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ARTICLE INFO ABSTRACT
ggngrds: Diarrhea remains one of the top five causes of disease and death among young children in developing
1arrnea

Indirect effects
Herd protection
Herd effects
Cost-effectiveness

nations. Fortunately, scientists are making progress developing vaccines against enterotoxigenic E. coli
(ETEC) and Shigella, two of the leading diarrhea pathogens. As vaccine developers start to consider field
efficacy trials of these vaccines, they should be aware of the importance of evaluating not only vaccine
direct effects on the immunized, but also the herd effects that vaccination can afford to the unimmunized

in a community. In a workshop held at the conference titled “Vaccines against Shigella and ETEC (VASE)",
we described to participants what herd effects are and we presented on methods used in cholera and
rotavirus studies that could be useful for future ETEC and Shigella vaccine trials conducted in low and
middle-income nations. We also presented evidence on the effects of vaccine herd effects for estimates

of vaccine cost-effectiveness.

© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Scientists are developing vaccines against ETEC and Shigella,
which are key diarrheal enteropathogens [1,2]. As vaccine develop-
ers advance to field efficacy trials of these vaccines, they should
consider study designs that provide the broadest understanding
of the protection afforded by their vaccine. As vaccination with
ETEC and Shigella vaccines should reduce the intensity of direct
and/or indirect person-to-person transmission (i.e., fecal-oral) of
these pathogens within a community, to have the broadest under-
standing of vaccine protection, the trial design for an ETEC or Shi-
gella vaccine should provide evidence of vaccine effects afforded to
the immunized and to the unimmunized as well. This workshop
addressed study design for measuring herd effects, experience
with measuring herd effects in cholera and rotavirus vaccine stud-
ies, and evidence of vaccine herd effects on vaccine cost-
effectiveness.

Dr. Wierzba, Senior Scientist, Enteric Vaccines Initiative, PATH
opened the workshop by defining herd effects. Herd effects occur
when a high proportion of community residents become immune
to a pathogen through vaccination thereby decreasing the opportu-
nity for that pathogen to widely circulate and infect the unimmu-
nized. The vaccine therefore affords protection to the immunized
and unimmunized as well. He then introduced the topics and
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speakers as below. Speakers were chosen because of their practical
experience in designing and conducting studies of herd effects in
trials, observational, and economic studies.

2. Measuring herd effects in clinical studies: a GIS approach

Dr. Mohammad Ali, Senior Scientist, Global Disease Epidemiol-
ogy and Control, Department of International Health, Johns Hop-
kins Bloomberg School of Public Health, Baltimore, Maryland,
USA, has published widely on measuring indirect effects. He is also
the developer of the GIS approach to vaccine evaluations. His talk
was titled “Measuring Herd Effects in Clinical Studies: GIS
Approach.”

Dr. Ali noted that herd effects are a reduction of infection or dis-
ease in the unimmunized segment as a result of immunizing a pro-
portion of the population. Herd effects are demonstrated by the
protective impact of a vaccine in a population that exceeds the
impact expected on the basis of known protective efficacy of the
vaccine and level of vaccine coverage [3]. There are four measures
of vaccine protective effectiveness [4]. Direct protection is protec-
tion of vaccinated individuals from vaccine-induced immunity.
Indirect protection is protection of non-vaccinated individuals liv-
ing in a vaccinated community. Total protection combines the
direct and indirect effects on individual receiving the vaccine.
Finally, overall protection is the weighted average of indirect
protection of non-vaccinated individuals and total protection of
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vaccinated individuals. Dr. Ali has, as noted, used Geographic Infor-
mation System (GIS), which is a method designed to work with
spatially related data. It describes data as to their position with
respect to a known coordinate, their attributes (e.g., demographics
and epidemiology data), and spatial interrelations.

Dr. Ali first explored the herd effects in an individually random-
ized trial exploring the efficacy of an oral whole-cell cholera vaccine.
The trial was conducted in 1985 in Matlab, Bangladesh and included
children 2-15 years old and women older than 15 years old [5].
Approximately 50,000 residents received vaccine and 25,000
received placebo. Vaccine efficacy was 58% at one year against cho-
lera. GIS data showing the location of each home and vaccine cover-
age around the home was calculated [6]. In evaluating the herd
protection using the GIS approach, the hypothesis is if there is herd
protection, then there should be an inverse relationship between
risk of cholera in non-vaccinees as well as in vaccinees and the level
of vaccine coverage. In the study, the results of the analysis showed a
statistically significant, inverse relationship between vaccine cover-
age and incidence of cholera among both non-vaccinees and vacci-
nees suggesting indirect effects of the vaccine. These relationships
persisted even after controlling for confounding variables such as
age and distance to treatment center.

A cluster randomized trial was also explored for assessing herd
protection using the GIS approach. Cluster randomized trials
assume that the disease transmission occurs within cluster with
little transmission from outside clusters and limited migration of
individuals between clusters. The study of vaccine efficacy of an
oral cholera vaccine was conducted in Kolkata City, India [7]. The
population under study was ~100,000, and clusters (n=3933)
were residential housing units. The analysis after controlling for
the design effect and confounders demonstrated statistically sig-
nificant total protection (66%) and overall protection (49%), but
no indirect effects (0%). Using the GIS approach that explored vac-
cine coverage of 250 m around each household, a statistically sig-
nificant inverse relationship was observed between vaccine
coverage (0-34%) and risk of cholera (5.54-1.93 case/1000 popula-
tion). The absence of indirect protection in the cluster randomized
design was potentially due to the definition of the cluster whereby
minimal transmission across the clusters was not ensured. The GIS
approach, in this case, could overcome the distortions introduced
by intercluster transmission of cholera by considering vaccine cov-
erage in a relatively wide radius around each individual.

Herd effects can be measured in observational studies. A study
of oral cholera vaccine during an outbreak was conducted in Zanz-
ibar [8]. The outbreak occurred in early 2009 and continued
through mid 2010. Using the GIS approach, spatial patterns of cho-
lera vaccine coverage were calculated and the incidence of cholera
by the level of vaccine coverage around each individual was calcu-
lated. A statistically significant inverse relationship was detected
by level of vaccine coverage (0-100%) and cholera incidence
(2.93-0.73 cases/1000 persons) among unvaccinated individuals.

Case-control design can also be used to assess herd effects [9].
In this design, the vaccine coverage is calculated around each case
and control. Indirect, total, overall and enhanced protection can be
assessed by evaluating odds of having the case living in a low cov-
erage area versus living in high coverage area. The method was
applied using the data from an efficacy trial in Kolkata City, India,
described earlier. The results yielded significant indirect protection
(PE =76%, 95% Cl: 47-89%) and total protection (PE = 75%, 95% CI:
43-89%). A marginally significant overall protection was observed
(PE: 44%, 95% Cl: —7% to 70%, p = .08). However, no enhanced pro-
tection was observed in the case-control design.

Finally, in Dr. Ali’s continued development of methodologies for
studying indirect effects, he presented “The fried egg design” in a
cluster randomized trial. In this design the interventions are car-
ried out in the entire clusters, but the evaluation samples are taken

only form the central area (innermost) of the cluster (i.e., the yolk)
in order for controlling contamination from transmission due to
contact between clusters.

The speaker noted concern about design costs. The individual
randomized trials and observational studies are thought to be of
lower cost, while the cluster randomized and fried-egg design
are the costliest.

3. Herd effects of rotavirus vaccine in low-income countries

The next workshop speaker was Dr. Aisleen Bennett, MBBS,
PhD, Specialty Registrar in Pediatric Infectious Diseases, Great
Ormond Street Hospital, London, UK & Institute of Infection & Glo-
bal Health, University of Liverpool, Liverpool UK. Dr. Bennett spoke
on herd effects of rotavirus vaccine in low-income countries. Prior
to the widespread introduction of rotavirus vaccine rotavirus was
the commonest cause of severe diarrhoeal disease in children
under 5 years of age worldwide, responsible for over a third of
diarrhoeal deaths and 5% of all deaths in this age group. Rotavirus
vaccine trials have shown that efficacy is inversely correlated with
under-5 mortality such that protection is lowest in countries with
highest child mortality. In the context of low vaccine effectiveness
and high disease burden, vaccine herd effects may have an impor-
tant role in to play in improving vaccine impact and vaccine cost
effectiveness. The speaker noted that there is consistent evidence
of herd effects from high-income countries but the presence of
herd effects is less clear in some middle-income countries (e.g.,
Ghana and South Africa) and lower income countries. Still, there
was some evidence of herd effects recently reported from Rwanda,
a low-income country in sub-Saharan Africa.

In Malawi, a low-income country in Southern Africa, pre-
licensure clinical trial vaccine efficacy for the monovalent rotavirus
vaccine was reported as 49.4% [10]. Rotavirus vaccine was intro-
duced into the Malawi national schedule in 2012, and post imple-
mentation studies have since been conducted to assess real-world
vaccine effectiveness, and the impact of vaccine on rotavirus epi-
demiology, including evaluating for evidence of rotavirus vaccine
herd effects. When the prevalence of rotavirus cases in the unim-
munized was evaluated some evidence of reduction in rotavirus
episodes in unvaccinated infants <12 months olds was identified,
but not in children 12-59 months of age [11]. In hospitalized
infants with rotavirus disease the observed effect of the vaccine
was 9% greater than expected according to vaccine coverage and
efficacy estimates, with the observed additional effect being attrib-
uted to herd effects (10). Due to ongoing high vaccine uptake, it is
increasingly challenging to evaluate rotavirus vaccine herd effects
using standard epidemiological techniques. Mathematical models
fit to 12 years of Malawi data are therefore being used in ongoing
work to evaluate for evidence of herd effects.

Dr. Bennett concluded that there was some evidence of herd
effects in infants and following routine rotavirus vaccine introduc-
tion in Malawi, but ongoing evaluations of herd effects using con-
ventional epidemiological techniques will be challenging in view of
on-going high vaccine coverage. Post implementation evaluations
of rotavirus vaccine herd effects in low-income countries are chal-
lenging. Going forward consideration should be given to evaluation
of vaccine herd effects in low-income countries as part of prelicen-
sure studies.

4. Impact of herd protection on cost-effectiveness of enteric and
other vaccines

Ann Levin, MPH, PhD, Health Economist, Levin & Morgan, LLC,
Bethesda, Maryland. USA spoke on herd protection and its impact
on cost-effectiveness of enteric vaccines. An ACER is the average
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cost-effectiveness ratio of the cost to benefit of intervention with-
out reference to a comparator. An ICER is incremental cost associ-
ated with one additional unit of the measure of effect. If herd
effects increase vaccine effectiveness, then there is an increase in
an ACER or ICER. If herd effects have no impact or reduce vaccine
effectiveness, then there is no change or there is a decrease in ACER
and in ICER.

Two models can be employed to explore herd effects. The static
model assumes constant rates of infection and only accounts for
direct vaccine effects. Dynamic models consider direct and herd
effects of vaccination by modeling mixing patterns between vacci-
nated and unvaccinated individuals. Dynamic models often result
in more favorable ICERs. For example, a 20% increase in impact
for herd effects was suggested for Haemophilus influenza Type B
(Hib) vaccination in India [12] and 5% to 35% for pertussis vaccina-
tion in the United States [13]. Rotavirus has also shown herd
effects including 15% increase in protection [14] and 45% reduction
in unvaccinated individuals at 80% coverage [15].

Some studies have explored the impact of herd effects on cost-
effectiveness. A study of rotavirus vaccination in England and
Wales found the vaccine not to be cost-effective with using a static
model, but cost effective when using a dynamic model. In that
study, cost per QALY (Quality-adjusted Life Year) averted ranged
from US$27,000 with herd effects to US$35,000 given a cost of
$60 per vaccination and assuming immunity begins to decline as
soon as the vaccine is given (i.e., immediate waning). Due to herd
effects, the threshold price of cost-effectiveness was reduced by 4-
13% [15]. A study of GAVI-eligible countries assumed unvaccinated
children would have half the protection as rotavirus vaccinated
children times the proportion of children vaccinated [14]. In this
model, the cost-effectiveness ratio was $50 with herd effects and
$63 without herd effects in the WHO region of the Americas. This
is a 25% increase in cost-effectiveness due to herd effects.

Using data from four countries (i.e., Bangladesh, India, Indone-
sia, and Mozambique), the cost-effectiveness of an oral cholera
vaccine with and without herd effects was measured [16]. Herd
protection ranged from 0% to 33% assuming vaccine effectiveness
of 60% in the first two years and 50% in the third year after intro-
duction. The cost per DALY (Disability-adjusted Life Year) averted
was one-third with herd effects compared to cost per DALY with-
out herd effects. In Bangladesh, the cost effectiveness was US
$1886 and US$497 without and with herd effects, respectively.

Researchers conducted a cost-effectiveness analysis of an oral
cholera vaccine administered to high risk groups in Dhaka, Bangla-
desh [17,18]. The cost of a campaign in residents aged one years
and above using single dose vials was $15.3 million, treatment sav-
ings was $1.5 million for a net cost of $12.7 million. The cost-
effectiveness was improved when herd effects were considered.

In conclusion, Dr. Levin found that when herd effects are positive
and included in a model, cost-effectiveness can increase by 20-50%.
Thus, it is important to present cost-effectiveness models with herd
effects to not underestimate vaccine benefits. However, it should be
noted that incremental cost effectiveness ratios may be less favor-
able when herd effects induce a shift upward in age of first infection
(e.g., increased rubella infections in first trimester of pregnancy) or
lead to serotype replacement as with pneumococcal vaccines [19].

5. Final thoughts and discussion

While post-licensure studies have been employed to explore
indirect effects, it was generally agreed that pre-licensure field effi-
cacy trials rather than post-licensure observational studies are the
best approach to measuring indirect effects. The absence of knowl-
edge on the protection afforded by vaccine indirect effects is inap-
propriate. Cluster-randomized trials offer a trial design to measure

indirect effects as well as total and overall protection, but can be
costly. The use of GIS methods presented here can also be
employed, and are less expensive relative to cluster-randomized
trials. As presented during the workshop, when indirect effects
are present, the cost-effectiveness of vaccines is increased, that
is, it improves ICERs and ACERs and make vaccines more attractive
to donors and policy makers.
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