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Abstract 

Introduction: measles, a highly contagious disease, 
poses significant risks, particularly to unvaccinated 
children and pregnant women. Vaccination 
remains the most effective control measure. In 
Nigeria, outbreaks are more prevalent in areas 
with low vaccination coverage, including Ondo 
State, which recently experienced an outbreak. 
This study employs a deterministic model to 
evaluate the impact of vaccination and other 
factors influencing measles transmission in the 
region. Methods: a mathematical model 
susceptible, vaccinated, infected and recovered 
(SVIR) was set up and analyzed. Using parameters 
within the study population, R-studio (Version 
4.4.1) was used to simulate data and run 
optimization using a deSolve library to find a 
solution to a set of four ordinary differential 
equations (ODE). A Sympy library in Python 
package was used for differentiation and 
parameter evaluation. Results: we found that 
measles outbreaks are likely to occur when 
effective immunization is very low. Essentially, if 
the vaccine efficiency is less than 75%, it may 
trigger an outbreak (R0 > 1) while an increase in 
the vaccinated population results in a 
corresponding decrease in the susceptible 
population. Overall, vaccine efficiency, vaccination 
rate, and disease transmission rate are key to the 
control of the disease. Conclusion: we set up an 
SVIR model. Using a scenario analysis, we found 
that Measles disease outbreaks are eminent in 

communities with zero percent dose vaccination. 
Vaccine efficiency is also key to eliminating the 
disease. 

Introduction     

Measles is a highly contagious disease of public 
health importance. It is a viral disease, and 
humans are the only natural host. Unvaccinated 
children and pregnant women are at the highest 
risk of measles infection and complications [1]. 
The clinical symptoms include fever, 
maculopapular rash, and any of cough, 
conjunctivitis, and coryza. However, an infected 
person may be asymptomatic, symptomatic, or 
may develop organ system complications [2]. 
While the incubation period ranges from 10 to 14 
days, the infected person may recover within 
three weeks if there are no complications [3]. All 
six World Health Organization (WHO) regions have 
attempted to eliminate measles, but the goal is yet 
to be achieved [4]. 

Among the most vulnerable populations, the WHO 
recommended administering two doses of the 
measles vaccination. Based on WHO guidelines, 
the main intervention for controlling the spread of 
measles is routine vaccination and treatment. 
Nigeria's measles elimination strategy focuses on 
improving measles-containing-vaccine first-dose 
(MCV1) vaccination at 9 months, supplemental 
immunization for children 9-59 months, and 
enhancing case-based surveillance [5]. In addition, 
Nigeria developed preparedness and response 
guidelines, including guides for effective 
management of measles cases and outbreaks. 
These are in line with the recommendations of the 
WHO Africa region for African countries that are 
signatories to the measles elimination agenda [6]. 
A pooled vaccine effectiveness in Africa is 68.58% 
(95% CI: 59.99-77.16) [7]. However, immunization 
activities witnessed setbacks during the COVID-19 
pandemic, and this triggered a downward 
trajectory due to the interruption of the 
interventional mechanisms [8]. 
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In 2018, out of the 56,146 suspected cases of 
measles recorded in the African region, 24,847 
were confirmed. As of 2018, Nigeria reported 
6,593 confirmed cases of measles, corresponding 
to a 12-month rolling incidence rate of 
approximately 36.3 cases per million people [9]. A 
more recent report shows that 64.9 per million 
children in Nigeria get infected with Measles, 
which is far above the less than one per million 
targeted by the WHO [10]. In Nigeria, with a 
population of more than 220 million people, 
measles is the seventh most common cause of 
death for children under five [11]. Its transmission 
is year-round, and the outbreaks usually rise 
during the dry season. The prevalence of the 
disease is higher in northern Nigeria, where 
vaccination coverage is lower compared with 
other regions [6], but the case fatality is higher in 
the south [12]. The cases are more prevalent 
among unvaccinated children aged 9-59  
months [6]. From January 2024 to April 2024, 
under-five children accounted for 37.5% in Ondo 
state and about 65% of all confirmed measles 
cases in Nigeria [10]. 

Mathematical models serve different purposes in 
disease modelling. In the last few decades, it has 
become an essential tool especially for 
understanding disease transmission dynamics [13], 
disease control and policy making [14], evaluation 
of intervention strategies [15], and lots more. Over 
time, various models like SIR, SVIR, and SVEIR have 
been developed to monitor and predict the spread 
of communicable diseases, including measles [16]. 
Various compartments were explored for  
measles transmission modelling. For instance, 
hospitalization and vaccination compartments 
were incorporated into the SVIR model by  
Peter et al. [17]. Using Nigerian measles data, their 
findings highlighted the importance of reducing 
contact with infected individuals and increasing 
vaccination rates with high-efficiency vaccines for 
lowering measles prevalence. Similarly,  
Arsal SR et al. [18] extended an SEIR model by 
incorporating two-dose vaccination delivery, 
which offered lifelong immunity for individuals 

receiving both doses. His analysis showed that the 
disease-free equilibrium is locally stable when 
R0<1, emphasizing the importance of effective 

vaccination in controlling measles. 

Nwankwo et al. [19] also developed a 
mathematical model incorporating a two-dose 
vaccination strategy and vaccine-derived immunity 
weaning. Their model, verified with data from 
Nigeria's weekly measles cases in 2020, suggested 
that significantly increasing vaccination rates could 
control the disease. They found that primary 
vaccine failure could significantly impact disease 
dynamics, necessitating control measures that 
address this issue alongside improving vaccination 
rates. Tilahunet al. [20] and Memon et al. [3] 
explored measles transmission through 
deterministic and stochastic models. Both studies 
underscored the importance of vaccination for 
achieving a disease-free equilibrium. Memon  
et al. [3], also emphasized the need for improved 
vaccine efficiency and coverage to reduce 
outbreaks significantly. A similar study in 
Bangladesh confirmed that the transmission rate 
has a substantial impact on measles prevalence, 
reinforcing the critical role of vaccination in 
disease control [15]. 

Despite the significant input made by  
various researchers, who previously  
modelled communicable disease transmission 
dynamics [21-25], there is still a need for more 
investigation into the conceptualization of measles 
model formation. For instance, some studies often 
assume complete vaccination guarantees 100% 
prevention [15]. Therefore, the current study 
focuses on the effect of measles vaccine coverage 
and efficiency on the disease transmission 
dynamics among children under five years old in 
Ondo State. 

Methods     

Setting: Ondo State is one of the 6 states in the 
southwestern part of Nigeria. The state has an 
estimated population of 4,969,707 across 18 local 

javascript:;


Article  
 

 

Ojo Femi Ogunboyo et al. PAMJ-OH - 19(11). 11 Mar 2026.  -  Page numbers not for citation purposes. 4 

governments. The study population comprises 
children under five years old, which constitutes 
about 16-18% of the estimated population [26]. 

Model description and formulation: a susceptible, 
vaccinated, infected, and recovered (SVIR) model 
was proposed with four mutually exclusive classes, 
which are described with deterministic ordinary 
differential equations. The total population is 
denoted by N. It is the sum of all the populations 
in the four compartments at any given time. The 
susceptible (S) represents the individuals who are 
not immune to the disease and are not infected 
with the disease. The vaccinated (V) compartment 
represents children aged 9-59 months in the 
population, who have already received a dose of 
vaccination that has an efficiency of θ. The 
infected (I) group is individuals who are infected 
with the measles disease and capable of infecting 
others. Recovered (R) denotes those who were 
infected and later recovered from the disease. 

Moreover, the susceptible compartment is open 
and can only increase by birth at a rate of λ and 
also decrease at a rate of β due to progression into 
the infected compartment and via vaccination at σ 
rate, as well as natural death at a rate of μ. The 
infected class is populated through the 
progression of infected unvaccinated susceptible 
individuals (β) and inefficiently vaccinated (1-θ) 
children. The infected compartment decreases at a 
recovery rate of γ and by both natural (μ) and 
disease-related (δ) mortality. The vaccinated V 
group is generated by the susceptible individuals 
who received measles vaccination at a rate of σ, 
but its size reduces due to natural death and 
waning of the vaccine at a rate of (1-θ). The 
recovered R class increases by a γ rate via natural 
immunity after infection. However, individuals do 
not revert to the susceptible compartment after 
recovery due to life immunity in measles. 

The summary of the transmission dynamics is 
presented in Figure 1, while the description of the 
model parameters and the state variables is 
presented in Table 1. Some of the parameters 
used in this study were estimated, while others 

were retrieved from the literature. For instance, 
transmission rate from susceptible to  
infected [17], measles-induced death rate [24], 
recovery rate [13], vaccination rate [27], vaccine 
efficiency [28]. 

Model assumptions: the following assumptions 
are made concerning the proposed model: i) the 
population under study is assumed to be open to 
recruitment into the susceptible population via 
birth only; ii) every susceptible child has an equal 
chance of coming into contact with an infected 
child; iii) susceptible individuals become infectious 
after contact with an infectious person; iv) the 
transmission rate (β) is constant and represents 
the probability of disease transmission upon 
contact; v) the vaccine is not 100% effective. It has 
a known efficiency rate, meaning a fraction of 
vaccinated children may still become infected 
after a complete dose. 

Model system of ordinary differential equations: 
based on the assumptions presented, the 
following ordinary differential equations (ODEs) 
are formulated using the mass action principle: 

 

 

 

 

S(0) ≥ 0, V(0) ≥ 0, I(0) ≥ 0, R ≥ 0. 

It can easily be shown that the solution to the 
system of equations in (1)-(4) exists subject to the 
initial conditions and is non-negative for all t ≥ 0. 
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Disease-free equilibrium state (DFE) and the 
derivation of basic reproduction number: the 
basic reproduction number is one of the most 
important estimates in infectious disease 
modelling because it provides insight into suitable 
control measures. It is usually denoted by R0, 
which indicates the average number of secondary 
infections resulting from an index case. 
Specifically, if R0< 1, the disease transmission will 

die out; otherwise, it will continue to invade the 
population, i.e., it remains in an endemic state. At 
the disease-free equilibrium (DFE) state, I = R = 0, 
and since: 

 

That is, at the disease-free equilibrium (S*, V*, I*, 
R*), we have λ - (μ+σ)S = 0, which implies: 

 

 

 

And, R* =I* = 0 And R*= I*= 0; therefore, the DFE 
(S*,V*, V*, I*, R*) becomes: 

 

Therefore, for the transfer class (ƒ), we have: 

 

And the disease class (v), 

 

Using the next-generation matrix approach in 
Python, the Jacobian matrices for the transfer 
class (F) and disease class (v), after substituting for 
the S and V become: 

 

 

The next generation matrix for reproduction 

number is G = FV-1. 

 

The basic reproduction number R0 is the largest 
eigenvalue of G. Therefore, 

 

Sensitivity analysis: in this section, sensitivity 
analysis of the basic reproduction number is 
carried out to evaluate the influence of each 
model parameter on the transmission of the 
disease. The sensitivity index is given as: 

 

Where x is the parameter being considered. 

Data analysis: the R-studio (Version 4.4.1) was 
used to simulate the data using the deSolve library 
in R, as a solver for the system of four ordinary 
differential equations (ODE). Visualization 
parameter sensitivity was also performed in R. 
Estimation of sensitivity analysis indices was also 
derived using the Sympy function in Python. 

Results     

In the current study, we developed a deterministic 
model under the influence of vaccination.  
Figure 2 shows the plots of the simulations for the 
model variables. The graph represents the 
dynamics of a measles outbreak under an SVIR 
(Susceptible-Vaccinated-Infected-Recovered) 
compartmental model. The SVIR model extends 
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the classic SIR framework by adding a "vaccinated" 
compartment to account for individuals who have 
received the vaccine and are immune to further 
infection. It can be seen that an increase in the 
vaccinated population results in a corresponding 
decrease in the susceptible population. Initially, 
the entire population is susceptible to measles 
(close to 500,000 individuals). Over time, as 
individuals are vaccinated, the susceptible 
population declines rapidly and approaches zero. 
The vaccinated population grows sharply from 
zero and stabilizes at a high level (nearly 500,000). 
This indicates a successful vaccination campaign 
that immunizes most of the population. However, 
the transmission patterns for the infected and 
recovery populations are subdued in the Figure 2, 
obviously due to their relatively small proportions 
in comparison with the other sub-populations. 
Figure 3 displays the simulated cases for a period 
of 100 months of projection. Keeping other 
variables constant, the transmission rises 
exponentially for about 25 months before it begins 
to attenuate between 25-50 months and then 
decline. As expected, Figure 4 shows that the 
infected and the cumulative recovery have similar 
patterns 3.1. 

Basic reproduction number and sensitivity 
analysis: to evaluate the effective reproduction 
number, the values in Table 1 can be substituted 
into equation (13). If R0 < 1, then it implies that 
the disease will die out. Alternatively, if R0> 1, then 

the measles transmission is endemic. However, as 
shown in Table 2, it is noted that the sensitivity 
index for the transmission rate β is positive (+1.0). 
Conversely, the indices for all other parameters 
are negative. This indicates that the transmission 
rate solely increases the effective reproduction 
number of the disease. We can deduce that the 
transmission rate β has a direct and proportional 
impact on R0. Whereas the remaining parameters 

serve as protective indicators against the 
reproduction number. Especially, the vaccine 
efficiency is the most influential factor with a 
sensitivity index of -11.02, followed by the 
recovery rate (γ) of -0.96. Also, increasing the 

vaccination coverage/rate potentially reduces the 
production number. This indicates there would be 
a decrease in the secondary infection if the 
vaccine coverage and/or efficiency improve. 

To further evaluate the impact of vaccination rate, 
Figure 5 reveals the expected incidence for  
(10% to 90%) vaccination rates. The red curve 
represents a low vaccination rate, showing the 
highest peak incidence of measles. This implies 
widespread transmission due to insufficient 
population immunity. As vaccination rates 
increase (yellow, green, cyan, blue), the peak 
incidence decreases significantly, and the disease 
dies out more quickly, while the purple curve 
corresponds to the highest vaccination rate, where 
measles incidence remains close to zero, indicating 
herd immunity. Figure 6 also displays the infection 
patterns if the vaccine efficiency (θ) increases 
from 50% through 100%. Similar to the vaccination 
rate, the predicted incidence is almost zero when 
100% efficiency is assumed. The peak is observed 

around the 50th month. A poorly effective (50%) 
vaccine results in a high peak of measles cases 
with a substantial outbreak due to insufficient 
immunity in the population. The effects of various 
levels of vaccination and efficiency on the patterns 
of predicted cases are displayed in Figure 5 and 
Figure 6, respectively. 

Comparisons of different scenarios: Table 3 shows 
combinations of different levels of vaccination 
rates (25%, 50%, 75%) with three assumed levels 
(75%, 85%, 95%) of vaccine efficiency. At a 
baseline, where there is no intervention, the basic 
reproduction number is 4.67, which indicates an 
endemicity of measles transmission in the 
population. Furthermore, 3 conditions are 
hypothetically created, and the levels of the 
interventions are compared. The R0>0 at the three 

lowest levels of interactions of vaccination and 
efficiency. i.e. {(0.25,0.75), (0.5,0.75), (0.75,0.75)}. 
By raising the efficiency to at least 85%, the 
effective reproductive number becomes less than 
one. 
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Discussion     

Nigeria has a burden of measles outbreaks and 
Ondo State is also involved. We set up an SVIR 
deterministic model to study the disease 
dynamics. Our findings show that a measles 
outbreak is possible in the population when there 
is little or no vaccination, which corroborates 
another finding of a study conducted in Nigeria, 
with national coverage [27]. Moreover, a disease-
free equilibrium was established at about 50% 
vaccination rate and 93% vaccine efficiency, where 
the basic reproduction number is less than unity. 
This implies the spread will die out within the 
population if intervention is optimized by 
increasing the coverage as well as maintaining 
high vaccine efficiency. This is similar to what had 
been posited by other authors, which include 
Obumneke et al. [28], where both simulated and 
real data were used for measles transmission 
dynamics. Considering the effect of the 
intervention, an effective reproduction number 
less than 1, observed at a higher level of 
vaccination rate and efficiency, is an indication 
that the disease can be eliminated if proper 
interventions, such as massive routine 
immunization and awareness, are put in place. 

As demonstrated through the sensitivity analysis, 
effective contact and transmission probability are 
key to disease control. A sensitivity index shows 
that if effective contact is reduced by 50%, the 
reproduction number will equally reduce by 50%. 
This finding conformed with another finding  
by Kuddus et al. [15], in a model generated for 
Bangladesh measles data. Reduction of 
transmission rate can be achieved by introducing 
isolation/quarantine when there is an index case, 
to create a transmission barrier. Improved hygiene 
and nutrition can also curb disease transmission. 
Not only this, but improved recovery rate, increase 
in vaccine coverage, and vaccine efficiency have 
been shown to play a significant protective role 
against the basic reproduction number. A negative 
sensitivity index for three major parameters 
implies their increase would reduce the secondary 

transmission of measles by corresponding 
proportions. For instance, if the vaccine 
effectiveness is reduced below 75%, then R0> 1, 

i.e., the disease tends to progress to an outbreak. 

In the context of our model (SVIR), the sensitivity 
index of -11.0 for vaccine efficiency (θ) means a 
little improvement in the vaccine efficiency will 
result in a significant change in the transmission 
rate, and vice versa. This is similar to what was 
reported by Wanjau et al. [16]. Specifically, a slight 
decrease in the vaccine efficiency may trigger an 
outbreak, because a reduction will increase the 
number of susceptible individuals. In addition, a 
sensitivity index of about -0.46 for vaccine 
coverage means a lower but very important 
protective effect against the spread of measles. 
However, vaccine coverage and efficiency are 
mutually inclusive. Irrespective of the coverage, if 
the efficiency is weak, the disease can still spread 
among the vaccinated persons. Also, the recovery 
rate sensitivity index is -0.96, suggesting it has a 
moderate inverse effect on the model outcome. 
This reveals that as more people recover quickly, 
the spread of measles persists. A higher recovery 
rate shortens the infectious period; therefore, the 
opportunity for transmission reduces. 

Limitations of the study: our study relied mainly 
on the estimated data and the data from the 
literature, which may not translate to the exact 
projection. 

Conclusion     

Nigeria continues to face a significant burden of 
measles outbreaks, including in Ondo State. Using 
an SVIR deterministic model, this study reveals 
that measles outbreaks are likely in populations 
with low vaccination coverage. Based on our 
findings, an infectious person is capable of 
infecting about five susceptible individuals if there 
is little or no vaccination. Hence, it will lead to an 
outbreak in the long run, if intervention is not 
stepped up. Findings indicate that a disease-free 
equilibrium can be achieved with at least 50% 
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vaccination coverage and 93% vaccine efficiency, 
where the basic reproduction number (R0) 

becomes less than 1, halting disease spread. 
Higher vaccination rates and efficiency are critical 
for eliminating measles, aligning with prior studies 
on measles dynamics in Nigeria and globally. The 
sensitivity analysis highlights key factors for 
disease control. A higher transmission rate also 
correlates with a higher reproduction number. A 
sensitivity index of 1.0 for transmission rate 
indicates that reducing effective contact by 50% 
will proportionally reduce R0, achievable through 

isolation, improved hygiene, and nutrition. Vaccine 
efficiency and coverage play vital roles, with a 
sensitivity index of -11.0 for efficiency, showing 
that small reductions can significantly increase 
transmission. Similarly, a sensitivity index of -0.46 
for coverage underscores its protective role. The 
recovery rate also affects transmission, with a 
sensitivity index of -0.96, as faster recovery 
reduces infectious periods. Therefore, the results 
of our study suggest the closure of the gaps in 
immunization coverage such as insufficient 
healthcare in some areas, inconsistency in the 
vaccination program, vaccine storage and lots 
more. Also, incorporating the vaccine component 
into the SIR model reemphasizes a proper 
understanding of the disease dynamics, as 
demonstrated in this study. Thus, elimination of 
the disease is achievable if the effectiveness of the 
vaccine is prioritized and the coverage is stepped 
up. Overall, maintaining high vaccine efficiency 
and coverage, along with interventions like routine 
immunization, public awareness, and transmission 
reduction strategies, is essential for measles 
control and elimination. 

What is known about this topic 

• Measles vaccines prevent transmission of 
the disease among children, thereby 
reducing the outbreak of the disease where 
there is high vaccine coverage in Nigeria; 

• At the national level, the impact of 
vaccination and other interventions had 
been investigated using a mathematical 
modeling approach. 

What this study adds 

• This study reveals that in an uncontrolled 
population, an index case of the disease is 
capable of infecting about five susceptible 
individuals; 

• This study focuses on intervention and 
transmission of measles dynamics in Ondo 
State, as the incidences of the disease 
outbreaks vary across Nigerian states; 
however, the vaccination coverage is 
moderate but needs to be sustained to 
prevent further degradation. 
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Table 1: description of model parameters 

Parameters Description Values Source 

β Transmission rate from susceptible 
to infected 

0.69 James et al. 2022 

μ Under-five Natural death rate 0.0015 Estimated 

λ Recruitment rate into the 
susceptible class 

0.03691 Etimated 

δ Measles-induced death rate 0.003372 Bakare et al. 2012 

ϒ Recovery rate 1/7 Ghostine et al. 2021 

σ Vaccination rate 0.472 Peter et al. 2023 

θ Vaccine efficiency 0.93 Obumneke et al. 2017 

N Total under-five population 844850 Estimated 

Variables Description   

S The population of susceptible 
individuals 

  

V Population of vaccinated under-five 
children 

  

I The population of the infectious 
individual 

  

R Population of recovered individuals   

 

 

Table 2: sensitivity indices for different parameters 

Parameter Description Sensitivity 
index 

β Transmission rate +1.00000 

γ Recovery rate −0.967021 

σ Vaccination rate -0.46230 

θ Vaccine efficiency -11.04850 

μ Under-five death rate −0.83966 

δ Measles-induced death 
rate 

-0.02283 
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Table 3: scenario analysis 

Vaccination rate (efficiency) Effective reproduction 
number 

Baseline (0.0, 0.0) 4.67071 

0.25(0.75) 1.18857 

0.25(0.85) 0.72429 

0.25(0.95) 0.26000 

0.5(0.75) 1.17816 

0.5(0.85) 0.71248 

0.5(0.95) 0.24681 

0.75(0.75) 1.17467 

0.75(0.85) 0.70853 

0.75(0.95) 0.24239 

 

 

 

Figure 1: model schematic flowchart of the SVIR compartmental model 
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Figure 2: simulation plot of the SVIR model of measles transmission 

 

 

 

Figure 3: prevalence of infected individuals 
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Figure 4: infected population versus cumulative recovery 

 

 

 

Figure 5: effect of vaccination rate on the transmission 
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Figure 6: effect of vaccination on the efficiency of transmission 

 


