
Workshop on Herd Effects on Vaccine 
Effectiveness



Herd Protective Effects of Vaccines

• Are demonstrated by a protective impact of a 
vaccine in a population that exceeds an 
impact expected on the basis of: 

1. The proportion of the population 
vaccinated

2. The protective efficacy of the vaccine



Herd Protective Effects of Vaccines
• Can result from:

1. Transmission of a live vaccine from vaccinee to 
neighboring non-vaccinee (“herd immunity”)

2. Reduction of transmission of the target pathogen 
in a population in which a proportion become 
immune due to vaccination (“herd protection”).

-- Can occur with either live or inactivated 
vaccines

-- Applies only to pathogens transmitted from       
person to person.



Herd Protective Effects of Vaccines

• Can result in: 

1. Protection of non-vaccinees

2. Enhanced protection of vaccinees

• Can dramatically improve the benefits that 
can be obtained from vaccination, including 
improved cost-effectiveness



Transmissability of Pathogens from Person 
to Person

• The transmissability of an infectious agent can be 
quantified by “basic reproduction number (R0)”

-- Average number of transmissions expected from 
a single primary case introduced into a fully 
susceptible population 

-- Not invariant--depends on:
*  Biological properties of the infectious agent

and host
*  Rate and pattern of contacts 
*  Characteristics of the site



Limitation of R 0

• R0 is an idealized concept 

-- One major deviation of reality from the ideal is 
population immunity

-- If some contacts of infectious individuals are 
immune, the contacts will fail to lead to transmission

-- Effective reproduction number (Rn) is actual 
number of transmissions under realistic conditions



Implications of Rn vs. R0

• Rn = R0  X S (proportion susceptible) 

-- If S = 1/ R0 , Rn = 1, and the incidence of 
the disease should be stable

-- If S < 1/ R0 , Rn < 1, and the incidence of 
the disease should die out over time

-- H (Herd immunity threshold)= 1 - 1/ R0



Approximate Basic Reproduction Numbers (in Develope d
Countries) and Implied Crude Herd Immunity Threshol ds 

(H, Calculated as 1-1/R0) for Common Vaccine-Preventable Diseases
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Limitations of the Argument

• This argument is a simplification:

-- Heterogeneous mixing patterns

-- All infectious individuals are not equally

infectious

-- All susceptibles are not equally susceptible 

-- All immunes are not completely or equally

protected

• But it usefully illustrates the concept



Important Points About Herd Protection

• Herd protection short of extinction of the 
infection can occur when the level of 
population immunity is below the herd 
immunity threshold



Important Points About Herd Protection

• Reduction of transmission via vaccine herd 
protection can have perverse effects: 

*   Raise average age at infection

*   Set the stage for serotype replacement



Case Studies: Hib Conjugate Vaccine in the 
Gambia

• Routine introduction into EPI in 1997

• Dramatic effect on Hib meningitis and 
carriage

• Direct vaccine impact only ca. 40% of total 
population impact



Case Studies: 7-valent Pneumococcal 
Conjugate Vaccine

• Use of Prevnar has consistently resulted in a 
reduction of invasive disease due to vaccine 
serotypes among vaccinees, with convincing 
evidence of herd protection



Rate* of Vaccine-Type (VT) Invasive Pneumococcal Di sease (IPD) 
before and after Introduction of Pneumococcal Conju gate Vaccine 

(PCV7), by Age Group and Year – Active Bacterial Cor e 
Surveillance, United States, 1998-2003

* Per 100,000 population.

† For each age group, the decrease  in VT IPD rate for 2003 compared with the 1998-1999

baseline is statistically significant (p<0.05).



Case Studies:  7-valent Pneumococcal 
Conjugate Vaccine

• Serotype replacement, both in nasopharyngeal 
colonization and invasive disease, has been a  
commonly observed phenomenon

• Clear net benefit against all invasive pneumococcal 
disease has been demonstrated in the US and 
Australia, but counter-examples now also exist 
(e.g., indiginous populations in Alaska, and perhaps 
the UK)

• The determinants of why vaccine use results in 
significant serotype replacement in some places but 
not others remain elusive



Case Studies: 7-valent Pneumococcal 
Conjugate Vaccine

• Serotype replacement, both in nasopharyngeal 
colonization and invasive disease, has become an 
increasingly commonly observed phenomenon

• Clear net benefit of 7-valent pneumococcal disease 
has been demonstrated in the US and Australia, but 
counter-examples now also exist (e.g., indiginous
populations in Alaska, and perhaps the UK)

• The determinants of how vaccine use results in 
significant serotype replacement in some places but 
not others remain elusive



Case Studies: Rubella Vaccines

• Rubella vaccines clearly generate herd 
effects, including reduced circulation of the 
rubella virus, and rubella is a disease that 
can be eradicated.

• The R0 for rubella has ranged from 3.4-7.8 in 
different European countries, implying the 
need for protective immunity in 71% to 87% 
of the population to interrupt transmission, a 
situation that now exists in the U.S.



Case Studies: Rubella Vaccines

• Herd effects short of interruption of circulation can elevate 
the age at infection sufficiently to place women of 
childbearing age at risk of giving birth to offspring with 
congenital rubella syndrome (CRS)., as illustrated by the 
experience in Greece, where insufficient levels of MMR 
vaccine coverage were achieved.

• In general the most effective strategy to reduce the risk of 
CRS in a population is to target both infants/young children 
and adolescent girls. If infants/young children are to be 
targeted exclusively, high (eg 80%-90%) coverage of both 
boys and girls is needed to avoid placing women of 
childbearing age at risk for CR



Models
• Dynamic models, which measure “dependent happenings”, 

are needed  to capture both direct and herd effects of 
vaccination. 

• In such models the risk of infection at any time can change 
and is a function of the number of infectious individuals in 
the population at that time

• Such models have been useful in predicting the population 
impact of different vaccination strategies. 

• Recent models of 7-valent pneumococcal conjugate vaccine 
use in the UK accurately predicted the direct + herd effects 
of this vaccine on vaccine-type IPD. However, they failed to 
predict the observed level of serotype replacement in the 
UK, suggesting the need for improved understanding of 
serotype replacement to refine future models.



Models (cont.)
• Models are also useful to incorporate both direct 

and herd effects into economic analyses of 
vaccines.

• A recent analysis of the cost-effectiveness of killed 
oral cholera vaccines found that incorporation of the 
herd protective effects of these vaccines has a 
major impact not only on the cost-effectiveness of 
any given targeting strategy, but also on the 
selection of an optimal strategy.

• However, because the relation between vaccine 
coverage and herd protective effects may be non-
linear, these models may yield different values for 
either “cost-effectiveness” or “cost-benefit”
depending on the level of vaccine coverage.



Are There Options for Evaluating Vaccine 
Herd Protection Even Before a Vaccine is 

Licensed?



Options for Assessing Herd Protection in 
Randomized Trials

• Cluster-randomized trials



Elements of Cluster-Randomized Trials

• Unit of randomization = cluster of people 

• Eligible, consenting individuals within cluster 
receive agent (vaccine or control agent) 
assigned to the cluster

• Randomization of clusters is typically done 
before enrollment of individuals in the 
clusters

• Longitudinal follow-up for target outcomes 
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Figure 1  A schematic of the sequence of events in a two-group, randomized controlled trial.
In this sequence, the study population is assembled from a target population and is then 
Randomized to constitute the experimental vaccine and comparison groups, which are then
Followed longitudinally and concurrently for ascertainment of the occurrence of target infections.
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Phase IV Cluster-Randomized Trial of Vi  
Polysaccharide (PS) against Typhoid Fever

• Eligibility : Age > 2years
• Vaccine under study : Vi PS
• Control vaccine : Hepatitis A
• Units of randomization: 80 clusters (40 per arm)
• Participants : 37,073 (total population : 62,756)
• Target outcome : Blood culture-proven

typhoid fever detected during 2 years of follow-up
• Primary goal: Measurement of total Vi vaccine 

protection against typhoid when Vi is given 
programmatically





Analysis of Total  Protection against 
Typhoid Fever by Vi Polysaccharide

-
65%

(P<.0001;
95%CI:42%,79%)

Total Protection

2.70.9
Rate (per 1,000 
person-years)

9634Typhoid Episodes

Hep A vaccinees
(N=18,804)

Vi vaccinees
(N=18,869)



Analysis of Indirect Protection against 
Typhoid Fever by Vi Polysaccharide

-
45%

(P<.05; 
95%CI:1%,70%)

Indirect Protection

1.30.7
Rate (per 1,000 
person-years)

3116Typhoid Episodes

Non-vaccinees
Hep A clusters

(N=12,877)

Non-vaccinees
Vi clusters
(N=12,206)



Analysis of Overall Protection against 
Typhoid Fever by Vi Polysaccharide

60%                                
(P<.0001;                             

95%CI:39%,74%)

Overall Protection

2.10.8
Rate (per 1,000 
person-years)

12750
Typhoid

Episodes

All residents
Hep A clusters

(N=31,681)

All residents
Vi clusters
(N=31,075)



Options for Assessing Herd Protection in 
Randomized Trials

• Individually randomized trials



Use of Individually Randomized Trials to 
Analyze Herd Effects

• In any individually randomized trial there will be 
geographic differences in vaccine coverage of the 
target population due to chance variations in 
randomized assignments and to different rates of 
eligibility and participation

• If suitable geographic clusters can be identified and 
if there is sufficient variation in vaccine coverage 
between these clusters, vaccine herd effects can be 
assessed by evaluating the correlation of disease 
incidence with levels of vaccine coverage in these 
clusters



1985 Efficacy Trial of Orally-Administered, 
Killed Whole Cell-based Cholera Vaccines

• Compared agents: BS-WC vaccine; WC vaccine; E.coli K12 
placebo

• Site: Matlab,  Bangladesh (ICDDR,B)

• Eligibility: Children aged 2-15 yrs; Women older than 15

• Exclusions: Pregnancy; too ill to leave bed on day of vaccination

• Regimens: 3 doses, at 6-week intervals

• Allocation: Individually randomized

• Surveillance: Treatment-center based

• Enrollment:89,596; 62,285 received complete 3 dose regimens



1985 Field Trial of Killed Oral Cholera 
Vaccines: Analysis of Data for 

First Year of Surveillance

Group                            -
Feature   BS-WC WC K12

Cholera                           41                           52                         110
Episodes

Cholera                          1.9                           2.5                         5.2
Risk (per
1,000)

PE                                  63%                         53%
(P<.0001;                 (P<.0001;

95%CI; 46%,74%)   (95%CI:33%,66%)



Research Questions

• Was the risk of cholera among non-vaccinated 
neighbors of vaccinees inversely related to the level of 
vaccine coverage? This would indicate indirect 
protection of non-vaccinees.

• Was the risk of cholera among vaccinees inversely 
related to the level of vaccine coverage? This would 
indicate direct plus indirect (“total”) protection of 
vaccinees



Levels of Vaccine Coverage, Matlab, 1985 



Cholera Risk by the Level of Cholera Vaccine 
Coverage, Matlab, Bangladesh 1985-1986
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Summary

• Consideration of vaccine herd effects is crucial to rational 
program planning and evaluation

• Such effects can be beneficial or perverse

• Dynamic models are needed to capture both direct and herd 
effects

• Such models can be used to design vaccine strategies and 
to evaluate the economic consequences of vaccinating

• Traditionally, vaccine herd effects have been assessed via 
analyses of the secular trends of disease patterns after a 
vaccine has been licensed and deployed

• Newer experimental designs offer the possibility to evaluate 
the potential of vaccines to induce herd effects even before 
licensure







Considerations for Measuring  Herd 
Protection in Cluster-Randomized Trials

• If the target infection is transmitted from person 
to person, clusters must correspond to unit of 
transmission (negligible between-cluster 
transmission)

• The population in each cluster must be stable 
over time

• Sample size calculations must take account of 
non-independence of outcome events within 
clusters
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