sri Lanka.  

 
 

 
 

Fig. 1. Cumulative COVID-19 cases in Sri Lanka [12] 

 

 
 

Fig. 2. Cumulative COVID-19 deaths in Sri Lanka [12]

At present (29/08/2021), major social gatherings 

are banned, and schools are closed in the country. 

Further, a nationwide lockdown is implemented to 

control the disease spread. The Delta variant of 

COVID-19 is spreading at an alarming rate in Sri 

Lanka, causing many deaths and infections. 

Currently, the Sri Lankan government is driving the 

vaccination process as a strategy to deal with the 

COVID-19. Although Sri Lanka has approved 

many vaccines, such as Moderna, Pfizer, 

AstraZeneca, Sinopharm, and Sputnik V, the 

majority of the population has been vaccinated 

with Sinopharm. 56.4% of the total population of 

the country has received at least one dose of the 

vaccine as of August 28, 2021 [10]. The 

vaccination process started by classifying the 

population into age groups. Three age groups are 

below 30, between 30 – 59, and over 60. However, 

Sri Lanka has not officially started vaccines among 

the age group below 30 and is willing to start to 

control the spread. Research findings show that 

COVID-19 vaccinations cause non-specific axillary 

Lymphadenopathy (LA) with increased PET tracer 

activity [13]. People are usually relucted to be 

vaccinated against COVID-19 due to assumed 

side effects and severe reactions, as well as not 

trusting the protection from the vaccination [14]. 

Sri Lanka considers vaccinations as its primary 

controlling strategy against COVID-19. Knowing 

how much of the population should be vaccinated 

is essential to mitigate the spread of disease. 

Additionally, what proportion of children, adults, 

and elderly populations should be vaccinated is a 

leading question in the country. Further, 
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knowledge of how many infections will occur in 

each age group over future months is vital in 

managing and planning health-related resources. 

Mathematical models can be utilized in answering 

these questions. Primarily, Susceptible-Infectious-

Recovered (SIR) compartment modeling, one of 

the cornerstones in mathematical modeling, can 

provide useful insights into the progression of the 

disease in various compartments. The SIR 

modeling has been widely used in COVID-19 in 

many studies  [15, 16, 17, 18]. Some have used 

the basic SIR model, and some have used its 

extended versions. Haidere et al., in 2021, 

discussed important questions that should be 

considered in developing COVID-19 vaccines [19]. 

A SIR model development with factors such as 

vaccination, treatment, and obedience in fuzzy 

representation can be found in Muhammad et al. 

(2021) [20]. Wickramaarachchi et al. (2020) 

presented a modified SEIR model by dividing the 

infected population into two classes. Their 

simulation was based on the Sri Lankan context 

[21]. Research findings by coupling the SIR 

compartment modeling with vaccination in the Sri 

Lankan context are rather limited in the literature. 

This study aims to adopt a SIR model to describe 

the vaccination coverage required to erase the 

spread of COVID-19 in Sri Lanka. Primarily, the 

study addresses answers to the following 

questions: 

How much of the entire population should be 

vaccinated to interrupt the COVID-19 spread? 

What proportion of children, adults, and elderly 

populations should be vaccinated to control the 

COVID-19? 

How many infections will occur in each age group 

over three months period under different vaccine 

coverages? 

The simulations are done for the country. This is 

significant because Sri Lanka considers 

vaccinations its major controlling strategy against 

the COVID-19. Therefore, it is essential to know 

how much of the population should be vaccinated 

to mitigate the disease spread. Research findings 

by coupling the SIR compartment modeling with 

vaccination in the Sri Lankan context are rather 

limited in the literature. A basic SIR model 

addressed the first question with vaccination 

coverage and without an age stratification. Then, 

the SIR model compartments were decomposed 

into age groups to capture the nature of the 

COVID-19 spread within each. One unique feature 

of the developed model is that it is based on a 

simple SIR model and is easy to understand and 

simulate.  

 

Materials and Methods 

The present research was a longitudinal study 

based on the Sri Lankan context. No samples were 

used; hence, no sampling method was considered. 

Data on the age distribution of the population were 

acquired from the census report of the Census and 

Statistics Center in Sri Lanka, consisting of the 

population in each age group (below 30, between 

30-59, and over 60) [22]. This was a mathematical 

modeling study in which the population (people) in 

Sri Lanka were divided into susceptible to COVID-

19, Infected with COVID-19, and Recovered from 

COVID-19. Then, solving differential equations, the 

progress of three compartments (susceptible, 

infected, and recovered) with various vaccination 

coverages were investigated to determine the 

required vaccination coverage to interrupt the 

COVID-19 spread. Age-stratified and unstratified 

SIR models were adopted to describe the 

vaccination coverage for COVID-19 in the country. 

R programming language [23] packages of 

'dissolve,' 'reshape2,' and 'ggplot2' were basically 

utilized in the analysis. 

The SIR (Susceptible-Infectious-Recovered) 

Model: The SIR model is the basic form of 

compartment modeling [24]. This modeling 

strategy enables the description of disease spread 

using three Susceptible, Infected and Recovered 

compartments. The Susceptible denoted by 'S' 

refers to those susceptible but not currently 

infected with the disease. The Infected denoted by 

'I' refers to those infected. The Recovered 

represented by 'R' shows those who recovered 

from the disease and have immune. A system of 

three differential equations of the SIR model can 

be represented as follows: 

 

Formula 1.  

 

 

 

 

This model assumes a fixed population size of N, 

where . S(t), I(t), and R(t) 

denote the number of individuals in the three 

groups as functions of time t. The dynamics of the 

model are measured by the parameters β and γ 

[25], representing the rates of transmission 

from S to I and I to R, respectively. 

In this study, this model was applied to COVID-19 

disease. It was modified to capture the percentage 
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of vaccine coverage in the population (p) and then 

(1 – p) of the population that is only susceptible to 

the disease. The constant infection rate (β) was 

assumed as 0.4 and the recovery rate (γ) as 0.1. In 

order to address the second and third questions of 

the study, S, I, and R compartments were further 

decomposed as S1, S2, S3, I1, I2, I3, R1, R2, and 

R3 to represent children, adults, and elderly 

populations in each of the three compartments 

(Table 2). The percentage of vaccine coverage in 

the population of <30 age group was denoted as 

p1. Also, p2 and p3 denoted the percentage of 

vaccine coverage in the population group between 

30 -59 and over 60, respectively. Therefore, the 

variables in the study compromised compartments 

S1, S2, S3, I1, I2, I3, R1, R2, & R3, infection rate 

(β), recovery rate (γ), and p1, p2, & p3. This study 

assumed the people who recovered from the 

COVID-19 to be fully immune. In reality, this 

assumption may not be valid, and investigations 

are still in progress in this regard [26]. 

 
Table 2. Compartments used in the age-stratified SIR model 

Compartment Definition 

S1 Susceptible in <30 years of age 

I1 Infected in <30 years of age 

R1 Recovered in <30 years of age 

S2 Susceptible in 30-59 years of age 

I2 Infected in 30-59 years of age 

R3 Recovered in 30-59 years of age 

S3 Susceptible in 60 ≥ years of age 

I3 Infected in 60 ≥ years of age 

R3 Recovered in 60 ≥ years of age 

 
 

Results 

The simulation results of the SIR model without 

age stratification are shown in Figures 3 to 8. The 

x-axis denotes the number of days, and the y-axis 

denotes the prevalence proportion in each 

compartment. Figure 3 shows the distribution of 

susceptible, infected, and recovered compartments 

due to COVID-19 at 50% of vaccination coverage 

in the country. Further, Figure 4 shows the 

distribution of susceptible, infected, and recovered 

compartments due to COVID-19 at 55% of 

vaccination coverage in the country. The infected 

population can be seen in Figures 3 and 4 with 

50% and 55% vaccination coverage. Figures 5 to 8 

illustrate simulations at various percentages of 

vaccination coverages (p) in the population. 

 

 
Fig. 3. Model output at 50% vaccination coverage 

 

 
Fig. 5. Model output at 60% vaccination coverage 

 
Fig. 4. Model output at 55% vaccination coverage 

 

 
Fig. 6. Model output at 65% vaccination coverage 
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Fig. 7. Model output at 70% vaccination coverage 

 

 
Fig. 8. Model output at 75% vaccination coverage

 

As seen in the figures, the transmission of COVID-

19 can be destroyed entirely in Sri Lanka at 75% of 

the vaccine coverage in the entire population. This 

model assumes that an individual has complete 

immunity to the COVID-19 after vaccination. 

An age-stratified SIR model is used to find the 

proportion of children, adults, and elderly 

populations that should be vaccinated to control 

the COVID-19 transmission. The number of people 

in the <30 age group is 9,861,646 (N1). The 

number of people in the 30-59 age group is 

7,977,219 (N2), whereas, in the 60 ≥ age group, it 

is 2,520,573 (N3) [22]. p1, p2, and p3 denote 

vaccination coverages in children, adults, and the 

elderly. The model is run for three months period. 

Simulation results of the age-stratified SIR model 

at various vaccine coverages are depicted in 

Figures 9 to 13. 

Figure 9 shows the distribution of susceptible, 

infected, and recovered compartments at 75% of 

vaccination coverage in the 30-59 and over 60 age 

groups. According to this figure, further 

transmissions are possible in that vaccination 

coverage. The infected population in each age 

group can be seen in Figure 9 with the vaccination 

coverage. 

 

 

 

 
 

Fig. 9. Model output at p1= 0, p2 = p3 = 0.75 

 

 
Fig. 11. Model output at p1= p2 = p3= 0.75 

 

 

 
 

Fig. 10. Model output at p1=0.50, p2 = p3 = 0.75 

 

 
Fig. 12. Model output at p1= p2 = p3 = 0.80 
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Fig.13. Model output at p1= p2 = p3 = 0.90 

 

Figures 10 to 1.3 show the distribution of 

susceptible, infected, and recovered compartments 

in each age group at different vaccination levels. 

Model outputs show that over 90% of vaccination 

coverage in each age group is required to interrupt 

the COVID-19 transmission in Sri Lanka. 

Some useful findings in the model outputs in 

Figures 9 to 13 are summarized in Table 3. The 

expected peak point (maximum point) in each 

model at each age group is summarized in Table 

3. The expected number of COVID-19 patients at 

the peak point is further presented in Table 3. The 

last row of Table 3 shows that with the vaccination 

coverage of 75% in the over 60 age group, the 

maximum number of patients can be expected on 

the 10th day, as 381316 cases. 

 

Table 3. Infectious individuals at different levels 

Vaccine coverage Age group Peak point (day) 
Infectious individuals at the 

peak point 

p1 = 0 
p2 = 0.75 
p3 = 0.75 

<30 
30 – 59 

60 ≥ 

3 
4 
6 

8467175 
1600397 
448319 

p1 = 0.50 
p2 = 0.75 
p3 = 0.75 

<30 
30 – 59 

60 ≥ 

6 
7 
8 

3874721 
1492283 
409683 

p1 = 0.75 
p2 = 0.75 
p3 = 0.75 

<30 
30 – 59 

60 ≥ 

8 
9 
10 

1762237 
1406515 
381316 

p1 = 0.80 
p2 = 0.80 
p3 = 0.80 

<30 
30 – 59 

60 ≥ 

10 
10 
13 

1313415 
1045649 
276229 

p1 = 0.90 
p2 = 0.90 
p3 = 0.90 

<30 
30 – 59 

60 ≥ 

19 
20 
23 

465138 
365838 
86551 

 

 

Clearly, the peak point of the epidemic shifts with 

the increase in the vaccination coverage in each 

age group. Further, the number of infections in 

each age group reduces with the increase in 

vaccination coverage. 

 

Discussion 

This study aims to implement a SIR model to 

describe the vaccination coverage required to 

erase the transmission of COVID-19 in Sri Lanka. 

Age-stratified and unstratified SIR models with 

vaccination coverage were utilized for this 

purpose. The following questions were addressed 

in the study:  

- How much of the entire population should 

be vaccinated to interrupt the spread of the 

COVID-19?  

- What proportion of children, adults, and 

elderly populations should be vaccinated to 

control the COVID-19?  

- How many infections will occur in each age 

group over three months under different 

vaccine coverages?  

Based on the age-unstratified SIR model, 75% 

vaccination coverage is required in the entire 

population to completely interrupt the disease 

spread. The age-stratified SIR model shows that 

over 90% of vaccination coverage in each age 

group is required to completely interrupt the 
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disease transmission in Sri Lanka. The number of 

infections in each age group reduces with the 

increase in vaccination coverage.  

The knowledge of vaccination coverage and 

infectiousness in COVID-19 can provide 

tremendous advantages in Sri Lanka, including 

implementing and enhancing controlling actions, 

handling the process cost-effectively, discovering 

more opportunities and possibilities to manage the 

epidemic, determining the required number of 

vaccine doses, calculating the cost associated with 

vaccination, and properly managing health-related 

resources. A country should have a proper 

vaccination strategy to succeed in this process. 

Therefore, the findings of this study can direct 

possible actions to be implemented in planning the 

vaccination process, thus mitigating the COVID-19 

impact. 

The developed SIR models in this study assume 

that people who recover from the COVID-19 are 

entirely immune to the disease. Further, it is 

assumed that full immunity to the COVID-19 will be 

developed in the body after the vaccination. This 

assumption may not hold in the real scenario as 

various complicated variants of the virus are 

evolving, which may not respond to the 

vaccinations formulated so far. Additionally, the 

model assumes homogeneous and well-mixed 

populations. These assumptions are the study's 

limitations and may control the productivity and 

throughput of the modeling process used. Further, 

this study has not analyzed doses and types of 

vaccination separately. 

Studies related to COVID-19 vaccination coverage 

in the Sri Lankan context are limited in the 

literature. Kraft et al. (2021) [27] investigated the 

COVID-19 vaccination coverage in Norway. They 

similarly found that the high vaccination coverages 

limited the COVID-19 infection, hospitalization, and 

deaths. This study further confirmed that the 

number of COVID-19 infections in each age group 

of Sri Lanka was reduced with increased 

vaccination coverage. SIR simulations of the 

COVID-19 pandemic in Ukraine [28] and 

Cameroon [29] showed some reliable estimations 

and predictions. Thus, the application of the SIR 

simulation on COVID-19 can be justified. The 

population needed to be vaccinated against 

COVID-19 over four states in India (Rajasthan, 

Maharashtra, Gujarat, and Delhi) was investigated 

in a study through the SIR simulation [30]. This 

and similar studies on required vaccination 

coverage are useful because it is costly and 

unnecessary to vaccinate the entire population in a 

country.  

This study applied compartment modeling to find 

the required vaccination coverage to interrupt the 

COVID-19 transmission. Other than compartment 

modeling, agent-based modeling and clustering 

mechanisms can be suggested to find the answers 

to the research questions.  

 

Conclusion 

The number of COVID-19 infections in age groups 

below 30, between 30-59, and over 60 is reduced 

with increased vaccination coverage for the 

disease in Sri Lanka. 75% vaccination coverage is 

required in the entire population, and over 90% of 

vaccination coverage in each age group (below 30, 

between 30-59, and over 60) is required to 

interrupt the COVID-19 transmission completel. 

Therefore, authorities should expand the 

percentages of COVID-19 vaccinations in the 

country. 
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