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Abstract

In the context of generic infectious disease studies, the aim of this paper is
to quantify and represent the individual social responsibility based on
whether or not a single individual is vaccinated. Although the objective of
this study is merely educational the approach implemented is based on a
classical mathematical model named S.I.R. (Susceptible-Infected-Recov-
ered) using an impulsive vaccination strategy. Dates of vaccination and
fraction of individuals vaccinated are used as parameters. In addition, nu-
merical simulations are conducted to represent the outcomes regarding the
reduction of infected cases through tables and graphs.

Key ideas

e  The growing tendency worldwide to avoid vaccination is a serious public health problem.

e  This article depicts the decision to vaccinate as an act of individual social responsibility, using an index based on a

simple mathematical model (main limiting factor) of the spread of generic infectious diseases.

e The model generates the average number of future infections avoided by one vaccination.


https://doi.org/10.6084/m9.figshare.7022180

Introduction

In recent years, fear of global immunization processes has grown
worldwide. A now-retracted study asserting an association between
serious diseases in infants in the United Kingdom who received the
MMR vaccine[1] helped fuel this collective rejection of vaccination,
driven by the public’s perception of conflicts of interest between
health professionals, the pharmaceutical industry, and the mass me-

dia.

At the same time, new outbreaks of infectious diseases in different
parts of the world, which were, in general, controlled, made the
news[2][3]. These include measles cases reported in Europe[4] and,
more recently, Latin America, a region that was free of the dis-
ease[5]. While no measles cases have been reported in Chile in the
past few years[6], myths and false beliefs about vaccination that have
arisen in the collective imagination could harm optimal implemen-
tation of future immunization campaigns as a preventive meas-

ure(7].

In recent years Chile has made significant efforts to ensure the pop-
ulation receives all necessary vaccines, including, among others,
whooping cough[8], and influenza (2018)[9]. In 2017, Ministry of
Health authorities reported cases of whooping cough in the Maule
Region of central Chile, with serious consequences among mothers
who were nursing[10]. A vaccination program for pregnant women
was launched immediately, run by the regional health body. In ad-
dition, in 2018, new outbreaks of mumps were recorded in Chile’s
central and southern zones[11], which led to efforts to strengthen
the public health prevention network.

While the decision to vaccinate against infectious diseases is an au-
tonomous one, some research stresses the need to connect the
choices that are made to social responsibility ethics and the concept
of the common good[12]. According to the authors of this research
the decision to vaccinate (or not) has social as well as personal con-
sequences that can cause changes in the chain of infection and gen-
erate economic burdens for society[12]. The general public is not
always aware of these effects.

We need to educate the general public about the benefits of vaccines
in order to eradicate infectious diseases and reduce mortality rates
among those most vulnerable. This can be achieved through multi-
ple approaches, using diverse arguments, in public education cam-
paigns. To contribute to this goal, this article uses a mathematical
model to show how individual social responsibility with regard to
immunization (i.e., getting vaccinated) can affect public health, by
quantifying the per capita decrease in future infections associated
with one vaccination for different immunization times (number of
days lapsed since the initial disease outbreak). The methodology is
based on a classic mathematical model for generic infectious disease
transmission that shows the effects of mass immunization at specific
points over a set period of time[13].

Using an indicator (a function of the final values of the model input
variables) to plot changes in the rate of infections with and without
one additional individual vaccination, we provide an analytical per-
spective to the decision to vaccinate. The model provides evidence
on the relationship between future infectious disease prevalence
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avoided (the number of individuals that will not present the infec-
tious condition) and the two main model variables (proportion of
the population that is vaccinated (p%) and time (t) that the vaccina-
tion is carried out (days since initial disease outbreak (d)).

To avoid technicalities and improve understanding, we apply a set
of assumptions that simplify the analysis, calculations, and presen-
tation. The main research question is: “What are the population (ep-
idemic) effects of a single inoculation event during the development
of an infectious disease, compared to the situation without vaccina-
tion?” The more mathematical aspects of the model, which are not
necessary for the less technical reader, are provided in the Supple-
mentary Material (see Appendix).

The objective of this article is to introduce the numeric measure—
which we call the “individual social responsibility indicator” (iisg)—
in order to show, using mathematical tools a priori, the social value
of the vaccination process, by quantifying the decrease in the num-
ber of future infected persons that will be achieved from the day the
vaccine is applied.

Disease and vaccination

We model the effects of vaccination against a generic infectious con-
tagious disease with easy and rapid transmission, caused by a patho-
genic agent (virus or bacteria) that over a specific period of time pro-
duces immunity (with no chance of reinfection). An example of this
type of disease would be some strains of influenza that have been
found to spread to a healthy individual from proximity or physical
contact with an infected individual through the exhalation and sub-
sequent inhalation of microdroplets[14]. For the purposes of the
study, it was assumed that 1) disease transmission was fast enough
to obviate the effect of demographic dynamics (births and deaths)
and 2) development of the various parameters associated with the
transmission and recovery processes was uniform. For example, it
was assumed that 1) the probability of disease transmission did not
change due to any existing abiotic conditions and 2) the spread and
progression of the disease affected all groups (by region, age, and/or
gender) equally.

Disease dynamics model

Our disease dynamics model collects data on the transmission and
recovery processes but does not consider the details of the disease,
population, or specific environment. In other words, we assume that
the basic dynamic of the illness is linear and that a person can only
be in one of three consecutive stages: 1) healthy but susceptible to
the disease; 2) sick from the disease and immediately able to infect
others, for a specific period of time; and 3) no longer infectious, with
immunity to the disease (i.e., recovered). We also assume that pro-
gression from each of these stages to the next one is not reversible.
We diagram this sequence as follows:

Susceptible — (; Infectious — () Recovered

In the field of mathematical epidemiology, the above equation is
based on the S-I-R model, a very specific application of Kermack—
McKendrick theory[15][16][17]. In brief, this model is a unidirec-
tional flow of individuals through three consecutive stages (Suscep-

217



tible (S) — Infectious (I) — Recovered (R)), without feedback. In-
itially, before disease onset, everyone is in the first stage (S). Then
some (those who are infected) move to the second stage (I), for a
specific period of time, before moving on to the third stage (R), with
no possibility of being re-infected. Progression from one stage to an-
other is not simultaneous for the entire group but is based on the
rate of infection, a ratio per unit of time.

Flow (a) (S — I) depicts the disease transmission process. Here, the
model assumes individuals do not change their social dynamics due
to the presence of disease; therefore, the proportion of close physical
contacts that could cause transmission, and the capacity/conditions
for an infectious agent to move from one host (at the Infectious
stage) to another (at the Susceptible stage) do not change over the
Susceptible/Infectious cycle. In other words, each day of the cycle,
there is a fixed percentage of Susceptible individuals that each Infec-
tious person is capable of infecting in that 24-hour period. This per-
centage is denoted as B%, which is multiplied by the number of
Susceptible and Infectious individuals to calculate Incidence. There-
fore, disease flow (Incidence), is defined as:

B% x no. Susceptible x Infectious

For the flow from the second to the third stage (Infectious (I) —
Recovered (R), we assume that on average a person in the Infectious
stage can transmit the underlying pathogenic agent for a specific pe-
riod of time (T) (number of days since initial disease outbreak (d)).
Therefore, each day, a fraction of the Infectious pool (1/T) is re-
moved from the group and moves on to the third stage (Recovered,
R). This flow from the second to the third stage—the “daily recovery
rate”—is defined as follows:

(1/T) x no. Infectious

We also assume that all members of a healthy population of N indi-
viduals are Susceptible to the disease at the initial contact with a
newly infected person (Day 0) (for example, a tourist returning to
the country who, through successive transmissions, triggers the de-
velopment of an infection chain). To simplify the model calculations
after the initial transmission (Day 0), we also assume that the given
population is closed (for example, due to some internal regulation,
and through the use of some early detection mechanism, newly con-
tagious people from outside the population can not infiltrate it and
add to the infection rate). Therefore the disease can only propagate
from the initial case, during its Infectious stage, in the form of one
or more secondary cases. In mathematical epidemiology, the num-
ber of newly infected individuals is called the basic reproduction num-
ber and is generally denoted by Ro[18][19]. Therefore, this part of

the model is expressed as:
Ro=B% xNxT
The basic reproduction number represents the daily spread of an in-

fection within N individuals in the Susceptible stage (B% x N) mul-
tiplied by the number of days (t) that they remain contagious.
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Vaccination dynamics model

To depict the effect of the vaccine on the disease prevalence, we as-
sume that a certain number of days (d) after the initial disease out-
break, a proportion of the Susceptible population (p%) is immun-
ized, one time only, and that the effects of the immunization are
instantaneous. This part of the model flow is expressed as follows:

Susceptible — () Vaccinated

The proportion of the population that is removed from the Suscep-
tible group, as a result of vaccination, on day “d” since the initial
disease outbreak, is equal to:

p% x no. Susceptible

In summary, at the time of the initial disease outbreak (dayo), the
total population (N) is susceptible to being infected, at which point
the first Infectious individual emerges, triggering the transmission
process, which generates new Infectious individuals that, in turn,
become transmitters of the pathogen over a specific number of days
(t). Then, on day “d,” the health agency proceeds to vaccinate the
proportion of the population (p%) that has not yet been infected
(the Susceptible group). Based on the model parameters described
above, the following questions arise:

1. How much did the number of people who at some point fell ill de-
crease at the end of the outbreak?
2. How much did each vaccinated person contribute to this decrease?

Results

The model flows described in detail in the previous section were
programmed computationally using MATLAB software (though
numerous other programs could have been used), using specific nu-
meric parameters. We assume that at the beginning of the disease
outbreak, on average, two Infectious individuals will lead to three
new Infectious cases before healing (Ro = 1.5, a value applied, for
example, to the pandemic flu HIN1-2009[20]). We also assume
that, initially, 1% of the population is Infectious and the remaining
99% is Susceptible to disease. In Figure 1, the solid line represents
the percentage of Infectious individuals in the total population in
the absence of a vaccination event. The curve without vaccination is
always unimodal (an outbreak) with an asymptotic drop to zero over
time (i.e., elimination of the disease from the population), symbol-
ized as ISY = 0. Based on the model, the maximum number of In-
fectious persons was 7% and occurred approximately 22 days after
the initial disease outbreak. The post-vaccination scenario repre-
sented by the curves for the Susceptible group (S) (dashed lines) and
the Recovered group (R) (dotted lines) is, respectively, decreased to
a final value of S5Y = 41% for infection (i.e., not all of them end
up infected) and RY, = 59% for asymptotic growth (total individ-
uals who were infected at some point). The curves for the latter two
groups always have a sigmoid and inverse sigmoid shape respectively.
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Figure 1. Temporal curves of the percentage of Susceptible (S), Infected,
(I) and Recovered (R)
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Source: Model output illustrated in graphic format using MATLAB software (Na-
tick, MA, USA).
2R, = 1.5 and initial values for S, I, and R = 99%, 1%, and 0% respectively.

Time of vaccination

In Figure 2, in the scenario with vaccination, the dashed lines show
the reduction in the rate of infection by day of inoculation (Day 0
or initial disease outbreak (vaccination case or VCy) to Day 60 (vac-
cination 60 days from initial disease outbreak). As shown in Figure
2a-c, getting vaccinated on Days 5, 10, and 15 would reduce the
infection rate to approximately 3.3%, 4.2%, and 5.6% respectively,
while getting vaccinated 22 days or more post-outbreak (Figures 2d-
f) would have no major effect on the maximum total prevalence (i.e.,
there was no major reduction in the proportion of infected people if
vaccination was delayed longer than 22 days after the disease out-
break). As shown, the time that elapses from VC, (initial disease
outbreak) and the day of inoculation has a significant effect on the
number of people who ultimately get the disease.

Figure 2 shows the effect on the size of the Infectious group of vac-
cinating the same percentage of the Susceptible group (15%) but
with different amounts of time (days) lapsed since the initial disease
outbreak. As shown, earlier vaccination corresponds to a greater de-
crease in the number of those who are ever infected with the disease.
The area under the curve (except for a factor 1/T) shows how many
people will be infected at some point in time (total prevalence).
Moving across the Figure 2 graphs (a-f) there is a reduction in the
areas under the solid curve ("without vaccination”) and the dashed
curve (“with vaccination”) (i.e., the vaccine benefit drops as the time
since the initial disease outbreak increases).
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Figure 2. Infection population with or without vaccination, varying the
inoculation day.
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Source: Model output illustrated in graphic format using MATLAB software (Natick, MA,
UsA).

*Ro = 1.5 and initial values for S, I, and R = 99%, 1%, and 0% respectively. In addition, in each
case the proportion of vaccinated persons in the population (p) is 15%. Dashed and solid lines
correspond to the final proportion of infected people with and without the additional vaccination
respectively.

The individual social responsibility indicator (iisr) represents the fi-
nal number of infected patients avoided by one vaccination, which
is the difference between the final number of infected patients with-
out the additional vaccination (R¥I™UtVY 414 the final number of
infected individuals with the additional vaccination (RWithV), di-
vided by the total number of vaccinated individuals (V,,), as shown
below:

irst = (R% —REY)/Veo.

As shown in Table 1 and Figure 3, earlier vaccination leads to a
greater reduction in the final number of people infected. For exam-
ple, vaccination five days after the disease outbreak not only prevents
the individual who got inoculated from getting sick but also con-
tributes to a lower rate of infections (about 1.5 times fewer) in the
population. However, this effect is reduced over time. For example,
a delay in vaccination of 25-30 days from the initial disease outbreak
would require three additional individuals getting vaccinated to
achieve the same reduction in overall prevalence. From Day 50 on-
ward, almost no infections are avoided by vaccination other than in

the individual him/herself.
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Tabla 1. Indicador de responsabilidad social individual, variando los dias
de vacunacion.

Variable

Percentage of vaccination

p% 2% 4% 6% 8% 10% | 12% | 14% | 16% | 18% | 20%

ipst | 1444 | 1.417 | 1.407 | 1.403 | 1.400 | 1.389 | 1.373 | 1.361 | 1.346 | 1.328

En cada dfa d se vacuna un 5% de la poblacién total, para ello se ajusta la fraccién vacunada p segin p% S(d)=0,05.

Figure 3. Graph of Table 1 data.
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Source: Data from Table 1 illustrated in graphic format using MATLAB

software (Natick, MA, USA).
*Change in rate of infection (iisr) by day of vaccination (d).

Proportion of population (p%) vaccinated

Another interesting question is: What is the behavior of the indica-
tor (irsy) when the day of vaccination is kept constant but the per-
centage of vaccinated people (p%) is changed? As shown in the
graphs of Figure 4. , which compare the proportion of infected pop-
ulation and the day of inoculation, varying the vaccinated propor-
tion for the 10th day from 5% (Figure 2a) to 30% (Figure 2f). In-
creasing this percentage results in a decrease in the infection curve
(the perforated line). On the other hand, as shown in Table 2, and
the graphs in Figure 5, the reduction in the rate of infected persons
resulting from each additional vaccinated person decreases when the
proportion of vaccinated persons increases. This seems contradic-
tory but is the result of decreasing the rate of infection by increasing
the proportion of Susceptible population vaccinated. However, the
smaller the percentage of the population that gets vaccinated, the
greater the effect of individual social responsibility (i.e., the greater
the effect of one additional vaccination), although the range of the
variation (1.32 to 1.45) is narrow, given the parameter values.

MEM

Figura 4. Poblacién infectada con y sin vacuna, variando la fraccién inocu-

lada.
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Source: Model output illustrated in graphic format using MATLAB software (Natick,
MA, USA).

* Ry = 1.5 and initial values for S, I, and R = 99%, 1%, and 0% respectively. The
vaccine is administered on day 10 (d = 10). The dashed and solid lines correspond to
the rate of infection in the population with and without increasing increments of
vaccination respectively.

Table 2. Individual social responsibility indicator (isr) by day of
vaccination, varying the proportion of the population that is vac-

cinated (p%).

Variable Percentage of vaccination
p% 2% 4% 6% 8% 10% 12% 14% 16% 18% 20%
iRer 1444 | 1.417 | 1.407 | 1.403 | 1.400 | 1.389 | 1.373 | 1.361 | 1.346 | 1.328

On day 10 a variable percentage (p%) of the susceptible population has been vac-
cinated.
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Figure 5. Graph of Table 2 data.
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Source: Data from Table 2 illustrated in graphic format using MATLAB
software (Natick, MA, USA)).

Conclusion

Using a very simple mathematical model of 1) the spread of an in-
fectious disease and 2) control of the infection through immuniza-
tion, this article provides support for and, from an analytical per-
spective, complements, current efforts to highlight the strategic im-
portance of timely vaccination campaigns in protecting the popula-
tion from epidemic outbreaks. Using of this model we quantify and
illustrate, in graphical format, the consequences of each additional
vaccination, showing, for example, how much one individual vac-
cination can reduce the potential chain of infection and, post-out-
break, how many fewer people suffered from infection as a result of
one individual taking this step as part of his/her social responsibility.

As expected, each trajectory determined by the dynamic SIR-type
model is altered by a vaccination event (resulting in the immediate
removal of a proportion of the Susceptible group), and the final total
prevalence (proportion of the population that, at some point, is in-
fected) decreases. However, this reduction in total prevalence de-
creases if the vaccination is delayed or if the percentage of those in-

oculated drops (see Appendix).

More precisely, given a particular infectious disease (adjusted to an
SIR-type model using constant Infectious and Recovery parame-
ters), use of the indicator helped to illustrate how each additional
vaccinated person was associated with a decrease in the number of
people who at some point felt ill with the disease. By inserting dif-
ferent times (d) and rates (p%) of vaccination, the indicator helped
measure the consequences in terms of how many people did not get
sick if one additional person were vaccinated. The results of applying
this indicator show that one person not getting vaccinated not only
puts him/her at risk but also increases infection in others. In this
way, the cost or benefit to society resulting from this individual de-
cision is measured by the indicator.

In summary, to the best of the authors’ knowledge, this research is
the first to propose and describe an indicator for measuring individ-
ual social responsibility for vaccination. This indicator could be used
to support arguments for more timely reactions to disease outbreaks
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by public health authorities and greater coverage in mass vaccina-
tions.
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