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Abstract
Purpose: Effectiveness of COVID-19 vaccine is increasingly important for better 
immunization, sustain uptake, in the background of availability of a number of vaccines 
and uneven vaccination programmes with different objectives and strategies. The 
paper explores different measures of vaccine efficiency (VE) at population level for 
comparing and classifying groups of individuals in terms of risk and to find relationships 
between exposures and spread of disease.

Methods: To review model-free measures and outcome measures of mathematical/
statistical models towards meaningful comparisons and assessment of efficiency of 
SARS-CoV-2 vaccine and to suggest better measures.

Results: Mathematical models with unrealistic assumptions and limitations may 
underestimate the impact of mass vaccination. Interrupted time-series comparing 
trends in pre-vaccination and post-vaccine periods have wide applicability. Two 
suggested measures of VE are (i) difference of slopes of pre- and post-vaccination 
periods and (ii) Relative Risk (RR), reflecting association between the exposure and 
the outcome. 

Conclusions: VE computed from difference of slopes of two linear trends or RR 
facilitates statistical testing of equality of the vaccine efficiency for two different groups 
with available statistical tests. Measures based on ratios and proportions are simple to 
compute, interpret and facilitate meaningful comparisons including statistical testing 
of hypothesis. Such measures may be computed for sub-populations defined in terms 
of the factors of COVID 19 like age, gender, co-morbidities, genetic & biological factors, 
adaptive immunity, prior exposure to SARS-CoV-2 via infection or via vaccination, etc. 
Model-free measures for evaluation and models considering administration of vaccine 
mechanism may be considered independently. Future studies suggested.
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Introduction
Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) 
causes the corona virus disease (COVID-19). Major features of 
the disease are failure of multiple organs [1], different symptoms 
for different age groups [2], selectively targeting adults with co 
morbidities [3], etc. The infectious virus gets transmitted among 
human beings primarily via droplets, aerosol and face–oral 
routes [4] during the asymptomatic and pre-symptomatic period 
[5] and also when a patient suffering from COVID 19 recovers 
(convalescence period) by shedding viral RNA [6,7]. SARS‐CoV‐2 
infects the human Angiotensin-converting enzyme (ACE 2) by 
its receptor-binding domain (RBD) and translate into numerous 
viral proteins [8]. Further researches are in progress to quantify 
associations between detectable RNA by real-time reverse 
transcription–polymerase chain reaction (RT–PCR), a laboratory 
method for detecting, tracking and studying the COVID-19 virus 

[9]. To meet the extremely urgent need of a vaccine against the 
SARS‐CoV‐2, a new pandemic vaccine development paradigm 
initiated by compressing the timeline to 1-2 years against the 
usual development period of 10 to 15 years [10]. 

Availability of susceptible or resistant hosts can affect the 
spread of COVID-19 virus in a population. Increase in number of 
resistant hosts will not allow the virus to spread due to the Herd 
Effect or Herd Immunity developed after the infection or due to 
vaccination [11]. 

Before approval, a vaccine is evaluated in trial stages under 
optimal conditions on criteria like vaccine efficacy in terms of 
risk of infection in the group consisting of vaccinated persons (V) 
vis-a-vis the unvaccinated group (U). In the field conditions, the 
difference of risk of infection between V and U is a measure of 
vaccine effectiveness. However, our knowledge of the pathogen 
of SARS-CoV-2 is not yet exhaustive. Thus, efficacy of a COVID 19 
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is complex.

Major variables in the field of epidemiology are in nominal scale. 
Thus, analyses of such nominal-scaled variables in a population 
are based on frequency measures. The frequencies help us to 
compute rates of incidence at various time points, ratios between 
V and U, etc. to quantify Incidence rates (occurrence of new 
cases), Prevalence rates (presence of the disease), Morbidity rate 
(percentage of new cases in the population) and Mortality rates 
(number of deaths per say 0.1 million for specific groups formed 
with respect to gender or age or by cause). Such measures help 
to compare and classify groups of individuals in terms of risk and 
also to find relationships between exposures and disease. 

Study of vaccine effectiveness is increasingly important to have 
better immunization, sustain uptake, in the background of 
availability of a number of vaccines and different vaccination 
programmes. The paper aims at exploring different measures 
of vaccine effectiveness in terms of ratios and also through 
mathematical and statistical models.

Vaccine efficiency
Efficacy is towards measuring protective effects of vaccination 
between V and U in controlled clinical trials [12]. But effectiveness 
of a vaccine, aiming at prevention of the disease is assessed after 
approval for use in the field conditions. Maintenance of high 
vaccine coverage is assumed both for vaccine efficacy and vaccine 
efficiency. Vaccine efficacy (conducted under ideal conditions, 
say clinical trial) is the biological potency of the vaccine which 
helps to produce effects and vaccine effectiveness (not under 
perfectly controlled conditions) is the actual performance of a 
vaccination programme [13,14]. 

Factors of vaccine efficacy
In addition to properties of the virus and environmental issues 
relating to spread of the virus, there are a number of host-
associated factors which may have effect on vaccine efficiency. 
Illustrative list of host-related factors include age, gender, co‐
morbidities, behaviour (rigorous avoidance of social gatherings), 
biological (presence or absence of high levels of blood neutrophils 
and neutrophils extracellular traps (NETs) [15], genetic (variations 
in human leukocyte antigen (HLA) with SARS-CoV-2 peptides 
on antigen-presenting cells (APC) etc.), pregnancy (variations 
in immune-modulatory hormones and adaptive immunity at 
different stages of pregnancy), commensal microbiota (innate 
and adaptive immunity), immune imprinting (via infection or via 
vaccination), etc. [16].

Efficacy endpoints
Efficacy studies of vaccine research need to address adequately 
the endpoints depending on the types of virus, occurrence 
and issues relevant to its transmission including etiology, viral 
shedding, etc. [17]. Dedicated studies are in progress for better 
understanding of effect of the host factors and biomarkers for 
immunological protection to the COVID 19 virus and consolidation 
of various vaccine efficacy findings for different risk groups [18]. 

Measures
Vaccination program for a population aims towards reducing the 
(a) rate of transmission with emphasis on the vaccinated group 
(V) and also (b) trends of occurrence of the disease in the post-
vaccination periods. Note that (a) and (b) stated above are highly 
correlated since occurrence of (b) implies occurrence of (a) and 
vice versa.

Simple way to assess vaccine efficiency is to compare the positivity 
rate in percentage i.e. percentage of positive cases among the 
number of tests done at pre-vaccination and post-vaccination 
periods. Alternatively, one can compute proportionate reduction 
in disease attack rate (AR) between U and V groups or find 
Vaccine Efficacy or relative risk (RR) of disease of persons in the 
V group by:

    100U V

U

AR ARVaccine Efficacy
AR
−

= ×             (1)

where  and denotes respectively the Attack rate of 
unvaccinated group (U) and vaccinated group (V).

Note that  , V

U

ARRR
AR

=     

Thus, ( ) 1 100Vaccine Efficacy RR= − ×                    (2)

Popular measures of impact of a vaccine on public health are 
attributable proportion and effectiveness. The attributable 
proportion (or attributable risk percent) (AP) is a measure of a 
causative factor assuming (i) expected risk (mortality rate) for the 
disease is occurrence of disease in the U-group and (ii) the risk 
of disease in the V‐group exceeds the same for the U-group. AP 
works well for a single risk factor and is computed as 

 AP =     –      
     

Risk among unvaccinated group risk among vaccinated group
Risk for exposed group

100×       (3)

Vaccine efficacy by equation (1) is carried out during a clinical 
trial. But for the field studies, Vaccine effectiveness (VE) is 

calculated as     –     
    

Risk among unvaccinated group Risk among vaccinated groupVE
Risk among unvaccinated group

= = 

1 – Risk ratio                      (4)

where the numerator represents risk difference or excess risk. 

Risk ratio (or relative risk) (RR) is defined as RR = 
   
    

Risk inV group
Risk inU group

−
−

 

=     
    

Probability of diseaseinV group
Probability of diseaseinU group

−
−

                  (5)

Clearly, VE=1‐RR [19]. 100% RR ⇔ zero incidences in vaccinated 
persons. Concepts of RR, risk difference and odds ratio are 
similar and each can be expressed in terms of the others. Thus, 
association between the exposure and the outcome can be 
reflected by the simple measure called RR [20].

Alternate ways of computation of RR could be in terms of 
Bayesian terminology and also from a 2×2 contingency table 
which are explained below:

 
( )

( )
/P D E

RR
P D E

=
−

 = ( ) ( )
( ) ( )
/ / /

/
P E R P E D

P E P E
−
−

                   (6)

where D denotes the disease and no disease is denoted by – ; 
 denotes the exposure and  no exposure is denoted by‐E. 

https://en.wikipedia.org/wiki/Attack_rate
https://en.wikipedia.org/wiki/Risk_difference
https://en.wikipedia.org/wiki/Odds_ratio
https://en.wikipedia.org/wiki/Contingency_table
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RR could also be computed as  RR = ( )
( )

A B D
B A C

+
+                      (7)

where values (frequencies) of A, B, C and D are obtained from the 
2×2 contingency table for a group.

Clearly, higher value of VE implies higher reduction in disease 
occurrence in the V-group. It is desirable and necessary to have 
RR < 1 ⇒ reduced risk of the occurrence of the disease in the 
V-group [21].

The sampling distribution of  is closed to normal 
distribution unlike the distribution of RR [22]. The normality of 

 helps to find confidence interval and facilitates testing 
of statistical hypothesis like testing of equality of mean of log 

(RR) of two different groups i.e. ( )0 .1: log GrH RR = ( ).2log GrRR   

RR is usually used for randomized controlled trials despite certain 
advantages of Absolute risk or Risk difference [23].

Rate of transmission of disease in a population of size N can be 

expressed by 
dx
dt

 where ix  is the number of persons affected 

at time point it . The quantity 
dx
dt

 depends on the changes in 

flow of vaccinated individuals (V), unvaccinated individuals (U), 
susceptible individuals not been infected (S), currently infectious 
individuals (I), and immune individuals (persons with previous 
exposure to SARS-CoV-2 either via infection or via vaccination) 

(R). Thus, dx
dt

can be investigated with solution of suitably formed 

set of differential equations involving VdS
dt

, , ,U VdS dI
dt dt

 , ,U VdI dR
dt dt

 

UdR
dt

 with initial conditions like ( ) ( ) ( );V V V VN S t I t R t= + +

( ) ( ) ( ) , U U U UN S t I t R t= + + and VN +   UN = N along with a set 

of assumptions. This motivates development of mathematical 
models to study rate of transmission of disease. 

Statistical way to approach rate of transmission of disease is 
through change in slopes of linear trends obtained from time-
series data for the pre-vaccination and post-vaccination periods. 

Mathematical modelling regarding spread of COVID-19 has been 
investigated by several researchers. Discrete-time stochastic 
epidemic model with binomial distributions was suggested 
[24]. Strategies for mitigation and transmission for COVID-19 
were presented [25]. Mathematical modelling approach to 
study spread of the COVID-19 was described [26]. Time interval 
between primary patients (infectors) and the second patients 
(infectees), known as serial interval was found to be a key 
parameter for model dynamics and has been used to decide 
strategies for healthcare programmes [27]. 

Smith, Rodrigues, Fine [28] distinguished between performance 
measures based on incidence (cumulative incidence or 'risk') and 
measures based on incidence density (force of morbidity) and 
linked these measures with Model 1 and Model 2 for vaccine 
action assuming proper and effective vaccine administration. 
Model 2 is applicable only for closed economy (i.e. closed to 

immigration). The Models also assumed that the vaccination 
programme results in a proportion 1  VR− of the V-group 
permanently immune and keeping unchanged the remaining 
proportion . The Model 1 assumes that vaccination changes 
the hazard (risk per unit time) from a constant to another 
constant  V h Uh R h=  where  and stand for the hazards for 
unvaccinated and vaccinated group respectively and  is a 
constant representing the hazard. On the contrary, the Model 
2 assumes that vaccination or time do not change the hazard, 
which is not true for COVID 19 vaccination, where hazard is likely 
to fall with progress in vaccination. However, both the models 
fail to consider effect of preventive measures other than the 
vaccine effects. 

Mathematical model of [29] assumed among others, a 
population of size N with two mutually exclusive groups viz.  UN  
(unvaccinated group) and VN  (vaccinated group) where N =  

U VN N+  for any time point. This implies a closed homogeneous 
population with no births, deaths, or migration/immigration. The 
model solved four differential equations with assumed initial 
conditions to compute direct, indirect, total and overall effects of 
vaccine at different vaccination coverage levels where input was 
the level of reduction in individual transmission rate. 

The mathematical model considered by [30] involving a 
system of non-linear differential equations with transmission 
parameters enables identification of the transition rates between 
asymptomatic infected and symptomatic infected individuals. 
However, despite the suggested models, understanding of 
transmissibility of the virus is still not clear. 

With start of vaccination programme amounting to population-
level interventions, time series gets interrupted. For evaluation 
of impact of such population-level interventions from Interrupted 
time series (ITS) data, there are a number of ITS designs avoiding 
randomization where data collections are done at a fixed time 
interval [31,32]. Primary purposes of the ITS studies is to use pre-
vaccination data to estimate correctly the underlying trend and 
post-vaccination periods along with indication of what would 
have resulted in the absence of vaccination in terms of two effect 
measures viz. change in level, showing immediate change after 
the vaccination and change in slope which quantify the difference 
in trends in pre-vaccination and post-vaccination programme. 

Thus, reduction in trends in pre-vaccination and post-vaccination 
periods will give a measure of vaccine efficiency. However, 
presence of autocorrelation (correlation between values of the 
process at different times) can distort the measures. Presence 
of autocorrelation can be detected by Durbin-Watson (DW) test 
and can be accounted for by statistical methods like Ordinary 
Least square (OLS), Generalised Least square (GLS), Newey-West 
correction to Standard Errors, Autoregressive integrated moving 
averages (ARIMA), Restricted Maximum Likelihood (REML), etc. 
However, DW tests for autocorrelation may perform poorly if the 
series is not long. 

With simulated data, [33] found REML was preferred for longer 
series, but OLS was preferred for series with ≤  12 points. For 
segmented linear regression, [34] used the following linear 
model with N‐ time points:

https://en.wikipedia.org/wiki/Contingency_table
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efficiency of candidate SARS-CoV-2 vaccine was undertaken for 
better understanding of the disease dynamics. This is especially 
important in the context of availability of a number of vaccines 
and uneven vaccination programmes with different objectives 
and strategies. Since our knowledge of the pathogen of SARS-
CoV-2 is not yet exhaustive, assessment of efficiency of a COVID 
19 vaccine is rather complex. 

Rate of transmission of COVID-19 and associated mortality rates 
vary due to a number of factors like age, gender, co-morbidities, 
genetic & biological factors, innate and adaptive immunity, 
previous exposure to SARS-CoV-2 either via infection or via 
vaccination, etc. Thus, measures based on ratios & proportions 
or output measures emerging from models may be computed 
for sub-populations defined in terms of the factors of COVID 
19. Number of endpoints used in COVID 19 vaccine studies to 
define efficacy depends on the consequences of infection, and 
transmission dynamics. 

Assumptions involved in various mathematical models like 
closed homogeneous population may be unrealistic. Each model 
has limitations too. No mathematical model appears to have 
considered two transmission paths viz. (i) between unreported 
symptomatic infected and reported symptomatic infected and 
(ii) between asymptomatic infected and recovered individuals. 
In addition, errors in parameterization of vaccine efficiency 
(VE) in mathematical models may underestimate the impact 
of mass vaccination. Interrupted time series (ITS) comparing 
slopes of linear trends in pre-vaccination (b1) and post-vaccine 
periods (b2) has wide applicability. While spread of virus 
during pre-vaccination period is reflected by a positive value 
of with progress in vaccination, b2 is likely to be negative. 
Thus, the difference of two slopes i.e. 1 2  b b− could be a new 
measure of vaccine efficiency. Measures based on ratios and 
proportions are simple to compute and interpret and facilitate 
meaningful comparisons. Association between the exposure 
and the outcome can be reflected by the simple measure called 
Relative risk (RR). Logarithm of RR log (RR) facilitates calculation 
of confidence interval since distribution of ( )log RR  is closed to 
normal distribution. VE computed from difference of slopes of 
two linear trend or RR facilitate statistical testing of equality of 
the vaccine efficiency for two different groups in terms of 0 :H  

1 2  b b= and ( )0 .1: log GrH RR  = ( ).2log GrRR . Model-free measures for 
evaluation and models considering administration of vaccine 
mechanism may be considered independently.

Further research may be undertaken on empirical investigation 
of various measures of VE and also in areas like heterogeneity of 
the symptoms associated with SARS-CoV-2 infection, sensitivity 
analysis of outcomes from models, threshold vaccine coverage 
to attain a desired level of effectiveness for each measure, etc. 
Strong international co-ordination and co-operation between 
governments, regulators, policymakers, and public health bodies 
will go a long way to ensure effective vaccination programme. 
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tY = 0 1tβ β+ +  [ ]2 3  t I t tD t T Dβ β+ − + ∈                     (8)

where 

Yt: Outcome at t-th time point

Dt: An indicator variable representing the post-interruption 
interval (i.e. ( )1 t ID t T= ≥  where TI represents the time of the 
interruption.

β0: Intercept in the pre-interruption period 

β1: Slope in the pre-interruption period

β2: Change in level

β3: Change in slope

£t: Error term represents deviations from the fitted model

The model assumes amongst others, linearity and additivity 
between outcome and independent variables; errors are 
statistically independent (no correlation between consecutive 
errors for time series data); normal distribution of errors with 
constant variance (homoscedasticity). However, statistical tests 
are available to test each of these assumptions. In case of violation 
of any of these assumptions, the forecasts, trends emerging 
from the regression model may be distorted. Before using the 
model, one needs to test for linearity, ( )2~ 0, t N σ∈ , detection of 
autocorrelation with appropriate lag. Goodness of fitting linear 
trend is reflected by value of R2 (indicates percentage of variance 
explained) or Adjusted R2 (an unbiased estimate of fraction of the 
explained variance). If all the above  assumptions are satisfied 
and obtained values of R2 and adjusted are significant, change 
in slope ( 3 )β can be taken as a measure of impact (efficiency) of 
the vaccination.

A simpler measure can be obtained by considering slopes of linear 
trend equations for the pre-vaccination period (b1) and the same 
for post-vaccination period (b2) It is likely that b1>0 indicating 
number of cases is increasing with time and b1<0 implying 
decreasing trend of number of cases with vaccination. Note that 
time-series data for pre-vaccination and post-vaccination periods 
can be taken as independent. Test statistic for testing equality 
of slopes of linear trends obtained from two independent 

samples of size n1 and n2 i.e. H0: b1=b2 is given by 
1 2

1 2
2 2
b b

b bt
S S
−

=
+

which follows t-distribution with (n1+n2-4) degrees of freedom 
[35]. In case of non-acceptance of H0 and difference between  
and  will indicate vaccine efficiency. Thus, b1‐|b2| could be a 
new measure of vaccine efficiency which varies with progress in 
vaccine coverage.

Errors in parameterization of vaccine efficacy may underestimate 
the impact of mass vaccination in mathematical models to study 
vaccine efficacy [29]. Model-free measures for evaluation of 
objectives and models considering administration of vaccine 
mechanism may be considered independently [13].

Conclusions
Review of model-free measures and outcome measures 
of mathematical/statistical models towards assessment of 
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