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Abstract—Waning Immunity is an important and relevant
concept during these days as the COVID-19 pandemic is
expected to become endemic in the coming months. By
definition, Waning Immunity is the loss of protective antibodies
over time and hence necessitates booster shots at regular
intervals of time. This quantitative study is on proposition of a
model for computing a newly defined metric called Waning
Immunity Index (WII). The model takes into account the three
group of people namely, susceptible, infected and recovered
individuals from the COVID-19 infections. The required data
can be collected from the Kaggle repository that contains
information on infections, recovery, vaccination and booster
doses given on the human population while considering a
geographical location. The proposed model and its
implementation have thrown light on the spread, control and
effect of COVID-19 virus. Results of the proposed model and the
measurement can help health officials to seamlessly plan the
duration of booster doses administered on vaccinated
population. A sample data has been prepared for testing the
model and the application of the proposed metrics. Based on the
results, it is found that vulnerability of the Waning Immunity
increases steeply at some duration and gradually steadies in
time.
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I. INTRODUCTION

Immunity is the ability to fight pathogens, such as bacteria
and viruses, which causes different types of infections in the
human body. The process is a very complex biological system
that can identify and accept the belongings of self and reject
other foreign bodies. It can be empirically measured using
medical tests and can be directly related to the spread of a
disease.

In today's scenario, with the advent of fast spreading
viruses, like COVID-19, increasing the immunity of people
residing in a specific geographic location [1] [2] is highly
relevant for health officials around the world. Immunity can
be acquired by two ways, either by getting affected by the
pathogen and recovering thereby obtaining immunity, or by
through proven vaccines. But, the immune system also loses
the knowledge of fighting the disease over a period of time.
This concept of losing the immunity over a period of time is
called as waning immunity.

Waning Immunity [3] is the decline in anti-bodies which
has been acquired through immunization over a period of
[time. This happens when the immune acquired individual is
not able be in an environment of infection for an extended
period of time. Some quantitative studies on COVID-19
infections have seen reduction of immunity to a very low level
after 6 to 8 months of getting the second vaccine dose. And
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these studies are still under further research requiring more
investigations and quantitative analysis.

Considering the important problem of waning immunity,
the research work explained through this paper focuses on
quantitative analysis. A new set of metrics have been defined
accounting all the different factors of acquiring immunity and
its waning over a period of time. The model can be applied
using data retrieved through the COVID-19 daily infection
details available in the Kaggle [4] repository. The paper
proposes a simple and comprehensive model that can be
considered for application across different geographical
locations. Based on the sample data for testing the initial
application of the model, inferences have been generated for
its efficacy and applicability. The results could help the
respective health officials in planning for the frequency of
booster doses that need to be administered for the vaccine.
This model can be extended further by using machine learning
techniques for future predictions of Waning Immunity for a
specific pathogen.

The rest of the paper is organized as follows: Section II
explains the research work done by other authors on Acquired
and Waning Immunity. A clear statement of the research
problem that has been addressed in this paper have been
narrated in Section III. Section IV describes the proposed
method for measuring the Waning Immunity for the data
collected from the repository. In Section V the proposed
metrics are explained with suitable formulae, all of which
result in the computation of Waning Immunity Index (WII).
Section VI discusses on the inferences that can be deduced
based on this measurements. Finally, Section VII provides
conclusions and extensions that can be carried out on the
proposed model and metrics developed in this research.

II. EXISTING WORK

In modern times and after the unexpected advent of
COVID-19 pandemic, a number of researchers have been
working on analyzing its different facets [5] [6]. A lot of
interesting results have been reported while analyzing the
dietary habits, regional behavior, social connections and
others using statistical tools and techniques. In this context,
the following subsections briefly list the work done on
Acquired Immunity and Waning Immunity in the context of
COVID-19 infections and recoveries.

A. Acquired Immunity

Several authors have been analyzing the immunity
acquired through vaccination for the COVID-19 virus. In a
work done by Madhi et. al., [7] a sero-epidemiological survey
was conducted from October 22 for a period of two weeks to
determine the sero-prevalence of SARS-CoV-2 virus. The
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overall sero-prevalence level was 73.1% and it was also found
that female participants were more likely to be sero-positive
than the male participants.

In another work done by Francis et. al., [8] based on the
scientific and statistical evidence it is found that T-cells play
a significant role in acquiring immunity for COVID-19 virus
considering both natural infection and vaccination. The
authors also describe that more work need to be done on the
study of waning immunity.

Maclntyre et. al, [9] have done statistical analysis on the
availability of multiple vaccines in Australia in the year 2021
and their impact on further stopping the spread COVID-19
virus. The authors have forecast that slower rate of vaccination
will increase the time span of human population living with
COVID-19 much longer. Hence, a healthy rate of vaccination
is mandatory to bring further spread of virus under control.

Ahmed et. al., [10] have used the vaccinated and recovery
datasets from a particular geographical location to compute
the attainment of Herd Immunity. Based on the study they
have reported that there is a marginal increase in the Herd
Immunity among the population under consideration. Also,
Ramachandran et. al., [11] have analyzed the effect of food
habits on COVID-19 infections and recovery.

B. Waning Immunity

Rabiu and Iyaniwura [12] have developed an endemic
model for COVID-19 in-order to study the impact of
vaccination and waning of immunity on the dynamics of
COVID-19 disease. Based on the model, authors have
suggested that waning of vaccine-related immunity has more
effect on the disease compared to the post-recovery based
immunity which has a direct impact on the eradication of
COVID-19.

A study has been done by Goldberg et. al., [13] on the
development of natural immunity that results from the
COVID-19 infections by estimating the rates of further
infection. The study also covers protection afforded by the
natural immunity or vaccine induced immunity called as
hybrid immunity. Based on the study a single vaccine done
administered on the recovered patient improved the
restoration of protection from reinfection.

Based on another the study by Goldberg et. al., [14] it was
found that immunity against the delta variant of COVID-19
virus waned in all age groups after the administration of
second dose of the vaccine in Israel. Hence, more empirical
study is required in-order to understand the duration of
administering booster vaccine doses for the COVID-19
disease.

In an unique model, proposed by Ehrhardt et. al., [15] a
finite differentiation scheme together with qualitative results
for immunization and waning immunity have been developed
by the authors. In the study, only existing metrics of basic and
effective reproduction numbers of the virus have been
considered for statistical analysis. Similarly, an ARIMA based
model has been developed by Joshua et. al, [16] in their
research findings on the effects of COVID-19.

III. RESEARCH PROBLEM

Measurement of Waning Immunity Index required a clear
methodology and well defined set of metrics. In this
introductory research a new set of inclusive metrics have been

defined and applied to measure Waning Immunity Index for
COVID-19 virus among human population.

A structured methodology has also been proposed and
used for the measurement of the WII metric along with
inferences. The proposed model considers three important
classes of people, namely, the susceptible, immunized and
infected/recovered individuals in the human population
measured in a specific geographical area.

IV. METHODOLOGY

Computing the change in Immunity for a specific
pathogen measured in the human population requires a
structured methodology. This needs to include all the factors
that positively or negatively contribute to the antibodies
present in an inoculated individual. Vaccines are common
form of providing the necessary knowledge for the human
immune system. Hence, a clear understanding of the duration
in reduction of antibodies beyond an acceptable level will help
the health workers plan for the administration of booster
doses.

In this research, a comprehensive and quantitative model
shown in Fig. 1 has been proposed that defines a new metric
called Waning Immunity Index (WII) Measurement Model.
The measurement takes into consideration all the possible
factors that can directly affect the change in Immunity levels
of the vaccinated individuals. All the three factors contributing
to the ability of developing immunity, namely, Susceptible
class, Immunized class and Recovered class have been
included in the model for a comprehensive measurement.
Inclusion of all the contributing factors can help in improving
the comprehensiveness of the proposed model.

1. Collect
Repository Data

2. Calcuate
Susceptibility Factor (Sy)

3. Compute
Immunity Factor (1) )

4. Compute
Recovery Factor (Ry)

5. Compute
Waning Immunity Index (W1I)

6. Plot WII value
over time

7. Generate Inferences
on WII Trend

J

Fig. 1. Process Flow of Waning Immunity Index (WII) Measurement
Model



V. THEORY AND CALCULATION

The computation of Waning Immunity requires the
knowledge of basic reproduction number of the COVID-19
variant virus, percentage of population immunized to the virus
and the effective reproduction number of the virus. Hence, the
proposed model includes three important factors namely
Susceptibility of the population getting infected by COVID-
19, Immunity acquired either thorough infection or
immunization and Recovery from COVID-19, thereby
immune to the disease.

In to perform a quantitative assessment and to measure
level of Waning Immunity, three new metrics have been
defined in the model. They are: 1) the Susceptibility Factor of
COVID-19 infection, 2) the Immunity Factor of COVID-19
infection, 3) the Recovery Factor of COVID-19 infection. The
three metrics are explained with necessary formulae and
notations in subsections A, B and C.

A. Susceptibility Factor

When the COVID-19 pandemic started in the last quarter
0f 2019, none of the human population around the world had
immunity to the virus. Hence, the whole population was
susceptible to the virus that lead to quite a numbers of deaths
due to the infection. But, this changed over a period of time
due to the acquiring of immunity either through infection and
recovery or from vaccination. If immunity of the disease
wanes over a period of time, then the number of susceptible
people increases leading to the continuation of the epidemic.

Hence, the metric to capture the susceptible class of people
need to factor all these possibilities into account. Considering
this, a new metric called the Susceptibility Factor (Sf) is
defined as given in Equation 1.

Ry

Sp= o (1)
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where,
S¢ is the Susceptibility Factor of COVID-19 infection,
Ry is the basic reproduction number of the virus,

R, is the effective reproduction number of the virus
considering the geographical area.

B. Immunity Factor

Vaccination is one of the best ways to acquire Immunity
against COVID-19 virus for the general population.
Statistically, more number of people has been vaccinated
every day thereby reducing the risk of further infection spread
in the community. But knowledge of virus for the immune
system can wane over time if booster doses are administered
at regular intervals of time.

To take into account the Immunity acquired through
vaccination, a new metric has been defined called the
Immunity Factor (I) given in Equation 2.
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where,
I¢ is the Immunity Factor of COVID-19 infection,

V is the total number of vaccinated people,

P is the total population of the geographical area.

C. Recovery Factor

Starting from the end of 2019, the number of people
infected by COVID-19 virus has been steadily increasing and
decreasing over time. Infected people were fighting with their
immune system that started learning from the virus. Due to
this percentage of population has been increasing, but even
this immunity might wane over time.

Considering the recovery of infected people a new metric
has been defined namely, Recovery Factor (Rf) as given in
Equation 3.

R
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where,
Ry is the Recovery Factor of COVID-19 infection,

R is the total number people recovered from the virus
infection,

1 is the total number people infected by the virus.

D. Waning Immunity Index (WII)

Waning of Immunity is related to the decrease in
knowledge of human immune system to understand and fight
against COVID-19 virus. In order to measure the waning of
immunity a new metric has been defined and called as Waning
Immunity Index (WII). The formula to calculate WII is shown
in Equation 4. The metric includes all the three components of
Susceptibility, Immunity and Recovery factors of the human
population towards COVID-19 infections.

Sf+ If+Rf
3

Wil = 4)

where,
WII is the computed value of Waning Immunity Index.

Since the definition of Waning Immunity as an Index
ranging from 0 to 1, is comprehensive, it will be very helpful
for the health care officials to plan for the duration of booster
doses.

VI. MEASUREMENT AND DISCUSSIONS

Application and validation of any new model requires a
sample datasets. Since the proposed model can be applied on
any geographic region for testing and validation, a sample
datasets is taken for illustration and explanation. This datasets
consists of simulated values for basic reproduction number of
COVID-19 virus and the effective reproduction number
considering both vaccinated and infected. Table I shows the
calculated values of Susceptibility Factor for the respective
values of effective reproduction numbers.



TABLE L. CALCULATION OF SUSCEPTIBILITY FACTOR TABLE IV. CALCULATION OF WANING IMMUNITY INDEX

Frequency | oo Bt con | Reproduction | SUSccpbiliey Frequency [Suscepibility Immunity | Recovery | mmmunity

in time Number Number Ry in time Factor Factor Factor Index
© (Ry) (Ry) Sr= %) ® Sh ) RO | iRy

3

; ggi 0.9182 1 1 0.0337 0.0821 0.3719

3 215 0.955 2 0.982 0.0176 0.1692 0.3896

2 217 0964 3 0.955 0.0353 0.2028 0.3977

5 316 0.96 4 0.964 0.0589 0.1149 0.3792

3 2.25 24 1.06 5 0.96 0.1119 0.1502 0.4073

7 2:7 1'.2 6 1.06 0.1453 0.2556 0.4869

3 ) 0844 7 1.2 0.1669 0.4323 0.5997

9 s 0.666 8 0.844 0.2939 0.6990 0.6123

10 1'2 0'533 9 0.666 0.4098 0.8578 0.6445

- - 10 0.533 0.5677 0.9958 0.6988

Similarly, the second metric namely the Immunity Factor
calculation is shown in Table II.

TABLE IL CALCULATION OF IMMUNITY FACTOR
Frequenc Total thal Immunity
inqtime ' Population Valfec:;)?zed Facto;‘
® ®) P =1
1 8,600 0.0337
2 45,000 0.0176
3 90,000 0.0353
4 1,50,000 0.0589
5 2,85,000 0.1119

25,45,000
6 3,70,000 0.1453
7 4,25,000 0.1669
8 7,48,000 0.2939
9 10,43,000 0.4098
10 14,45,000 0.5677

Sample values have been taken to illustrate the calculation
of Immunity Factor after Immunization for people living in a
particular geographical area.

The third proposed metric namely, Recovery Factor is
calculated using sample values and have been illustrated in

Table III.

TABLE III. CALCULATION OF RECOVERY FACTOR
Total Total

Fri:elqtlil;necy Infected Recovered R;:(;\tlsll:y

® People People R, = 5)
a) (R) T
1 28,000 2,300 0.0821
2 91,000 15,400 0.1692
3 2,95,750 60,000 0.2028
4 8,87,250 1,02,000 0.1149
5 10,64,700 1,60,000 0.1502
6 12,51,760 3,20,000 0.2556
7 14,45,650 6,25,000 0.4323
8 14,99,200 10,48,000 0.6990
9 16,60,000 14,24,000 0.8578
10 19,10,200 18,45,000 0.9958

Finally based on the three metrics Susceptibility,
Immunity and Recovery Factors the Waning Immunity Index
has been calculated and tabulated in Table I'V.

A graphical depiction of the trend of WII is shown in Fig
2 The graph is drawn by taking the sequence of calculated
values of WII over time.

0.65

0.6

Calculated Value of WII

0.45

0.4

0.35

1 2 3 4 5 6 7 8 9 10
Frequency in time (t)

Fig. 2. Trend line of Waning Immunity Index

Based on the results obtained on the sample data, a lot of
interesting facts begins to emerge that can aid in the
understanding of Waning Immunity in human population. In
the initial part of the measurement, Waning immunity mildly
increase and decreases with the same magnitude. But after
that, there is a huge increase in the Waning Immunity Index
and later slows down again at the later part of the
measurement. This has happened because of the increase in
infections and vaccinations during the intermediate duration.
These steep increases and decreases are marking signs for the
health officials to plan for the duration of booster doses.

If the WII value suddenly shows sign of sudden increase,
then the number of booster doses administered. This is due to
the increase in the number of infections caused in the general
population and because of the loss of immunity among the
people living in the geographical area. The number of
intervals taken for testing the proposed model is very limited.
In extension, if the same model is applied to the data collected
with more number of intervals, then further information can
be deduced using computation and analysis.



VII. CONCLUSIONS AND FUTURE DIRECTIONS

Immunity in a human system provides the best line
defense against the pathogens found in the environment. But,
if this immunity is not able to come across known pathogens
for an extended period of time, then we have a possibility of
waning of immunity. In this quantitative research based study,
a model for the comprehensive evaluation and a new set of
easily measurable metrics have been defined and explained in
clear set of terms.

The proposed model can be applied to analyze waning of
immunity to any geographical area by downloading necessary
data available in the web portal Kaggle.com. The
measurement can help the health officials for planning the
duration of booster doses to avoid further spread of COVID-
19 virus in the community.

The model has been applied to a sample set of data and the
proposed set of metrics have been computed and tabulated.
Based on the different factors of Susceptibility, Immunization
and Infection/Recovery suitable metrics contributing to
Waning of Immunity has been calculated. Finally, the
important metric of Waning Immunity Index have been
computed and analyzed using graphical representation. Initial
inferences have been generated based on the trend of
computed values of WII.

This work is planned to be extended by applying the
proposed model for specific geographic location and
generating inferences out of the measured values. Further,
more number factors can also be identified and included in the
Waning Immunity Index measurement. Also, the WII metric
and its contributing factors will be analyzed using Neural
Networks based models for in-depth analysis and knowledge
extraction.
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