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Abstract
To fully understand the assessments of vaccine efficacy and safety, the crucial information needed for regulatory approval, one must understand the principles of vaccine epidemiology. In this review article, we go through some of the key concepts in vaccine epidemiology. Keywords ; ; ; ;
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Introduction

O ne of the crucial chapters in the history of science is the advancement of vaccine research and their impact on human longevity and health. 1 History of modern vaccination officially began with the discovery of smallpox immunization by Edward Jenner in the late 18th century.2 Since then, substantial progress has been achieved in the prevention of infectious diseases with inactivated vaccines, and a number of major disease agents have been controlled (most notably, smallpox, poliomyelitis, rabies, diphtheria, tetanus, per-tussis, measles, mumps, and rubella). 3 Progress in vaccine research has resulted in a significant decrease in infec tion-associated morbidity and mortality, and as knowledge of microbiology and immunology began to grow through the 20th century, the science of vaccinology continued to rapidly evolve, putting more emphasis on the importance of developing safe and effec tive strategies for infectious disease prevention in the 21st century.4 One important discussion in the public health community is regarding how to optimally assess and measure the full public health value of preventive vaccines and incorporate that knowl edge into the evidence-based decision-making process of vaccine licensure and recommendations for public health use. 5 Thus, before each new vaccine is considered for licensure, the crucial question that needs to be addressed satisfactorily is “How well does the candidate vaccine prevent the disease? ” This question, seemingly basic, often becomes quite complex to answer for health practitioners. One key step to remedy that is to enhance knowledge and under standing of vaccine epidemiology among health practitioners, as well as policy makers, public health experts, etc. It has also been argued that such knowledge will benefit the society through informed decision-making and improved vaccination coverage. 6 Epidemiology is the study (scientific, systematic, data-driven) of the distribution and determinants (causes, risk fac tors) of health-related outcomes in specified populations, and the main application of this discipline is to advance best practices in public health. While vaccinology delves into understanding how vaccines work, epidemiology helps to ascertain the public health impact of a particular vaccine, and whether it is needed in the targeted population. Hence it is essential for understanding the implications of a vaccination program on the community and individuals. ‘Vaccine epidemiology’ thus builds a bridge between public health, basic medical sciences, and clinical medicine, and is aimed at maximizing the benefit of existing knowledge in these areas.6 This review article outlines the key concepts in vaccine epidemiology, such as risk reduction, odds ratio, vaccine efficacy and effectiveness, basic reproductive numbers, herd immunity, etc, that are key to understanding the impact of vaccines for public health researchers.
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Although the terms ‘efficacy’ and ‘effectiveness’ are used inter changeably in everyday language, in the context of vaccine studies the terms have distinctly different meanings. 7 ‘Efficacy’ is defined as the percentage by which the rate of the target disease is reduced among those who are vaccinated compared to those who are unvaccinated under ideal and controlled circumstances.8 Hence, efficacy is typically measured in the context of a placebo-controlled randomized clinical trial as the ‘per protocol’ efficacy (that is, only in individuals who followed the recommended schedule), as the intention is to establish the biologic performance capacity of the product under optimal conditions.7 On the other hand, ‘effectiveness’ measures the percent reduction in the rate of disease as efficacy, but in the context of a routine, real-world use of the vaccine. It generally differs in magnitude from the efficacy seen in controlled settings, as in routine use program implementation is more variable than in clinical trial settings. Thus, vaccine effectiveness is defined as the reduction in the incidence of the disease for those receiving the vaccine intervention in real world settings and can be further categorized into direct, indirect, total and overall effectiveness. Vaccination can reduce transmission in a community beyond the direct protective effect in vaccinated individuals. Indirect effects of a vaccine are the effects in individuals who were not vaccinated, or at least those who were not vaccinated as part of the strategy of interest, due to an increase in the population level of immune protection, also known as herd immunity.9,10 Herd immunity describes the collective immunological status of a population of hosts, as opposed to an individual host, with respect to a given pathogen. The total effects are the combined population-level ef fects of the vaccination strategy and the direct protective effects of vaccination in those individuals who received the vaccine. The overall effect of a vaccination strategy is the average effect in the population in those who did and did not receive the vaccine compared to if the population had not had the vaccination strategy.11,12 Thus, the overall effectiveness considers benefits accrued by both vaccinated and unvaccinated individuals, and it is the measure most commonly used to evaluate the impact of a mass vaccination program at the population level.13 Establishing that there is a significant indirect effect can have important vaccine policy implications, 11 and hence, the indirect causal effects of vaccination in popula tions have been studied extensively in the literature (Figure 1).14,15,16 Measures of Vaccine Epidemiology Vaccine epidemiology is defined as the study of the effects and interactions of vaccines on the epidemiology of vaccine preventable diseases. Understanding the pattern of diseases and their interactions with vaccines by different demographic and socio-economic factors, including geographical, income status, urban/rural, gender variations, etc, is crucial for advancing the ultimate public health goal of disease moderation and eradication, and the key to this knowledge is based on the principles of epidemiology. In this section, we will review some important concepts in vaccine epidemiology (Figure 2). Absolute Risk Reduction (ARR) : The absolute difference in risk between the unvaccinated and vaccinated.

c a ARR= - = |Iu-Iv | (c+d) (a+b) c a where Iu= and Iv= are the incidence rates of (c+d) (a+b) the disease among the vaccinated and the unvaccinated respectively. The incidence difference Iu-Iv is also known as vaccine preventable disease incidence or vaccine-preventable disease incidence (VPDI). Number Needed to Treat (NNT): The number of patients needed to vaccinate to prevent one additional disease outcome:

Nnt=1/Arr

Risk Ratio (RR): The ratio of risk between the vaccinated and the unvaccinated.

Figure 1. Different Measures of Vaccine Effectiveness and the Respective Study Designs for Evaluation of Each Measure Based on Comparison Populations. Population A and B are Separated in Every Way to Ensure that there is no Interaction Between them with Respect to Transmission Dynamics. In Population A, Some Individuals are Vaccinated, while Others are not. In population B, Nobody is Vaccinated17 Figure 2. A Hypothetical 2X2 Contingency Table where ‘a’ and ‘b’ Represent the Number of Vaccinated Individuals with and without the Disease Respectively, and Similarly ‘c’ and ‘d’

Represent the Number of Unvaccinated Individuals with and without the Disease Respectively

Iv (a/(a+b)) RR= = Iu (c/(c+d)) Odds Ratio (OR): The ratio of odds of the disease in the vaccinated and that of the disease in the unvaccinated.

(a/c) ad OR= = (b/d) bc Relative Risk Reduction (RRR) or Vaccine Efficacy (VE): It is also called ‘prevented fraction among the vaccinated’ as it measures the proportion of the disease incidence among vaccinated persons which was prevented by vaccination, or equivalently ‘preventable fraction among the unvaccinated’, as it measures the proportion of the disease incidence among unvaccinated persons which is theo retically preventable by vaccination.

Iv RRR=VE=1-RR=1- Iu Vaccine efficacy (VE) has been alternatively called rate fraction, etiologic fraction, and an attributable fraction. The expression describes the fraction of cases prevented by the vaccine. VPDI, in contrast to VE, is not a fraction, but an incidence. Mathematically VPDI is equal to I u×VE. This latter formulation em phasizes that VPDI encompasses both VE and the background incidence of the disease syndrome in question.18 Vaccine efficacy can sometimes fail to capture the complete public health impact of vaccines and can be relatively low when preventable disease burden is high. In this regard, measures beyond efficacy (like VPDI) may be more appropriate and could have a role for both vaccine licen sure and policy recommendations.5 Community Effectiveness (CE): Incidence rates among vaccinated or unvaccinated compared to the total population. It is also called the prevented fraction in population, that is, proportion of new disease cases in the total population that have theoretically been prevented by vaccination.

Ip CE=1- Iu where Ip is the incidence rate of the disease in the population. This measure is related to VE as CE=VE × PPV where PPV is the proportion of the population vaccinated or coverage.

Basic reproductive number (R 0): Measures the average number of secondary cases generated by one primary case in a susceptible population. 19,20 The magnitude of R0 can be ascertained by cross-sectional and longitudinal serological surveys. In general, for an epidemic to occur in a susceptible population R 0 must be >1, so the number of cases is increasing. On the other hand, if R0<1, the disease dies out as we have a shrinking pool of infected individuals.6

Effective reproductive rate (R e): The effective reproductive rate Re estimates the average number of secondary cases per infectious case in a population made up of both susceptible and non-susceptible hosts.

Re=R0x where x is the fraction of the host population that is susceptible. Herd immunity Threshold (HIT): Herd immunity occurs when a significant proportion of the population (or the herd) have been vaccinated, and this provides protection for unprotected individuals. The herd immunity threshold is the proportion of a population that needs to be immune in order for an infectious disease to become stable in that community. If this is reached, for example due to immunization, then each case leads to a single new case (that is, Re=1) and the infection will become stable within the popula tion.21,22 HIT=1- R0

Conclusion

At the post-licensure level, we have entered an era of vaccine evaluation where all aspects of the public health value of vaccines beyond efficacy should be assessed. 5,8 Evidence of the protection afforded by new vaccines in the context of real-world immunization programs is important for accelerating and sustaining their uptake globally.7,23,24 Furthermore, analytic plan reporting for pre-licensure phase III pivotal trials should also include incidence rate reductions (VPDI) and number needed to treat (NNT) besides just VE.

The understanding of vaccine epidemiology has the potential to save additional lives from vaccine preventable diseases and improve health outcomes. Vaccine epidemiology should be part of key modules in the teaching of undergraduate and postgraduate medical students. Public-health program managers and policymakers should be trained in vaccine epidemiology through continued medical education and on-the-job training programs.6
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