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Abstract Rotaviruses are the most common cause of severe gastroenteritis in children. By 5 years of age virtually

every child worldwide will have experienced at least one rotavirus infection. This leads to an enormous

disease burden, where every minute a child dies because of rotavirus infection and another four are
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hospitalized, at an annual societal cost in 2007 of $US2 billion. Most of the annual 527 000 deaths are

in malnourished infants living in rural regions of low and middle income countries. In contrast, most

measurable costs arise from medical expenses and lost parental wages in high income countries.

Vaccines are the only public health prevention strategy likely to control rotavirus disease. They were

developed tomimic the immunity following natural rotavirus infection that confers protection against severe

gastroenteritis and consequently reduces the risk of primary healthcare utilization, hospitalization and

death. The two currently licensed vaccines – one a single human strain rotavirus vaccine, the other amultiple

strain human-bovine pentavalent reassortant rotavirus vaccine – are administered to infants in a two- or

three-dose course, respectively, with the first dose given at 6–14 weeks of age. In various settings they are

safe, immunogenic and efficacious against many different rotavirus genotypes. In high and middle income

countries, rotavirus vaccines confer 85–100% protection against severe disease, while in low income regions

of Africa and Asia, protection is less, at 46–77%. Despite this reduced efficacy in low income countries, the

high burden of diarrheal disease in these regionsmeans that proportionately more severe cases are prevented

by vaccination than elsewhere. Post-licensure effectiveness studies show that rotavirus vaccines not only

reduce rotavirus activity in infancy but they also decrease rates of rotavirus diarrhea in older and un-

immunized children. A successful rotavirus vaccination program will rely upon sustained vaccine efficacy

against diverse and evolving rotavirus strains and efficient vaccine delivery systems. The potential in-

troduction of rotavirus vaccines into theworld’s poorest countries with the greatest rates of rotavirus-related

mortality is expected to be very cost effective, while rotavirus vaccines should also be cost effective by

international standards when incorporated into developed countries immunization schedules. Nonetheless,

cost effectiveness in each country still depends largely on the local rotavirus mortality rate and the price of

the vaccine in relation to the per capita gross domestic product.

1. Introduction

Rotaviruses are the most common cause of severe gastro-

enteritis in infants and young children worldwide, resulting

each year in more than half a million deaths globally in this age

group from severe dehydration, and electrolyte and acid-base

disturbance.[1] By 5 years of age almost all children will have

experienced one or more rotavirus infections irrespective of

where they live or their socioeconomic status.[2,3] This means

that improvements in housing, water supply, sanitation, per-

sonal hygiene, food quality, nutrition, and maternal education

are unlikely to reduce the overall incidence of rotavirus infec-

tions. Consequently, vaccines are seen as the only effective

public health intervention capable of controlling rotavirus

disease.

This review provides an update on the global health and

economic burden of rotavirus disease. It summarizes the relevant

principles of rotavirus vaccine development and presents efficacy

and effectiveness data from both developed and developing

countries for the two currently licensed vaccines. We searched

MEDLINE, PubMed and the Cochrane Collaboration using

‘rotavirus’ and ‘rotavirus vaccines’ as both medical subject

headings and keywords, concentrating mainly upon articles

published since 2005. The search was supplemented by our per-

sonal files, conference attendance, and web-based searches for

international conferences where rotavirus papers were presented.

2. Disease Burden

2.1 Global

Acute gastroenteritis is second only to pneumonia as the

leading global cause of childhood mortality and morbidity,

accounting for 15% of all deaths in children <5 years of age.[4]

Annually, rotavirus infections alone cause an estimated

111 million episodes of gastroenteritis for which healthcare is

not sought, and are responsible for 25 million clinic visits,

more than 2 million hospital admissions, and 527 000 deaths

in children <5 years of age.[2,5] Overall, 29% of all childhood

deaths from diarrhea are due to rotaviruses in this age group.[5]

However, these mortality figures, which are based upon a

systematic review of the published literaturemay underestimate

the actual burden of disease, as results from global surveillance

networks that use standardized testing protocols suggest as

many as 39% of diarrhea-related deaths are associated with

rotaviruses.[1,6]

2.2 Low and Middle Income Countries

Approximately 99% of rotavirus deaths occur in low and

middle income countries (figure 1),[7] and more than half of

these are from just six countries: India, Nigeria, Congo,

236 Grimwood et al.

ª 2010 Adis Data Information BV. All rights reserved. Pediatr Drugs 2010; 12 (4)



Ethiopia, China, and Pakistan.[5] Most deaths occur in mal-

nourished infants living in socioeconomically disadvantaged

rural regions in the low income countries of Africa and

Asia, where access to healthcare is poor and where by 5 years of

age more than one in 240 children will die from a rotavirus

infection.[2,5,8]

In India alone, rotaviruses cause more than 120 000 deaths

annually, 450 000 hospitalizations, 5 million clinic attendances,

and 25 million diarrheal episodes in children <5 years of

age.[1,9,10] The Asian Rotavirus Surveillance Network, which

encompasses low, middle and high income countries, estimates

that 45% of diarrhea-related hospital admissions within its re-

gion are due to rotaviruses.[11] The disease burden is similarly

high in sub-Saharan Africa, where an estimated 300 000 chil-

dren aged <5 years die each year from rotavirus gastroenteri-

tis.[12] As noted elsewhere,[2] the proportion of gastroenteritis

cases due to rotaviruses in young African children increases

with disease severity, ranging from 4% in community-based

studies, to 23% in those attending outpatient clinics, and to 34%
in those requiring admission to hospital.

In contrast to the low income countries of Africa and Asia,

the emerging middle income nations of Latin America have

lower rotavirusmortality rates. Nevertheless, each year in Latin

America, rotaviruses cause 15 000 deaths, and result in 75 000

hospitalizations, 2 million outpatient clinic visits, and an esti-

mated 10 million episodes of gastroenteritis.[13] Recent rota-

virus sentinel surveillance results fromLatinAmerica show that

rotaviruses were detected in 42% of children admitted to

hospital with severe diarrhea.[14]

2.3 High Income Countries

While deaths from rotavirus are rare in the high income

countries of North America, Europe, East Asia, and Aus-

tralasia, the incidence of disease in young children is similar to

that of low and middle income countries, imposing a con-

siderable burden upon their health systems and economies. In

the pre-rotavirus vaccine era, rotavirus gastroenteritis resulted

in 220 000 annual hospital admissions, 1.8 million healthcare

visits, and 7.1 million episodes of diarrhea among children

living in high income countries.[1,2,15] By 5 years of age, ap-

proximately one in 50 children from these wealthy countries

will have been hospitalized following a rotavirus infection.

Prior to the introduction of rotavirus vaccines into the US, it

was estimated that rotavirus led to more than 2.7 million cases

of gastroenteritis, 780 000 clinic visits, 164 000 emergency de-

partment attendances, as many as 117 000 hospitalizations,

and almost 40 deaths each year.[16-19] Meanwhile, in the EU,

rotaviruses are responsible every year for 230 deaths, nearly

90 000 hospital admissions, 700 000 outpatient consultations,

and 2.8 million diarrheal illnesses.[20] The annual society-related

costs from rotavirus infection and its management were almost

≤9 deaths per 100 000
10−49 deaths per 100 000
50−99 deaths per 100 000
100−299 deaths per 100 000
300−500 deaths per 100 000

Fig. 1. Rotavirus mortality rates (reproduced from Danchin and Bines,[7] with permission. Copyright ª 2009 Massachusetts Medical Society. All rights

reserved).
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$US900 million in the US in 2004 and h550 million in the

EU in 2002.[18,21] In comparison, total societal costs of just

$US423 million in 2007 were reported for all lower and middle

income countries.[22]

For every child admitted to hospital because of rotavirus

gastroenteritis in a high income country, approximately ten will

be seen in primary care and between 30 and 40 will be managed

at home without seeking medical advice.[23-25] While 20–30%
of children <5 years of age presenting to their family practi-

tioner with acute diarrhea will have rotavirus in their stools,

this proportion increases to 40–60% for those more severely

ill and managed in an emergency department or hospital

setting.[23,26-30]

2.4 Healthcare-Associated Infections

Rotaviruses are an important cause of healthcare-associated

infections in infants and young children. They are responsible

for 31–87% of all healthcare-associated episodes of gastroen-

teritis, about one-third of which are judged as being severe, and

these episodes account for 7.5–32% of all children with rota-

virus diarrhea in hospital.[29,31-33] The incidence of healthcare-

associated rotavirus infections is between 0.3 and 4.8 per

1000 hospital-days.[29,31,34] This means that until the recent

introduction of rotavirus vaccines, in the US alone there were

15 000–20 000 children annually developing a symptomatic

rotavirus infection while being cared for in hospital.[35] The

rotavirus strains in hospital appear to be introduced from the

community,[32,36] possibly by children with prolonged excretion

of rotaviruses following severe diarrhea.[37] Asymptomatic

healthcare staff may also play a role,[38] since many cases of

hospital-associated rotavirus infections occur in young children

who have been in hospital for more than a week and are nursed

in areas of the hospital that do not normally care for children

with community-acquired gastroenteritis.[32]

A study from Israel showed that hospital-acquired rotavirus

infection increased hospital stay by a median of 3 days.[39] In

Europe these infections result in additional costs of h2500 per

case or h50 million per year (2004 values).[33]

2.5 Limitations of Disease Burden Estimates

When interpreting rotavirus disease burden estimates it

is important to consider the limitations associated with rota-

virus surveillance and data collection. As rotavirus testing

and coding are not performed routinely, national hospital

discharge coding and insurance claim data record only a frac-

tion of rotavirus-related hospitalizations and healthcare en-

counters. A recent prospective, active surveillance study in the

US reported that only 11% of children with laboratory-

confirmed rotavirus infection who presented to hospital and

outpatient clinics received a rotavirus-specific discharge code,

while 61% of children assigned an acute gastroenteritis code

were misclassified as they had positive stool samples for rota-

virus.[19] Indirect methods attempt to address this problem.

An example is the winter residual method, which calculates

the excess diarrheal episodes during winter compared with

summer and assumes the difference is solely from cases of

rotavirus.[16,17,26]

Active surveillance for rotavirus is preferred, but incomplete

collection and testing of stools from children with acute diar-

rhea and extrapolation of findings from a few centers to a na-

tional population may not provide representative data.[19,27-30]

In addition, much of the active rotavirus surveillance is hospital

based.[6] Hospitalization practices vary between and within

countries, being dependent upon access to primary healthcare,

referral patterns, healthcare-seeking behavior, and cultural

attitudes of the local population, disease management, and

hospital admission policies.[34,40] As the proportion of cases

with rotavirus infection increases with disease severity, this

should be considered when comparing sites since the propor-

tion of rotavirus cases may be less than expected in centers

where a low threshold for hospital admission exists. Similarly, if

other enteric pathogens are more prevalent in the community

the increased denominator will decrease the proportion of

rotavirus cases even though the number of rotavirus hospita-

lizations is unchanged.[6] Hospital-based data can also under-

estimate the true rates of rotavirus-related mortality and severe

disease in areas with poor access to healthcare.[8]

3. Clinical Features and Epidemiology

3.1 Clinical Illness

Rotavirus infections can range from a subclinical illness to

mild diarrhea to severe gastroenteritis with dehydration. After

an incubation period of 2–4 days, symptoms typically begin

abruptly with fever and vomiting, followed by watery diarrhea

lasting for 3–8 days.[41] The vomiting can be intense and may

limit attempts at oral rehydration. Compared with other viral

enteropathogens, rotaviruses are more likely to result in

symptomatic illness and to lead to signs of dehydration.[42,43]

Most children following a severe rotavirus diarrheal episode

will shed rotavirus for 1–3 weeks. However, approximately one

in five will continue to shed the virus for 4–8 weeks, especially
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if the children are experiencing mild or intermittent gastro-

intestinal symptoms.[37]

Rotavirus disease is most common and severe in children

between 3 and 36 months of age. Multiple infections can occur

throughout life, although cumulative immunity means that

these episodes are usually mild or asymptomatic in older chil-

dren and adults.[44] In contrast, clinical illness is uncommon in

neonates.[45] Immaturity of the neonatal gut, maternal anti-

bodies and the reduced virulence properties of unique rotavirus

strains capable of replicating in the neonatal gut may play a role

in the subclinical infection seen in neonates. Meanwhile, rota-

viruses are associated with prolonged illness and stool shedding

in infants with severely compromised T-cell immunity, such

as those with severe combined immunodeficiency, and in chil-

dren and adults immediately following bone marrow trans-

plantation.[46] Recently, three infants with severe combined

immunodeficiency were reported to develop severe diarrhea

and prolonged shedding of vaccine virus after rotavirus vacci-

nation.[47] Of interest, children with asymptomatic or mildly

symptomatic HIV infection and less impaired immunity seem

not to be at increased risk of severe rotavirus disease, although

they too may shed rotavirus particles for longer periods than

other children.[48]

Despite rotaviruses being associated with elevated serum

aspartate aminotransferase levels[49] and rare cases of en-

cephalopathy where rotavirus antigen andRNA are detected in

the cerebrospinal fluid,[50,51] rotaviruses were traditionally be-

lieved to infect only mature epithelial cells lining the intestinal

tract. However, rotavirus antigen and RNA have been detected

recently in the serum of children hospitalized with severe

gastroenteritis.[52,53] The highest levels of antigenemia were

detected early in the illness and in those with high fever.

Nonetheless, the clinical significance of extraintestinal rota-

virus infection other than for fever associated with viremia

or antigenemia is unknown, and its impact upon the develop-

ment of natural and vaccine-induced immunity is yet to be

determined.[51]

3.2 Transmission

Rotaviruses are highly contagious. The infectious dose is

low[54] and the virus is shed in large quantities, as much as 1011

particles per gram of stool, both before the onset of symptoms

and for several weeks afterwards.[37,55] Furthermore, the virus

survives on dry surfaces for as long as 10 days and on human

hands for up to 4 hours.[56] Transmission to susceptible indi-

viduals is mainly by the fecal-oral route from direct contact

with rotavirus cases, including children and adults with sub-

clinical illness, and after contact with contaminated fomites,

food and water, and environmental surfaces.[37,38,56-59] Despite

these formidable obstacles, improving hand hygiene within

hospitals can decrease healthcare-associated rotavirus infec-

tions.[60] It has also been suggested that aerosol transmission

might be important; simultaneous outbreaks have occurred in

isolated communities on Native American reservations and in

Aboriginal infants in Central Australia.[61,62]

3.3 Epidemiology

Rotavirus disease severity is age dependent. The first infec-

tion, while often mild or asymptomatic, is usually the most

significant and can be severe. A 13-year study fromMelbourne,

Australia, found rotaviruses to be predominant in children

aged between 6 and 36 months, and for rotavirus-associated

hospital admissions to peak in the 12- to 24-month age

group.[63] A community-based study followed 200 Mexican

children from birth to 2 years of age by collecting weekly

stool samples.[64] In this cohort, the cumulative propor-

tions experiencing a primary rotavirus infection were 34%,

67%, and 96% by the ages of 6, 12, and 24 months, respectively.

Multiple infections were also common; by 2 years of age, 69%
of the cohort had recorded at least two rotavirus infections,

42% experienced three infections and 13% had been infected

five times.

In countries and regions with a temperate climate, rota-

viruses display a seasonal pattern, with a distinct peak en-

compassing winter and spring months when both the ambient

temperature and humidity are low.[46,61,65] These annual epi-

demics coincide with the peak activity of respiratory viruses,

which places additional pressure on primary and hospital

healthcare services. Such marked seasonality is not seen in the

tropics, although the greatest activity is still observed during the

cooler and drier months of the year.[62] When minimal sea-

sonality exists, rotaviruses circulate at relatively high levels all

year round, resulting in children being exposed at a younger age

and experiencing more severe illness than children living in

regions where circulation of the virus is more uneven.[66] Under

these circumstances, as many as 80% of infants will experience

their first rotavirus infection before 12 months of age. In con-

trast, in temperate climates, infants born during the summer

months are at greatest risk of rotavirus infection during

infancy.[67] However, climatic factors alone may not explain

seasonal variations in rotavirus transmission. Crowding, in-

creased birth rates, poor water quality, and changes in host

behavior for example spending more time indoors, may also be

important.[65,66,68]
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Preterm birth, low birthweight, socioeconomic disad-

vantage, malnutrition, co-infection with bacterial entero-

pathogens, and impaired immunity are risk factors for

severe rotavirus gastroenteritis requiring primary healthcare

attendance or admission to hospital.[69-72] Indigenous popula-

tions in high income countries possess many of these risk fac-

tors, and, as might be expected, have high rates of severe

rotavirus disease.[73] For example, in the Northern Territory of

Australia, notification rates in Aboriginal children under

5 years of age for rotavirus gastroenteritis (2.75 per 100 per year)

were almost three times that of non-indigenous children from

the same region.[74] In neighboring Queensland, indigenous

children were at higher risk of being hospitalized due to rota-

virus infection, and when this occurred, it was at an earlier age,

peaking in those <12months of age, and for longer periods than

in non-indigenous contemporaries.[75] Breast feeding during the

first 6 months of life appears protective for all infants, but this

protection is incomplete and disappears shortly after weaning

or when a mixed diet is introduced.[69,71,76]

4. Scientific Foundation of Rotavirus Vaccines

4.1 Rotavirus Biology

Rotaviruses belong to the Reoviridae family and the rota-

virus genus.[46] They are non-enveloped, double-stranded RNA

viruses containing 11 segments of genomicRNA surrounded by

a triple layered capsid. The viral genome encodes six structural

(VP1-VP4, VP6, and VP7) and six non-structural (NSP1-

NSP6) proteins. The most abundant viral protein is VP6, which

bears the group-specific antigenic determinants and forms the

middle capsid layer, while the outer layer proteins, VP7 and

VP4, act as independent neutralizing antigens (figure 2). NSP4

is also important; it is antigenic, allowing categorization into

different genogroups, and is believed also to act as an entero-

toxin capable of causing diarrhea.[46]

Within the rotavirus genus are seven antigenically distinct

serogroups (A to G), but group A rotaviruses are the pre-

dominant cause of illness in humans and animals. Gene

expression of the two major outer capsid surface proteins, VP7

(G type) glycoprotein and the protease cleaved attachment

protein VP4 (P type), form the basis for a binary classification

system. Both proteins have epitopes that induce serotype-specific

and serotype cross-reacting neutralizing antibodies, which are

likely to play an important role in protective immunity.[78]

Segregation of VP7 and VP4 genes occurs independently. To

date, 23 VP7 and 31 VP4 genotypes have been identified, of

which 12 of each type are found in humans.[79] Globally, in

humans G1, G2, G3, G4, and G9 are the most prevalent VP7

genotypes, P[8], P[4], and P[6] are the most common VP4 gen-

otypes, while G1P[8], G2P[4], G3P[8], G4P[8], and G9P[8]

combinations make up 70–90% of circulating rotavirus

strains.[80-82] Overall, G1P[8] predominates and is responsible

for almost 70% of cases worldwide, followed by G2P[4], which

accounts for approximately 12% of circulating strains globally,

although this varies with time and geography.[80] In Africa, for

example, G1P[8] strains are detected in <30% of children with

rotavirus gastroenteritis.[12,80] In contrast, although G8P[6] is

the fourth most common genotype detected in sub-Saharan

Africa, elsewhere it is detected rarely.[12,79] Strain diversity is

greatest inAfrica andAsia, wheremixed infections with distinct

rotavirus strains and close proximity to certain domestic ani-

mals shedding rotaviruses such as pigs and cattle are com-

mon.[12,79] In addition to regional differences, major changes in

one or more dominant circulating strain genotypes can occur

from one season to another.[79-85] Rotavirus genomic diversity

arises from several mechanisms, including sequential point

mutations, genomic reassortment during mixed infections,

genomic rearrangement within gene segments, and interspecies

transmission.[77] Continuing rotavirus evolution may have im-

portant implications for vaccine development as newly emer-

ging global strains, such as the porcine origin G12P[6], can give

rise to novel human strains, which fail to share neutralizing

antigens with the current vaccines.[86,87]

4.2 Protective Immunity

Individuals can experience multiple rotavirus infections

throughout their life.[44] However, cumulative immunity fol-

lowing each infection provides increasing protection against

subsequent infection and illness. A longitudinal birth cohort

Middle capsid
(VP6, subgroup antigen)

Inner capsid (VP2)

Segmented dsRNA genome

VP1/VP3

VP7 (G serotype)

VP4 (P serotype)
Outer
capsid

⎫
⎬
⎭

Fig. 2. Schematic rotavirus structure (adapted from The Lancet, Cunliffe

et al.,[77] Copyright 2002, with permission from Elsevier). dsRNA= double-
stranded ribonucleic acid.
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study in Mexican infants found that the degree of protection

was greatest against severe disease.[64] The initial natural rota-

virus infection provided 38% protection against asymptomatic

infection, 73% protection against mild diarrhea, and 87%
protection against moderate to severe disease. After a second

episode the degree of protection increased to 60% for asymp-

tomatic infection, and 83% for mild rotavirus diarrheal illness,

and complete protection was provided against infection re-

sulting in moderate to severe symptoms. A third infection was

needed, however, for complete protection against mild disease.

Overall, subsequent infections were less severe and more likely

to be caused by another rotavirus serotype. Asymptomatic

primary infections appeared to provide similar protection

to those associated with symptoms of any severity. Similar

findings were observed in Melbourne, Australia, following

asymptomatic infection of newborn babies by unique neonatal

strains. These babies were subsequently protected against se-

vere disease, but not infection, from circulating community

rotavirus strains that did not share the same G and P types.[88]

Despite the protective effects of repeated rotavirus infections

in early childhood being well documented, the underlying im-

mune mechanisms are not fully understood, and there is still no

completely reliable correlate of protection. In children follow-

ing rotavirus infection, IgA, IgG and neutralizing antibodies in

serum, as well as fecal IgA, are associated with protection.[89-91]

After a primary infection, the serum neutralizing antibody

response to VP7 is predominantly homotypic or G type-

specific, while responses to VP4 proteins are cross-reactive or

heterotypic.[92,93] Upon reinfection there is a broadening of the

neutralizing response to other G serotypes.[93] Nevertheless,

challenge studies in adult volunteers with G1P[8] strains have

shown that protection is most closely associated with serum

IgG antibodies directed against homotypic VP7 and VP4 neu-

tralizing antigens.[94] However, the association between rota-

virus antibody levels and protection is incomplete, suggesting

that other factors or target antigens, such as VP6 or NSP4, are

also playing a role in protective immunity.

The relationship between vaccine-induced immunity and pro-

tection is less evident than observed with natural infection.[95]

Even though the proportion of individuals undergoing sero-

conversion following vaccination varies between vaccines, each

vaccine provides a highdegree of protection against severe disease.

5. Rotavirus Vaccines

Rotavirus vaccines aim to mimic the protection provided by

natural rotavirus infections by protecting against moderate to

severe disease. The aims of rotavirus vaccine programs are to

prevent deaths and hospitalization from severe gastroenteritis,

to decrease the number of medical consultations for acute ro-

tavirus diarrhea in children, and to reduce the economic burden

of rotavirus disease on the healthcare system and society.

The first licensed rotavirus vaccine, RotaShield�, was de-

veloped by reassortant technology where single human rota-

virus VP7 genes were substituted into the backbone of the

remaining ten rhesus monkey rotavirus genes. Although this

vaccine was highly effective at preventing severe gastroenteri-

tis,[96] it was withdrawn after 9 months and distribution of

almost 1 million doses when an association with acute

intussusception, a rare disorder leading to potentially life-

threatening bowel obstruction, was first recognized.[97] The risk

estimate of intussusception was about 1 in 10 000, and cases

clustered mostly within 3–14 days of the first dose. The risk of

intussusception appeared highest in those receiving their first

dose after 3 months of age.[98] The cause of the association

between RotaShield� and intussusception remains un-

explained. However, it has meant that subsequent candidate

rotavirus vaccines have to undergo large field trials, not only to

prove efficacy in the absence of a reliable correlate of protec-

tion, but also to demonstrate safety against at least a 1 in 10 000

risk of intussusception. As an added precaution, strict vacci-

nation schedules have been implemented, with the first dose

administered at age 6–14 weeks, and no ‘catch-up’ campaigns

are allowed. Moreover, several countries have introduced post-

licensure monitoring for intussusception.

The two currently licensed vaccines (see sections 5.1 and 5.2)

were developed separately using different biological principles

to achieve protection against a broad range of circulating ro-

tavirus serotypes. However, they cannot be compared directly,

as the main phase III trials were conducted in different settings

and populations, different case definitions and clinical scoring

systems were used to assess severity, and different techniques

were employed to detect vaccine virus shedding.[99]

5.1 Human-Bovine Pentavalent Reassortant

Rotavirus Vaccine (PRV)

5.1.1 Profile

Pentavalent rotavirus vaccine (PRV; RotaTeq�, Merck &

Co.,West Point, PA,USA) is a live oral vaccine that is stored at

2–8�C and contains five human-bovine reassortant rotavirus

strains suspended in a buffered liquid to protect them against

gastric acid.[100] These animal-derived strains replicate less

efficiently than human strains within the human gut. PRV
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is administered as a three-dose oral series, beginning at

6–14 weeks of age, followed at 4- to 10-week intervals by sub-

sequent doses, with the last dose administered before 8 months

of age.[100]

Each of the five reassortant strains consists of a bovine core.

Four of the reassortant rotaviruses express one of the outer

capsid proteins (G1, G2, G3, or G4) from the human rotavirus

parent strains and the attachment protein (P[5]) from the bo-

vine rotavirus parent strain. The fifth reassortant virus ex-

presses the attachment protein (P[8]) from the human rotavirus

parent strain and the outer capsid protein (G6) from the bovine

rotavirus parent strain.[100,101] The aim of including multiple

strains is to maximize protection by promoting homotypic

immunity against the most common human rotavirus VP7

G types and the predominant VP4 P type circulating world-

wide.[102] Nevertheless, despite including these multiple strains

and inducing serum IgA seroconversion in >90% of healthy

Finnish, North American and Korean infants, individual PRV

serotype-specific conversion rates are disappointing, ranging

from 15–35% for G2 to as high as 55–86% for G1.[103-106]

Furthermore, within individuals, vaccine-induced immune re-

sponses did not correlate with protective efficacy.

During efficacy studies, vaccine strain shedding was con-

firmed by viral culture. Shedding occurred in low amounts and

was detected in 5–13% of subjects 3–5 days after the first dose,

but in <1% thereafter, including shedding after the second and

third vaccine doses.[103-105] However, using the more sensitive

molecular-based techniques, a post-licensure study found 21%
of 103 vaccinated children shed PRV strains 6–8 days after the

first dose.[107] In addition, a recent report found evidence

for transmission of PRV-derived P[8]G1 vaccine-virus re-

assortant strain from a vaccinated infant to an unvaccinated

sibling, resulting in symptoms of gastroenteritis and emergency

department care.[108]

PRV does not interfere with other routinely administered

vaccines, and although co-administered oral polio vaccines

may reduce serum antirotavirus IgA geometric mean titers,

rates of seroconversion remain high and comparable with

seroconversion rates when oral polio vaccine administration

is delayed.[109,110]

5.1.2 Efficacy

The pivotal phase III trial to determine PRV efficacy (REST;

Rotavirus Efficacy and Safety Trial) was conducted in more

than 70 000 infants, whoweremainly fromWestern Europe and

the US.[104] Table I summarizes the results of this and other

phase III trials, including the extension of REST in European

recruits and preliminary results from field trials completed in

Africa and Asia recently.

In REST, PRV reduced clinic visits, emergency department

attendance, and hospital admissions for rotavirus gastroen-

teritis during the first 12 months of life by 86% (95% CI 74, 93),

94% (95%CI 89, 97), and 96% (95%CI 90, 98), respectively, and

hospitalization for gastroenteritis from any cause by 59% (95%
CI 52, 67).[104] The results were consistent across study sites in

Europe, the US and Latin America.[115] In a nested substudy of

5673 infants, PRV reduced all cases of rotavirus gastroenteritis

by 74% (95% CI 67, 79). Table I shows that when REST was

extended for a second rotavirus season in more than 30 000

European infants, these high levels of protective efficacy were

maintained.[111] In yet another variation of REST, the Finnish

Extension Study,[116] almost 21 000 Finnish infants were fol-

lowed for >3 years after receiving their third dose of the vaccine.
Protective efficacy against severe disease resulting in presenta-

tion to the emergency department or hospital admission re-

mained high in the Finnish cohort at 94% (95% CI 91, 96) for

at least 3 years following completion of vaccination, by which

time there was a marked reduction in children seeking health-

care for rotavirus gastroenteritis. It is worth noting that during

REST, serotype G1 strains predominated and relatively few

cases were caused by other G types. Post hoc analyses also

showed PRV to be highly efficacious in 2070 infants born be-

tween 25 and 36 gestational weeks[117] and among 1566 ex-

clusively breast fed infants.[118] Preliminary data suggest that

preterm infants may shed rotavirus antigen at higher than

expected rates for up to 2 weeks following their first dose,

although this needs further confirmation, and its clinical sig-

nificance is uncertain.[119] Incomplete vaccination with PRV

appears to provide some protection against severe rotavirus

disease. In REST, one and two doses of PRV reduced

emergency department and hospital admissions by 82% (95%
CI 39, 97) and 84% (95% CI 54, 96), respectively.[120]

With the success of REST, attention turned to the low in-

come countries of Africa and Asia, where rotavirus vaccines

have the greatest potential to reduce rotavirus mortality. The

WHOdeemed that efficacy studies were needed in these settings

as early rotavirus vaccines proved less immunogenic in tropical

countries and failed to protect African infants.[121] Interference

from maternal antibodies, severe malnutrition, co-infection

with other enteric pathogens, chronic illness (including HIV),

and difficulties maintaining the cold chainmay have contributed

to the reduced efficacy of live-attenuated oral vaccines.[122]

Phase III trials of PRV in low income countries of Africa

and Asia have recently been completed and their initial results

have been made available (table I).[112,113] The vaccine was
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administered at 6, 10 and 14 weeks of age, along with other

routine vaccinations; breast feedingwas not restricted and infants

with HIV were not excluded. The protective efficacy against se-

vere rotavirus gastroenteritis was 51–64%, which is similar to

results of a post-licensure case-control study fromNicaragua.[123]

5.1.3 Safety

Combined safety data from 71 799 infants participating in

three large phase III trials, including REST, show that PRV is

safe and well tolerated.[124] Importantly, there was no evidence

of increased intussusception risk: within 42 days of any dose,

intussusception occurred in six PRV and five placebo re-

cipients. No clustering of cases was observed and within 1 year

of receiving PRV, 13 infants experienced intussusception

comparedwith 15who had been given placebo (relative risk 0.9;

95% CI 0.4, 1.9). Close monitoring of 11 722 immunized sub-

jects showed no difference in rates of fever or irritability

between PRV and placebo recipients, although vomiting and

diarrhea within 7 days of the first dose occurred in slightly more

recipients receiving PRV (10.4% vs 9.1% and 6.7% vs 5.4%,

respectively). These symptoms were predominantly of a mild

nature. Similarly, PRV was well tolerated by 154 healthy

preterm infants in a nested substudy of REST.[117]

After delivery of about 22 million doses, intensive post-

licensure monitoring within the US employing both active

and passive surveillance systems has not found an association

between PRV administration and risk of intussusception, gas-

Table I. Major phase III field trials of the multiple strain human-bovine pentavalent reassortant rotavirus vaccine (modified from Grimwood and Lambert,[40]

with permission)

Parameter Study (y)

Vesikari et al.[104]

(REST; 2006)

Vesikari et al.[111]

(2009)a
Block et al.[105]

(2007)

Ciarlet[112] (2008) and

WHO[113] (2009)b
Ciarlet[112] (2008) and

WHO[113] (2009)b

Country US, Finlandc Europe US, Finland Ghana, Kenya, Mali Bangladesh, Vietnam

Subjects enrolled 70301 (safety cohort);

4512 (efficacy cohort)

30 495 (safety cohort);

2273 (efficacy cohort)

1312 4769 2096

Age at first vaccine dose (wk) 6–12 6–12 6–13 6 6

Follow-up duration after

completing vaccination (mo)

12 Up to 24 Up to 6 12 12

Efficacy (95% CI)

Decrease in rotavirus disease (%)

any disease 74 (67, 79) 68 (60, 74) 73 (51, 86)

severed 98 (88, 100) 98 (90, 100) 100 (13, 100) 64 (40, 79) 51 (13, 73)

hospitalizatione 96 (90, 98) 96 (90, 98)

Reduction in emergency

department visits and

hospitalization (%)

G1 95 (92, 97) 95 (91, 97)

G2 88 (<0, 99) 100 (<0, 100)

G3 93 (49, 99) 100 (64, 100)

G4 89 (52, 98) 89 (53, 99)

G9 100 (67, 100) 91 (63, 99)

Decrease in all-cause

gastroenteritis hospitalization (%)

59 (52, 67)

a An extension of REST where European infants were followed for up to two rotavirus seasons.

b Preliminary results only.

c Other countries providing subjects to theRESTwere Belgium, CostaRica, Germany,Guatemala, Italy, Jamaica,Mexico, PuertoRico, Sweden, andTaiwan.

d A score on the Clark scale[114] >16.

e All enrolled subjects were followed for emergency department attendance and hospitalization.

G= genotype.
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trointestinal bleeding, or Kawasaki syndrome.[125,126] However,

recent reports of severe and protracted vaccine-related rotavirus

diarrhea in infants with severe combined immunodeficiency

following the first or second dose of PRV[47] has led to both

licensed rotavirus vaccines being contraindicated when this dis-

order is present.[127] This experience in infants with severe

combined immunodeficiency and transmission of a vaccine-

derived reassortant rotavirus strain between siblings,[108] high-

light again the need for caution when using live vaccines in

infants with known severe immunodeficiency from any cause or

with seriously immunocompromised household contacts.

5.2 Single Human Strain Rotavirus Vaccine (HRV)

5.2.1 Profile

Human strain rotavirus vaccine (HRV; RIX4144, Rotarix�,

GlaxoSmithKline, Rixensart, Belgium) is a live oral vaccine

that contains a single human rotavirus strain, G1P[8], which

was first isolated from a child in 1988, before being attenuated

by repeated passaging inAfrican greenmonkey kidney cells and

Vero cells.[100] It is stored at 2–8�C as either a lyophilized

powder that requires reconstitution, or as a ‘ready to use’ liquid

formulation in some countries. HRV is administered in a two-

dose schedule, beginning between 6–14 weeks of age, and the

second dose is completed by the age of 8 months (upper age

limit varies between countries) with at least a 4-week inter-

val between doses. HRV does not cause interference with

other routinely administered vaccines.[128,129] Moreover, oral

polio vaccine does not significantly impair HRV immuno-

genicity in infants from low and middle income regions of the

world.[129,130]

As a single live attenuated human rotavirus strain, HRV

seeks to imitate the protection that develops following natural

infection by inducing both homotypic and heterotypic im-

munity. Although it differs antigenically from commonly cir-

culating non-G1 strains, it usually shares the VP4 neutralizing

antigen with G3, G4, and G9 strains. Cross protection for

G2P[4] and emerging or less common strains, such as G12P[6],

will depend upon shared cross-reacting VP4 epitopes and other

non-VP7/VP4 proteins. Rates of IgA seroconversion following

HRV vaccination are dose dependent and vary between high,

middle, and low income countries. At higher vaccine doses, IgA

seroconversion rates were 78–96% in infants from North

America, Singapore and Finland,[131-133] 65–71% in Latin

America,[134,135] and only 53–67% in infants from Africa, India

and Bangladesh.[129,136,137] A possible explanation in part for

the lower immunogenicity and efficacy of rotavirus vaccines

in low income countries comes from a recent study, which ob-

served higher rotavirus-specific IgA antibody titers and neu-

tralizing activity in the breast milk of mothers from India

compared with the breast milk of North American women.[138]

However, seroconversion rates in HIV-infected infants were

similar to those in non-HIV-infected African infants.[136] Com-

pared with PRV, there seems to be better association between

HRV IgA seroconversion and the level of protection against se-

vere disease.[139] HRV appears to replicate more efficiently than

PRV in the infant gut. Following the first dose of HRV, both

antigen and live virus shedding are detected in 50–58% and

15–25% of infants, respectively.[140] Shedding of the vaccine strain

can persist for 1–3 weeks. However, lower rates and shorter

duration of shedding occur after the second vaccine dose. Hor-

izontal transmission of HRV vaccine virus among twins is being

studied in the Dominican Republic, and while such transmission

will likely contribute to herd immunity, it might also pose risks to

immunocompromised household members.[47,108]

5.2.2 Efficacy

Table II outlines the major phase III trials for HRV efficacy

in various settings. The largest safety and efficacy study

enrolled 63 225 infants, mainly from Latin America and

Finland.[141] A nested efficacy substudy of 20 169 infants fol-

lowed until 12 months of age showed that HRV reduced severe

rotavirus gastroenteritis requiring oral or intravenous rehy-

dration according toWHOguidelines and/or hospitalization by
85% (95% CI 72, 92). In an extension of this study involving

15 183 infants from Latin America, HRV maintained a pro-

tective efficacy of 79% (95% CI 66, 87) during a second rota-

virus season and an overall efficacy for the first 2 years of life of

81% (95%CI 71, 87) against severe rotavirus gastroenteritis.[142]

Large phase III clinical trials have also been conducted in

high income countries of Western Europe and Asia.[143,144] In

these settings HRV proved highly efficacious, providing

90–96% protection against severe rotavirus gastroenteritis

(Vesikari score ‡11)[148] and reducing hospitalizations for rota-

virus disease by 94–96% by 2 years of age. In Europe, hospitali-

zations from all causes of gastroenteritis in vaccine recipients

were reduced by an impressive 72% (95% CI 53, 83), suggesting

that there was an even greater burden of rotavirus disease than

previously realized or that rotavirus vaccines may also protect

somehow against other enteric viral pathogens.[139,143] For 8687

Asian children immunized as infants, HRV continued to pro-

vide protection against severe episodes of rotavirus-related ill-

ness (100%; 95% CI 68, 100) and hospital admission (100%;

95% CI 61, 100) during the third year of life.[149]
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Results have recently been published from completed HRV

trials in South Africa and Malawi.[145] Enrolled infants

included those with HIV, no restrictions were placed upon

breast feeding, and HRV was administered in either a two- or

three-dose series alongside other routinely administered vac-

cines at 6, 10, and 14 weeks of age. Vaccine efficacy against

severe disease (Vesikari score ‡11) during the first year of life

was 61% (95% CI 44, 73) and did not differ significantly be-

tween those receiving either two or three doses of the vaccine.

Although the vaccine efficacy of HRV was lower in Malawian

infants (49%; 95% CI 19, 68) than in infants from South Africa

(77%; 95% CI 56, 88), the number of severe rotavirus episodes

prevented in Malawian infants was greater (6.7 vs 4.2 per 100

vaccinees) because of the higher incidence of severe gastroen-

teritis in Malawian than South African children. Among HRV

recipients in both countries, the incidence of severe gastroen-

teritis from any cause was reduced by 30% (95% CI 15, 42). As

40% of Malawian infants receiving placebo in this study were

already exposed to rotaviruses before they entered the efficacy

surveillance period, the protection provided by prior rotavirus

infection may have led to an underestimate of vaccine efficacy.

Since HRV contains a single attenuated human rotavirus

strain, G1P[8], there is much interest in its efficacy against fully

G and P heterotypic strains, such as G2P[4]. While HRV

Table II. Major phase III field trials of the single human rotavirus vaccine (modified from Grimwood and Lambert,[40] with permission)

Parameter Study (y)

Ruiz-Palacios et al.[141]

(2006)

Linhares et al.[142]

(2008)a
Vesikari et al.[143]

(2007)

Phua et al.[144]

(2009)

Tregnaghi et al.[130]

(2008)

Madhi et al.[145] (2010);

Neuzil et al.[146] (2009);

Madhi et al.[147] (2009)

Country 11 Latin American

countries and Finland

10 Latin

American

countries

6 European

countries

Singapore,

Hong Kong,

Taiwan

6 Latin American

countries

South Africa, Malawi

Subjects enrolled 63225 (safety cohort);

20 169 (efficacy cohort)

15 183 3994 10 708 6568 4939

Age at first vaccine dose (wk) 6–13 6–13 6–14 6–17 6–12 5–10

Follow-up duration after

completing vaccination (mo)

8 20 17 20 7 8

Efficacy (95% CI)

Decrease in rotavirus

disease (%)

any disease 79 (73, 84)

severe 85 (72, 92)b 81 (71, 87)b 90 (85, 94)c 96 (85, 100)b 82 (54, 94)b 61 (44,73)c

hospitalization 85 (70, 94) 83 (73, 90) 96 (84, 100) 94 (81, 99) 88 (64, 97) 58 (7, 81)

Severe disease (%)

G1 92 (74, 98)b 82 (65, 92)b 96 (90, 99)c 100 (81, 100)c 100 (<0, 100)b 64 (30,82)c

G2 41 (-79, 82) 39 (<0, 84) 86 (72, 93) 100 (<0, 100) 79 (9, 97)d

Non-G1 87 (63, 97)e 81 (68, 89)e 88 (79, 93)e 94 (75, 99)f 81 (51, 93)g 60 (37, 74)h

Decrease in all-cause

gastroenteritis

hospitalization (%)

42 (29, 53) 39 (29, 48) 72 (53, 83) 29 (13, 43)

a Follow-up until 2 years of age of the Latin American cohort from the pivotal phase III trial.

b Cases requiring rehydration according to WHO guidelines and/or hospitalization.

c Cases with a Vesikari score[148] >11.

d South African data only.

e Combined G3P[8], G4P[8], G9P[8].

f Combined G2, G3, G9.

g Combined G2, G9.

h Combined G2, G3, G8, G12.

G= genotype.
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has been shown to have high levels of protection against severe

rotavirus gastroenteritis from G-P homotypic G1P[8] (82–100%)

and P homotypic G3P[8], G4P[8], and G9P[8] (81–94%) strains in

phase III trials from Latin America, Europe and Asia, only in

Europewere there sufficient numbers ofG2P[4] strains circulating

to demonstrate a protective effect against any (58%; 95% CI 10,

81) and severe (86%; 95% CI 24, 99) G2P[4] rotavirus disease.[143]

An integrated analysis of three phase II and two phase III trials,

involving 23955 infants from middle and high income regions of

Latin America, Europe and Asia, reported HRV efficacy against

G2P[4] was 81% (95%CI 32, 96) for any rotavirus illness and 71%
(95% CI 20, 91) for severe disease.[150]

Recent results of phase III trials in African infants exposed

to a diverse range of rotavirus genotypes, includingG1,G2,G3,

G8, G12, P[4], P[6], and P[8], are of considerable interest. In

pooled results from South Africa and Malawi, vaccine efficacy

during infancy against severe disease (Vesikari score ‡11)
caused by G1 was 64% (95%CI 30, 82), G2 79% (95%CI 9, 97),

G3 84% (95% CI 10, 98), G8 64% (95% CI 17, 85), G12 52%
(95%CI <0, 78), P[4] 71% (95%CI 38, 87), P[6] 55% (95%CI <0,
81), and P[8] 59% (95% CI 33, 75).[146] Furthermore, in South

African infants, HRV efficacy against severe G-P homotypic

G1P[8] gastroenteritis was 70% (95% CI 33, 87) and for hetero-

typic G2P[4] and all P[4] strains it was 92% (95%CI 32, 100) and

95% (95% CI 60, 100), respectively.[147] Taken together, these

results highlight our incomplete understanding of protective

immunity, which cannot be mediated solely by external capsid

neutralizing antigens when a single human rotavirus vaccine

strain protects against G-P homotypic strains, P homotypic and

heterotypic strains, and viruses that are fully heterotypic for both

G-P types and the NSP4 genogroup (G2P[4], DS-1).

Breast feeding in infants from high and middle income

countries, preterm delivery and mild malnutrition do not alter

immunogenicity or vaccine efficacy.[141,151,152] Although num-

bers were small, the European phase III trial found HRV

provided 90% (95% CI 9, 100) protection between the first and

second doses, suggesting HRV provides early protection when

administered during the annual rotavirus epidemics.[143]

5.2.3 Safety

Integrated results of safety data from four phase II and four

phase III randomized, double-blind, placebo-controlled studies

conducted in the Americas, Europe and Asia and involving

71 209 infants aged 6–18 weeks, found HRV was safe and well

tolerated.[153] No increased risk for intussusception was ob-

served. Within 31 days of any dose there were nine infants with

intussusception in the vaccine group and seven in the placebo

group (relative risk [RR] 1.23; 95% CI 0.4, 3.9). Indeed, in a

subset of 20 169 infants followed up to 12 months of age there

was a suggestion that HRV could protect against intussuscep-

tion later in infancy, as four cases of intussusception occurred in

the vaccine group and 14 in placebo recipients (RR 0.28; 95%
CI 0.10, 0.81).[139] With the exception of mild coryzal symp-

toms, there was no imbalance in adverse events between HRV

and placebo groups, indicating the vaccine had a good re-

actogenicity and safety profile.

OnMarch 22, 2010, theUSFDA recommended a temporary

suspension of HRV after porcine circovirus (PCV)-1 DNA

fragments were detected in the vaccine, including the cell bank

and viral seed. On May 7, 2010, the FDA reported DNA from

PCV-1 and PCV-2 had also been detected in PRV batches. PCV

is a small circular DNA virus commonly found in certain meat

and food products, and it is not known to be pathogenic in

humans. On May 14, 2010, the FDA updated its recommend-

ations,[154] specifically requesting that healthcare professionals

continue to use PRV and to resume HRV vaccination. This

decision was made following a review of clinical trial data from

>100 000 subjects and post-licensure experience involving al-

most 100 million infants. Also taken into consideration was the

lack of evidence that PCV poses a safety risk to humans and the

known substantial benefits of rotavirus vaccines. The WHO,

European Medicines Agency, and the Australian Therapeutic

Goods Administration also recommend continued use of rota-

virus vaccines while the manufacturers correct their processes

and ensure both vaccines are free of PCV DNA.[155-157]

6. Vaccine Effectiveness

Since publication of the two pivotal rotavirus vaccine trials in

2006 (see sections 5.1.2 and 5.2.2), PRV has been licensed in more

than 90 countries and included in at least seven national vaccina-

tion schedules, while HRV is licensed in more than 125 countries

and incorporated into the universal vaccination programs of 24

countries. Although effectiveness data are limited andmostly of an

ecological nature, they suggest rotavirus vaccines have indirect as

well as direct effects on rotavirus activity, and that the performance

of both vaccines parallels the results of efficacy studies conducted

in different settings where protection is inversely related to ‘all-

cause’ mortality in children <5 years of age (table III).[113]

6.1 PRV

PRV was licensed in the US in 2006 and rotavirus activity

declined shortly thereafter. Data from a national laboratory
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surveillance network showed that compared with 2000–6, the

subsequent rotavirus seasons were significantly delayed,

shorter in duration, and of lower magnitude.[158,159] The

seasonal onset was delayed by 6–11 weeks and its duration by

9–12 weeks. The numbers of laboratory-confirmed rotavirus

cases in 2007–8 and 2008–9 were 59–64% lower than annual

median 2000–6 values. Similarly, the proportion of rotavirus

tests that were positive decreased 60–64% from an annual

median of 25% of total tests between 2000–6 to 9% in 2007–8

and 10% in the 2008–9 seasons.[159] This decline in rotavirus

activity occurred in a setting where, by December 2007, 58% of

eligible children had received at least one dose of PRV and just

31% had completed the full three-dose series.[158]

A nationwide health insurance claims-based post-licensure

study in the US compared concurrent cohorts of children who

received three doses of PRV with those who received three

doses of DTaP (diphtheria, tetanus, pertussis) but no doses of

PRV.[160] By comparing these two cohorts of infants, vaccine

effectiveness of PRV at preventing rotavirus and acute gas-

troenteritis coded hospitalization and emergency department

attendance during the rotavirus season was estimated at 100%
(95% CI 87, 100) and 59% (95% CI 47, 68), respectively.

Another multi-state hospital discharge database study covering

almost 50% of the US population estimated that PRV de-

creased hospitalizations for acute gastroenteritis in children

<5 years of age in 2008 by 45%, including those who were either

too young or too old to receive the vaccine.[161] In other words,

PRV in the US reduced acute gastroenteritis hospital admis-

sions in children <5 years of age in 2008 by an estimated 55 000

cases thereby preventing about 1 in every 20 hospitalizations in

that year for this age group. These national data are supported

by a recently published case-control study from Houston,

Texas, which reaffirmed the REST findings of partial im-

munization providing substantial protection.[120,162] In this

particular setting, one and two doses of PRV reduced hospi-

talization and emergency department visits for rotavirus gas-

troenteritis by 69% (95% CI 13, 89) and 81% (95% CI 13, 96),

respectively, compared with 88% (95% CI 68, 96) protection

conferred by the full three-dose series. Meanwhile, hospitals in

the US are also reporting fewer healthcare-associated rotavirus

infections.[163]

Similar findings were observed using routinely collected

notification and laboratory results datasets in Queensland,

Australia, where PRV was introduced into the vaccination

schedule in July 2007.[164] During 2007 and 2008, rotavirus

cases in the vaccine-eligible target age group of those aged

<2 years declined by 53% and 68%, respectively, compared with

2006 pre-vaccine notifications. Furthermore, rotavirus notifi-

cations during this period also declined by 56–65% in those

aged 2–4 years who would not have received the vaccine.

Figure 3 further illustrates the changes in rotavirus notifica-

tions since the introduction of PRV into Queensland.

The higher than expected performance of rotavirus vaccines

in both the US and Australia[158-160,164] may result from an

underestimated true burden of disease as well as indirect vac-

cine effects where immunized infants decrease transmission of

rotaviruses to older and unimmunized children. However,

longer surveillance periods are required to adjust for secular

trends in rotavirus activity, including changing genotypes and

other factors, which may influence vaccine performance.[165]

A case-control study conducted 1 year after PRV was in-

troduced into the national vaccination schedule of Nicaragua

provides important information on vaccine performance in low

income countries with a high diarrheal disease burden.[123]

Although 77% of the birth cohort had received three doses

of PRV, its effectiveness at preventing hospitalization or the

need for intravenous rehydration for rotavirus gastroenteritis

was just 46% (95% CI 18, 64). As in other Latin American

countries at the time of the study, G2P[4] was the predomi-

nant circulating rotavirus strain.[166] Efficacy data for PRV

against G2P[4] are limited and based upon small case numbers

(table I).[104,111] It is possible the vaccine may not be as active

against this strain as it is against strains with the P[8] genotype.

Nonetheless, as with protection following a wild-type rotavirus

infection, vaccine performance improved with increasing dis-

ease severity, being 58% (95% CI 30, 74) for severe (Vesikari

score ‡11) and 77% (95% CI 39, 92) for very severe (Vesikari

score ‡15) rotavirus diarrhea. These results are similar to those

Table III. Rotavirus vaccine efficacy for severe gastroenteritis in the first year of life by mortality quartile (modified from the WHO,[113] with permission)

Rank order of the under 5 years childhood mortalitya Efficacy (%) Country where phase III trials performed

1 50–64 Ghana, Kenya, Malawi, Mali

2 46–77 Bangladesh, South Africa

3 72–85 Vietnam, Central and Latin America

4 90–100 North America, Western Europe, Singapore, Taiwan, and Hong Kong

a Ranked from the highest (top 25%) to the lowest (bottom 25%) mortality.
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from PRV efficacy studies in low income countries of Africa

and Asia,[112,113] indicating the differences in vaccine effec-

tiveness between high and low income countries are likely to be

site specific.

6.2 HRV

After the introduction of HRV into the national vaccination

schedule of Brazil in 2006, initial reports observed significant

reductions in the proportion of gastroenteritis cases due to

rotaviruses, and the almost complete replacement of other

circulating rotavirus strains by fully heterotypic G2P[4]

strains.[166-168] This raised concerns over the differential pro-

tective effects of HRV against heterotypic strains (see section

5.2.2), which may have been exaggerated by coincident re-

emergence of G2P[4] strains throughout Latin America and in

other parts of the world where rotavirus vaccines were not

widely used. Reassuringly, and despite G2P[4] strains being

responsible for almost 80% of all hospitalized rotavirus cases in

El Salvador in 2006 when HRV was introduced, a year later

homotypic G1P[8] strains predominated, accounting for about

90% of rotavirus hospital presentations, while G2P[4] ac-

counted for only 2% of strains detected in these patients.[168]

Recently, another ecological study reported that diarrheal ad-

missions in North East Brazil in 2008 were >50% lower than

2003 hospital admission data, and the proportion of cases due

to rotaviruses fell from 24% in 2006 to 10% and 7% in 2007 and

2008, respectively.[169] Vaccine coverage in this region was be-

tween 80% and 90% and, as all but one case was from a G2P[4]

bearing strain, the screening method estimated that HRV re-

duced the risk of hospital presentation for gastroenteritis from

G2P[4] strains by 89% (95% CI 87, 92). However, on a cau-

tionary note, waning immunity against G2P[4] may be a pro-

blem. In another study fromNorth East Brazil – in this instance

a case-control study involving 926 children hospitalized for

acute diarrhea who were age-eligible to receive HRV – vaccine

effectiveness against G2P[4] strains in children aged 6–11 months

causing severe disease and hospitalization was 77% (95%CI 42,

91) and 85% (95% CI 54, 95), respectively.[170] In contrast, the

vaccine failed to protect older children. This finding was un-

expected, asHRV efficacy against G-P and P-homotypic strains

was sustained previously in Latin American children until at
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least 2 years of age,[142] and also for the same period against

G2P[4] strains in European infants.[143] Meanwhile, a case-

control study from El Salvador in 2007-9 found that HRV re-

duced hospitalization for rotavirus diarrhea from G1P[8]

strains by 76% (95% CI 64, 94).[171] However, as in Brazil,

protection was significantly lower in children older than

12 months of age (59%, 95% CI 27, 77) than in those aged

between 6 and 11 months (83%, 95% CI 68, 91). Nevertheless,

in both studies the numbers of cases in older children were

relatively small. Second year follow-up data from clinical trials

in Africa and ongoing surveillance will help determine whether

rotavirus vaccines maintain their effectiveness in children from

low and middle income countries.

Pre-licensure trials of rotavirus vaccines were conducted

in populations with relatively low mortality rates from diar-

rhea. However, of considerable importance, a recent post-

licensure study from Mexico found that in 2008, the year

following introduction of HRV into the national immuniza-

tion program, there was a 41% (95% CI 36, 47) reduction in

all-cause diarrhea-related mortality among infants eligible for

the vaccine.[172] Diarrhea-related deaths were also 29% (95%CI

17, 39) lower in 1- to 2-year-old children, few of whom would

have received the vaccine. The decreased fatality rates were

sustained the following year, and the decreases in mortality

in both years were most evident during winter, where dia-

rrhea-related deaths in children <2 years of age were two-thirds
of pre-vaccine levels. Even though this was an ecological study,

the data suggest HRV helped to reduce diarrheal deaths in

Mexican children and also provided additional protection by

reducing exposure to rotavirus in older unvaccinated children.

Another means of determining vaccine effectiveness is

during an outbreak. A few months after introducing HRV

into central Australia, a widespread rotavirus outbreak oc-

curred in 2007 involving remote rural Aboriginal communities

where diarrheal disease burden is especially high.[73,74] This

outbreak was caused by G9P[8] strains, and a subsequent case-

control study reported vaccines reduced the risk of hospitali-

zation for gastroenteritis and proven rotavirus disease by

78% (95% CI 40, 92) and 85% (95% CI 23, 97), respectively.[173]

In 2009 therewas another rotavirus outbreak in centralAustralia.

On this occasion it was caused by G2P[4]. Similar to the experi-

ence in Latin America,[170,171] HRV was highly effective at pre-

venting severe G2P[4] rotavirus disease in Australian Aboriginal

infants younger than 12months of age, but failed to protect older

vaccinated children.[174] Overall, these post-licensure studies

provide further reassurance ofHRVperformance during infancy,

although questions remain over its capacity to provide sustained

protection in high burden, impoverished settings.

7. Potential Economic Benefits of Rotavirus Vaccines

7.1 Costs of Rotavirus Gastroenteritis

Rotavirus gastroenteritis in infants and children is asso-

ciated with direct medical and non-medical costs, as well as

indirect costs. The main medical costs are hospital admissions

and ambulatory presentations to the hospital or family physi-

cian for diagnostic tests, medication, oral rehydration therapy,

and supplementary therapies.[175] In addition, there are con-

siderable medical and non-medical costs to the family, includ-

ing co-payments on oral rehydration therapy, sanitary supplies

such as additional diapers (nappies) for infants and young

children, transportation to medical care, plus indirect costs of

loss of income by caregivers, and potential lost future income

from premature deaths of children.

In high income countries, medical costs of rotavirus gastro-

enteritis are moderately high and mortality is relatively low. A

large study (REVEAL; Rotavirus gastroenteritis Epidemiology

and Viral types in Europe Accounting for Losses in public

health and society) of rotavirus gastroenteritis in young children

was conducted in selected areas of Belgium, France, Germany,

Italy, Spain, Sweden, and the UK in 2004–5.[175] The total so-

cietal cost, including direct medical, direct non-medical and

indirect costs per episode of rotavirus gastroenteritis, ranged

from h166 to h473 in the primary care setting, from h334 to h770

in the emergency department and from h1525 to h2101 in the

hospital setting in 2006 values. The mean number of workdays

lost by parents and other relatives was 2.3–7.5 days per episode.

Treatment costs for rotavirus diarrhea are less in low and

middle income countries, but mortality rates are much higher.

A recent study concluded that rotavirus accounts for 27 million

medical visits and527000deaths annuallyworldwide; 45%of these

deaths were in Africa and 30% in Asia. The annual cost across all

developing countries in the absence of any rotavirus vaccination

programwas estimated at $US423million or $US3.47 per child.[22]

7.2 Cost Effectiveness of Rotavirus Vaccination Programs

Economic evaluations of vaccination programs synthesize

clinical, epidemiological and economic information in the form

of economic models. Although broad principles for economic

modeling of pharmaceuticals, including vaccines, are well

established,[176] the results of economic models are specific to

the country or region under consideration.

The cost effectiveness of any vaccination program depends

largely on the efficacy and cost of the vaccine, the incidence and
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prevalence of the condition under consideration, and the

mortality and morbidity associated with the disease. In most

settings, both of the currently available rotavirus vaccines are

highly efficacious against severe rotavirus diarrhea (see sections

5.1.2 and 5.2.2), and this finding is generalizable across most

countries. Arguably, the transient reduction in a child’s quality

of life associated with an episode of rotavirus diarrhea is also

generalizable, although this parameter is somewhat uncertain.

The remaining determinants of cost effectiveness are specific to

the local environment: the cost per vaccine course including

administration and wastage; severe rotavirus disease incidence

rates; the cost of treatment; and (importantly) the case fatality

ratio, which is largely a measure of access to medical care. The

outputs of the economicmodel can include the incremental cost

per hospital admission averted and/or per case or death averted,
and/or the cost per life-year gained or quality-adjusted life-year

(QALY) gained or disability-adjusted life-year (DALY) aver-

ted by a vaccination program.

Coverage by a rotavirus vaccination program clearly affects

the budget impact as well as the net health benefit to the country

concerned. If the indirect benefits from herd immunity sug-

gested by several post-licensure ecological studies are con-

firmed,[158,159,164,169] rotavirus vaccination programs will

become more effective and, therefore, more cost effective as the

coverage increases beyond some critical level. In low and

middle income countries with relatively poor access to health-

care, rotavirus immunization programs would prevent child-

hood fatalities and thereby gain life years. In this situation the

discount rate for future life-years gained would also become an

important determinant of cost effectiveness.

There is no commonly agreed universal threshold for an

acceptable cost per QALY gained (or DALY averted) for

vaccination programs, mainly because the affordability of any

new technology depends on the local availability of healthcare

funding and the availability of other new technologies com-

peting for the same budget. The WHO has defined ‘cost-

effective’ interventions as those that avert each additional

DALY at a cost less than 3 times the gross domestic product

(GDP) per capita.[177] By this criterion, the cost effectiveness of

rotavirus vaccination programs in each country depends largely

on the case fatality (which determines DALYs averted) and the

price of the vaccine in relation to the per capita GDP. A case

can bemade for funding of vaccines to be considered differently

from other pharmaceuticals because of their preventative nat-

ure and public health benefits, including a long duration of

benefit and potential for herd effects.[178]

Economic evaluations of rotavirus vaccination programs in

high, middle and low income countries have been reviewed re-

cently.[179] Most of these studies utilized static deterministic

models, which exclude herd effects and therefore could under-

estimate the economic impact of rotavirus vaccination programs

with high coverage. There is a broad range of results across

various countries, reflecting largely the local vaccine price and

severe rotavirus disease incidence and mortality rates, which

vary widely. Most measurable costs of rotavirus illness in high

income countries comprise direct medical costs, with lost par-

ental income making up as much as one-third of the cost

to society.[175] Some studies take into account the impact

of rotavirus diarrhea on the quality of life of one or two

caregivers,[180-183] and others include lifetime productivity

losses attributable to infant deaths.[18] In the US, where at least

50% of infants have received at least one vaccine dose, rotavirus

vaccines are predicted to prevent 313 000 hospitalizations for

rotavirus gastroenteritis among children <5 years of age over the
period 2006–15.[184] In New Zealand, which has an annual birth

cohort of approximately 65 000 and where childhood gastroen-

teritis is common but seldom fatal, about six children are re-

quired to be vaccinated to avoid one primary care consultation,

49 to avert one hospitalization, and 73 000 to prevent one death.

The cost perQALY is about $US27 000, in year 5 of the program

(in 2006/7 dollars), which is cost effective by international

standards.[183] Herd protection is likely to improve the cost ef-

fectiveness greatly. Inclusion of cases that do not seek medical

care, and the expected indirect benefits of reduced episodes of

healthcare-associated rotavirus gastroenteritis and outbreaks in

nursing homes, could further strengthen the case for government

funding of rotavirus vaccination programs, although it could

also reduce the credibility of the analyses because of the un-

certain prevalence and costs associated with all of these cases.

A recent study estimated the cost effectiveness of rotavirus

vaccination programs in low and middle income countries in

Africa, the Americas, the eastern Mediterranean, Europe,

Southeast Asia, and the western Pacific.[22] Rotavirus vacci-

nation would prevent 228 000 deaths, 13.7 million hospital

visits and 8.7 million DALYs annually, saving in 2007 dollar

values $US188 million in treatment costs and $US243 million

in societal costs. More broadly, in 64 low income countries,

introduction of rotavirus vaccination programs over a period

of 18 years is predicted to prevent 2.4 million deaths and over

80 million DALYs, with cost effectiveness improving over time

as the unit price of the vaccine declines. Thus, the potential

introduction of rotavirus vaccines into the world’s poorest

countries is very cost effective and is projected to reduce child

mortality substantially.[185] However, the cost effectiveness of

such a strategy depends upon the vaccine prices that can be

negotiated across these countries.
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Mortality can also have intangible effects on funding deci-

sions. When vaccines against different diseases are competing

for limited public funding, the ‘rule of rescue’ can prevail.

Vaccination programs that prevent childhood deaths are more

likely to attract funding than vaccines that prevent common

non-fatal illnesses, regardless of the findings of economic

evaluations.[186] As a result, in high income countries with low

mortality from childhood gastroenteritis, rotavirus vaccines are

less likely to attract funding than other new vaccines that pre-

vent deaths, such as pneumococcal and human papillomavirus

vaccines.[186] However, in developing countries with high mor-

tality from rotavirus gastroenteritis, vaccination programs are

likely to achieve amore favorable status, provided the vaccine is

priced appropriately.Ultimately, whether rotavirus vaccination

programs are likely to attract government or state funding de-

pends largely on the local price of the vaccine, the local mor-

tality rate from rotavirus diarrhea, the per capita GDP, and the

available budget. Themain economic challenges are negotiating

lower vaccine prices for developing countries, and educating

governments and healthcare providers of these countries about

the economic and health benefits of rotavirus vaccine programs.

8. The Future

In 2009, the WHO made a recommendation for infants

worldwide to be immunized against rotaviruses.[113,187] This

recommendation followed the completion of studies in low

income countries of Africa and Asia (tables I–III), which

showed PRV and HRV were relatively immunogenic and

efficacious in these settings, and the demonstration of post-

licensure vaccine safety and effectiveness in high, middle and

low income countries of the Americas (see sections 5 and 6).

8.1 Research Questions

Despite the success of currently licensed rotavirus vaccines,

several important questions remain. A greater understanding of

natural and vaccine-induced protective immunity will help with

the development of the next generation of vaccines to improve

immunogenicity in the neonatal period and in settings where

there is a high diarrheal burden, diverse rotavirus genotypes,

and poor environmental hygiene.[73,188]

Confirmation of the indirect protective effects of rotavirus

vaccines to unimmunized infants and older age groups is need-

ed to ensure that cost-effectiveness models are optimized and

public health policy makers are made aware of these potential

benefits. This is especially true for low income countries. As

already seen with pneumococcal conjugate vaccines,[189] herd

protection is likely to result from reduced rotavirus transmis-

sion in the community. However, direct transmission of vaccine

strains between immunized infants and unimmunized contacts

may also contribute. Ongoing transmission studies in twins will

provide some answers and help determine the potential risk of

vaccine strains to immunocompromised household contacts.

Recent studies show that 30% of Bangladeshi and 40%
of Malawian infant subjects have IgA serological evidence

of prior rotavirus infection at age 8 and 18 weeks,

respectively.[136,145,190] Moreover, approximately 30% of in-

fants from low andmiddle income countries do not receive their

first vaccinations until after 12 weeks of age.[191] Countries with

the greatest mortality rates from rotavirus gastroenteritis are

more likely to have delayed vaccine coverage. For example, in

Nigeria, where 50 000–70 000 children are estimated to die an-

nually from rotavirus infections,[5,12,192] <25% of infants receive

their initial routine vaccinations before the age of 3 months.[193]

Taken together, the early onset of primary infection and poor

access tomedical care and vaccination services pose the greatest

challenges facing rotavirus programs in low income countries.

A possible solution is to hasten the development of vaccines

that can be given to newborn babies, and to collect safety and

efficacy data urgently to allow a loosening of the age restric-

tions on rotavirus vaccine administration.[194,195] A criticism

of vaccines administered in the newborn period is their poor

immunogenicity resulting from blocking maternal antibodies

and the baby’s immature immune system. However, unique

wild-type neonatal rotavirus strains RV3 (G3P[6]) and 116E

(G9P[11]) have already been shown to replicate well in the

presence of maternal antibodies and to induce high level pro-

tective heterotypic immunity.[7,88] Candidate oral rotavirus

vaccines derived from these neonatal strains are about to

undergo field trials to determine whether they are safe and

efficacious in young infants and newborn babies.[7]

Finally, before introducing rotavirus vaccine programs, it is

important to have surveillance systems established to identify

the baseline rotavirus disease burden, temporal trends, and

strain diversity. The surveillance systems can then be used to

measure the impact of rotavirus vaccines on disease prevalence.

These systems will also help to determine whether vaccines have

strain-specific differences in their activity, especially against

G2P[4] and G12P[6] in settings of poverty and high diarrhea

burden. Surveillance is required for several years to monitor

the effects of vaccine-induced immune selection pressure on

rotavirus evolution, as novel strains might emerge, including

vaccine-derived reassortant viruses, and they could compromise

program effectiveness.[120,196] Such information will not only
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help guide public health policy, but provide valuable informa-

tion on rotavirus biology, evolution, and immunity. The recent

WHO global recommendation in favor of affordable rotavirus

vaccines will assist with meeting the Millennium Development

Goal of reducing the mortality rate in children <5 years of age

by two-thirds between 1990 and 2015. If fully implemented,

rotavirus vaccines could decrease the annual mortality in chil-

dren <5 years of age by as much as 4%, and decrease mortality

and hospital admissions for diarrhea by between 20% and 40%
in this age group.[197] However, it is important to remember that

rotavirus vaccines are but one component of a comprehensive

approach to the prevention and management of childhood

diarrheal disease.[198]
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