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Abstract

Introduction: Rotavirus is the leading cause of hospitalizations and deaths from diarrhea. 33
African countries had introduced rotavirus vaccines by 2016. We estimate reductions in rotavirus
hospitalizations and deaths for countries using rotavirus vaccination in national immunization
programs and the potential of vaccine introduction across the continent.

Areas covered: Regional rotavirus burden data were reviewed to calculate hospitalization rates,
and applied to under-5 population to estimate baseline hospitalizations. Rotavirus mortality was
based on 2013 WHO estimates. Regional pre-licensure vaccine efficacy and post-introduction
vaccine effectiveness studies were used to estimate summary effectiveness, and vaccine coverage
was applied to calculate prevented hospitalizations and deaths. Uncertainties around input
parameters were propagated using boot-strapping simulations. In 29 African countries that
introduced rotavirus vaccination prior to end 2014, 134,714 (IQR 112,321-154,654)
hospitalizations and 20,986 (IQR 18,924-22,822) deaths were prevented in 2016. If all African
countries had introduced rotavirus vaccines at benchmark immunization coverage, 273,619 (47%)
(IQR 227,260-318,102) hospitalizations and 47,741 (39%) (IQR 42,822-52,462) deaths would
have been prevented.

Expert commentary: Rotavirus vaccination has substantially reduced hospitalizations and
deaths in Africa; further reductions are anticipated as additional countries implement vaccination.
These estimates bolster wider introduction and continued support of rotavirus vaccination
programs.
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1. Introduction

Rotavirus is the leading cause of severe diarrhea among children <5 years of age worldwide,
and accounts for 39% of all childhood diarrhea deaths in African countries [1]. Over half of
all global rotavirus deaths occur in the countries of sub-Saharan Africa; 10 of these countries
had rotavirus mortality rates greater than 100 per 100,000 children in 2013 [1]. Two live
attenuated, oral rotavirus vaccines (Rotarix™, GSK Biologics and RotaTeq®, Merck & Co)
showed high efficacy (85-98%) against severe rotavirus gastroenteritis in high income
countries during clinical trials[2,3], and in some high and middle income countries with
established rotavirus vaccination programs, noroviruses have now replaced rotavirus as the
leading cause of severe childhood diarrhea [4-7]. Subsequent trials have shown moderate
efficacy (39-61%) in African and Asian countries known to have higher diarrheal disease
burden and higher under-5 child mortality rates[8-10]. A range of hypotheses have been
proposed to explain this phenomenon, including factors related to macro- and micro-nutrient
deficiency, environmental enteric dysfunction, concomitant infections from bacterial, viral,
parasitic and helminthic agents, and reduced immunogenicity of the vaccines related to
interference with maternal antibodies and with coadministration of oral polio vaccine [11-
18]. Despite moderate efficacy, the public health impact of rotavirus vaccination is expected
to be substantial in African countries because of the tremendous burden of severe rotavirus
diarrhea and rotavirus disease-associated death[19]. Therefore, in 2009, the World Health
Organization (WHO) broadened its prior recommendation for rotavirus vaccines to include
use in all countries and particularly in those countries with high levels of child mortality due
to diarrhea [20]. By the end of 20186, thirty-three African countries had introduced rotavirus
vaccines into their national immunization programs, many with the support of additional
resources from Gavi: the Vaccine Alliance[21] (Figure 1). We estimate reductions in
rotavirus hospitalizations and deaths for countries in Africa that had introduced rotavirus
vaccination prior to 2015, and project benefits for all African countries if they had
implemented rotavirus vaccination at the coverage level of benchmark vaccines.

2. Methodology to estimate rotavirus hospitalizations and deaths
prevented with rotavirus vaccination

2.1. Baseline estimates of hospitalizations and deaths due to rotavirus in Africa

Estimates of rotavirus hospitalizations were derived from published studies of active,
population-based surveillance from districts in Kenya [22-24], Libya [25], Malawi [26],
Mozambique [27], and South Africa [28] conducted before rotavirus vaccine introduction
(Table 1). These studies calculated hospitalization rates for children under 5 years of age for
a minimum of one rotavirus season prior to rotavirus vaccine introduction in their respective
national immunization programs, typically as part of a Health and Demographic
Surveillance System (HDSS) [29]. Given the higher burden of illness in younger children
[30-32], hospitalization rates for rotavirus were stratified by the following age groups: 0-11
months, 12—-23 months, and 24-59 months old. The median hospitalization rates per 100,000
were 887 (inter-quartile range (IQR) 305-1514) for the 0-11 month, 484 for the 12-23
month, and 41 for the 24-59 month age groups. To determine the number of rotavirus
hospitalization in absence of vaccination, the age group-specific rotavirus hospitalization
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rates were applied to the World Population Prospects (WPP) 2015 population estimates for
each country [33].

The age group (0-11, 12-23 and 24-59 months) distribution for rotavirus hospitalizations
was applied to previously published rotavirus mortality estimates for 2013[1] to determine
the number of rotavirus deaths in each age strata. The 2013 mortality estimates applied
country-specific estimates of rotavirus prevalence in moderate-to-severe diarrhea cases to
WHO estimates of the number of diarrhea deaths in children[34].

2.2. Rotavirus vaccine effectiveness

Data from published clinical efficacy trials and post-introduction vaccine effectiveness
evaluations from African countries were reviewed[8,9,26,35-41]. In the post-introduction
evaluations, investigators estimated vaccine effectiveness using a case—control design, with
children enrolled from surveillance sites with stool samples that tested positive by enzyme-
linked immunosorbent assay (ELISA) for rotavirus as cases, and with samples that tested
negative by ELISA for rotavirus as controls [42,43]. Where multiple scenarios for vaccine
effectiveness were available, the estimate against hospitalization or moderate-to-severe
diarrhea was used. While the African region has higher child mortality than other regions,
individual countries report a range in under-5 mortality from 13 to 157 per 1000 live births
in 2015 [44]. As vaccine effectiveness studies show a lower performance in higher-mortality
countries, even when limited to those conducted in African countries, we used the median
under-5 mortality rate for the continent (67 per 1000 live births) to classify countries to a
higher or lower child mortality rate group (Table 2). The mean vaccine effectiveness in the
higher-mortality group was 46% (95% CI: 28-64%), compared to 65% (95% 53-77%) for
the lower-mortality group (Figure 2).

2.3. Estimate of 2016 reductions in diarrheal hospitalizations and deaths for countries
introducing rotavirus vaccine into national immunization programs by end of 2014

Estimates of current reductions in rotavirus burden were limited to the 29 countries who
introduced rotavirus vaccination (23 introduced RV1 and six RV5) by end of 2014 to allow
for at least one full year after vaccine introduction to realize the impact of the vaccination
program. For these 29 countries, the vaccine coverage for rotavirus last dose reported to
WHO in 2015[45] was applied to the WPP population[33] for the age groups described
earlier (0-11, 12-23, and 24-59 months) to estimate the number of vaccinated individuals in
each country. The time since vaccine introduction until end of 2016 was used to determine
the number of full and partial birth cohorts that would have been eligible for rotavirus
vaccination in each country. The number of hospitalizations prevented was calculated as the
product of the number vaccinated and the hospitalization rate for each age group, multiplied
by the vaccine effectiveness stratified by child mortality rate. The number of deaths
prevented was calculated by multiplying the proportion of vaccinated individuals by the
baseline number of deaths in each age group and the mortality-stratified vaccine
effectiveness. A boot-strapping simulation of 1000 cases using the IQR for hospitalization
rate and 95% confidence interval of the mean vaccine effectiveness rate was performed to
propagate mean and interquartile estimates for each country. Country-level estimates of
baseline and prevented rotavirus hospitalization and deaths for 2016 are presented in
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Supplemental Table 1. For all African countries that introduced rotavirus vaccines by the end
of 2014, we estimate that 134,714 (IQR 112,321-154,654) rotavirus hospitalizations and
20,986 (IQR 18,924-22,822) rotavirus deaths were prevented in 2016 (Table 3).

2.4. Estimate of potential reductions in diarrheal hospitalizations and deaths

To determine the potential benefit of rotavirus vaccination in Africa, we estimated the
reductions in rotavirus hospitalizations and deaths assuming that all countries had already
implemented rotavirus vaccination at coverage equivalent to more established vaccinations
in the Expanded Program on Immunization (EPI) [46]. This coverage goal has been shown
feasible in Latin American countries, where even Gavi-eligible countries have achieved high
coverage rates for rotavirus vaccination similar to routine EPI vaccinations [47,48]. We
chose the reported coverage for diphtheria-tetanus-pertussis (DTP) containing vaccines,
which are recommended to be administered on the same schedule as rotavirus vaccines, and
are the benchmark for the 2011-2020 Global Vaccine Action Plan [49]. For countries that
have introduced the three-dose RotaTeq® formulation, the reported coverage[45] for the
third dose of DTP vaccine was used. As coverage for the second dose of DTP vaccine is not
routinely reported, we estimated DTP2 coverage by calculating the mean of the first and
third dose of DTP, and applied this estimate for countries that have introduced the two-dose
Rotarix™ formulation. The two-dose estimate was also used for countries that have not yet
introduced rotavirus vaccination into their national immunization program, based on the
global preference for Rotarix™ that is currently available.

In total, we estimate that 273,619 (IQR 227,260-318,102) hospitalizations and 47,741
(42,822-52,462) deaths from rotavirus would have been prevented in 2016 if all countries in
Africa had implemented rotavirus vaccination at current routine immunization coverage
(Table 3, country-specific estimates available in Supplemental Table 2). These estimates
represent a 47% reduction in hospitalizations (IQR 43-49%) and 39% reduction in deaths
(IQR 36-42%) from the burden in 2013.

The gap between the reductions estimated for full implementation across the continent and
the estimates for countries that introduced by 2014 highlights the potential benefits of
rotavirus vaccination in Africa. For countries that have already introduced rotavirus
vaccination, an additional 20,082 (IQR 17,234-23,037) hospitalizations and 4473 (4126—
4832) deaths would have been prevented if rotavirus vaccination coverage matched DTP
coverage. For the 25 countries that had not yet introduced rotavirus vaccination, full
coverage would have resulted in an additional 119,594 (IQR 100,350-137,883)
hospitalizations and 22,351 (IQR 20,065-24,523) deaths prevented.

The overall reductions are further stratified by child mortality rate[44], African region[50],
World Bank Income Group level[51], and 2016 eligibility for Gavi assistance[21]. These
stratified estimates highlight some important findings. Despite lower vaccine effectiveness,
almost twice as many rotavirus deaths would have been prevented in higher-mortality
countries compared to lower-mortality countries, due to the higher burden of baseline
deaths. Regional estimates of the percent hospitalizations and deaths prevented are tempered
by large countries with lower routine immunization coverage: Nigeria (Western region, 70%
DTP1 and 56% DTP3 coverage), Demacratic Republic of Congo (Middle region, 82%
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DTP1 and 81% DTP3 coverage), and South Africa (southern region, 72% DTP1 and 69%
DTP3 coverage)[45]. Strengthening of these countries’ routine immunization programs
would substantially enhance the impact of rotavirus vaccination and likely equalize regional
differences. Over half of prevented rotavirus deaths would have occurred in low-income
countries, and another 40% in low-middle income countries. There are only two high-
income countries, where there is low existing burden but also low composite percent
reduction due to low immunization coverage in Equatorial Guinea (28% DTP1 and 16%
DTP3). Finally, almost 80% of prevented hospitalizations and over 95% of prevented deaths
would have occurred in Gavi-eligible countries.

3. Conclusion

Using current data on regional rotavirus disease burden, vaccine effectiveness, and vaccine
coverage, we estimate that over 130,000 hospitalizations and almost 21,000 deaths due to
rotavirus in children <5 years were prevented in 2016 in 29 African countries that introduced
rotavirus vaccines into their national immunization programs before 2015. Furthermore, if
all African countries had implemented rotavirus vaccines at current routine immunization
coverage, an additional 139,000 rotavirus hospitalizations and 27,000 rotavirus deaths would
have been prevented, resulting in overall reductions of over 270,000 rotavirus
hospitalizations (47%) and almost 48,000 rotavirus deaths (39%). Absolute reductions in
rotavirus mortality would have occurred predominately in countries with high childhood
mortality, low and low-middle income, and countries eligible for Gavi assistance.

Our estimates are subject to several caveats. Available data for African region-specific
rotavirus hospitalizations are sparse, with global estimates[52] often cited as surrogates. Our
estimates used age-based hospitalization rates based on data from five African countries of
varying sub-region, childhood mortality rate, population size and density, and income level.
Ideally, further active surveillance from more population settings would allow for more
robust, localized hospitalization rate estimates. Even with further data, local practice and
hospital admission patterns for diarrhea change over time, likely to affect the hospitalization
rates independent of trends in actual rotavirus illnesses[53,54].

Similarly, reductions in rotavirus hospitalizations and deaths are dependent on existing data
of vaccine effectiveness and vaccine coverage. Given the small number of available vaccine
effectiveness evaluations, summary statistics may be influenced by outlier results, leading to
conservative estimates in hospitalization and death reductions. This is evident in the wide
confidence interval we estimate for vaccine effectiveness in lower-mortality countries. We
also only estimated reductions based on full-series coverage. Additional modest reductions
in deaths and hospitalization may also occur in partially immunized children or as the result
of indirect protection resulting from reduced circulation of rotavirus in the community. Thus,
we may have underestimated the full impact of the vaccination program. We also assumed
that coverage of rotavirus vaccine would achieve coverage levels similar to that of other
routine childhood vaccines. However, in some countries, rotavirus vaccine coverage has
lagged behind coverage of other vaccines, and therefore may take longer for the full impact
of rotavirus vaccination to be observed. Furthermore, strategies to improve the performance
of oral rotavirus vaccines in high-mortality countries are currently being explored, including
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the use of zinc supplementation[55], timing of breastfeeding[37,56,57], improved
nutrition[35], and alternate dosing schedules[58,59]. Country-level estimates of vaccine
coverage, as used in this analysis, can mask within-country disparities in coverage, with
infants that are most at risk to die from rotavirus also less likely to receive
vaccination[60,61]. Improvements in vaccine effectiveness and equitable strengthening of
national immunization programs systems are likely to lead to greater reductions in rotavirus
burden than estimated here. Expansion of rotavirus vaccination in Africa is being coupled
with ongoing surveillance for vaccine safety, following existing protocols for monitoring of
adverse effects following immunization and specifically for intussusception [62-64]. A
review of naturally occurring intussusception in African countries found that intussusception
reports were infrequent at the age when rotavirus vaccine is first administered, peaked
around 5-8 months of age, and that delayed presentation was common and associated with
worse outcomes [65].

Despite these caveats, our estimates show the remarkable impact of rotavirus vaccination in
Africa, the continent with the highest rotavirus disease burden. The gap in potential
reduction in disease burden can be closed with vaccine introduction in all African countries
and with vaccine coverage at routine EPI immunization levels.

4. Expert commentary

Rotavirus is the leading cause of severe diarrhea in children globally, with a particularly high
burden of disease in sub-Saharan Africa[1]. We estimate that rotavirus currently causes
almost 600,000 hospitalizations and over 120,000 deaths in African countries. Vaccines
against rotavirus have been shown to reduce rotavirus disease in diverse populations[66],
especially severe disease that leads to hospitalizations and deaths. Currently licensed and
globally commercially available rotavirus vaccines have high acceptability at the country
level, have demonstrated robust effectiveness against severe rotavirus disease and have a
track record of safety[67]. Since 2009, thirty-three African countries have introduced
rotavirus vaccination into their national immunization programs. In the 29 countries that
introduced prior to 2015, over 130,000 rotavirus hospitalizations and almost 21,000
rotavirus deaths were prevented in 2016. In one decade, rotavirus vaccination has gone from
national licensure in the country of manufacture, to broad introduction and measurable
impact in low and lower-middle income countries, a remarkable leap forward in equity from
the historic pace of vaccine introductions[49].

Despite these successes, potential further reductions in hospitalizations and deaths caused by
rotavirus highlight opportunities for action. Several large countries with a high burden of
illness have yet to introduce rotavirus vaccination, but are expected to do so in 2018,
including Nigeria and the Democratic Republic of Congo. Optimized use of existing oral
rotavirus vaccinations, coupled with vaccines in discovery, is likely to lead to higher vaccine
effectiveness than is currently measured. Improved treatment of diarrhea and strengthening
of national immunization programs, especially in large countries with current low coverage
for routine immunizations, will also lead to benefits greater than we currently estimate.
Licensure of new live-attenuated, oral rotavirus vaccines from additional manufacturers in
India, will help to stabilize global vaccine supply and potentially lower the cost of vaccine,
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which will help improved stability of national rotavirus vaccinations programs. Importantly,
as many countries transition from Gavi-funding support over the next 5 years, having a
broader market of rotavirus vaccines with lower price point will be critical for the
sustainability of rotavirus immunization.

Finally, the availability of external resource support, through organizations such as WHO,
UNICEF and Gavi, make the broad adoption of newer vaccines in low and lower-middle
income countries an achievable goal.

5. Five-year view

Continued introduction of rotavirus vaccination into national immunization programs in
additional African countries is anticipated over the next five years. Nigeria and the
Democratic Republic of Congo, the two highest-burden countries in Africa that together
account for 140,000 hospitalizations and 43,000 deaths annually from rotavirus, are
expected to introduce rotavirus vaccines in 2018 with Gavi support. In addition to the
existing WHO-approved rotavirus vaccines, several new vaccines are available in local
national markets[68,69] and are likely to seek prequalification status[70] from WHO for
broader use. Other, novel vaccines are currently undergoing preclinical and clinical trial
testing[67], including vaccines using novel reassortant rotavirus strains, and vaccines using
alternative delivery methods such as a heat stable oral formulation[69] and intramuscular or
intradermal formulations[71]. Strategies to improve the performance of oral rotavirus
vaccines in high-mortality countries are currently being explored, including the use of zinc
supplementation[55], use of the antisecretory agent racecadotril[72,73], timing of
breastfeeding[37,56,57], improved nutrition[35], and alternate dosing schedules[74-76].
These developments in the rotavirus vaccine marketplace and improved effectiveness of oral
vaccines are likely to encourage broader and more effective introduction of rotavirus
vaccines in African countries, thus providing greater reductions in the burden of rotavirus
infection than are estimated in this report. Continued monitoring of rotavirus trends,
circulating rotavirus genotypes, and safety through existing surveillance networks[63,77], as
well as rigorous studies to measure mortality reduction, are important to fully understanding
the impact of rotavirus vaccination.
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Key issues

Rotavirus is the leading cause of severe diarrhea in children, and is the cause
of an estimated 587,000 hospitalizations and 123,000 deaths yearly in African
countries.

Since 2009, rotavirus vaccines have been recommended by the World Health
Organization for use in all countries globally to prevent severe diarrhea. By
the end of 2016, 33 African countries had introduced rotavirus vaccines into
their national immunization programs.

In 2016, an estimated 135,000 rotavirus hospitalizations and 21,000 rotavirus
deaths were prevented in the 29 countries that introduced rotavirus vaccine
before 2015.

If all African countries implemented rotavirus vaccination in routine
immunization, almost 274,000 rotavirus hospitalizations (47%) and 48,000
rotavirus deaths (39%) would have been prevented in 2016. Improved vaccine
effectiveness and strengthened immunization programs could lead to further
gains. Most of the mortality reductions occur in higher-mortality, lower-
income countries.
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Figure 1.
National immunization programs in Africa with rotavirus vaccination introduced, 2009-

2016.
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Effectiveness of rotavirus vaccination in children younger than 5 years by child mortality

rate strata.
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Population-based rates for children hospitalized with rotavirus diarrhea from community surveillance systems
in Africa prior to rotavirus vaccination.

Country Surveillance years  Rotavirus prevalence  Rotavirus hospitalization rate per 100,000 (95% CI) Reference
0-11 months

Kenya 2002-2004 38% 1431 (1275-1600)  Nokes [22]
South Africa  2003-2005 25% 1597 (1451-1743)  Seheri [28]
Mozambique ~ 2007-2011 42% 342 (282-403) Nhampossa [27]
Malawi 2012 49% 269 Bar Zeev [26]
12-23 months

South Africa  2003-2005 18% 484 (392-576)  Seheri [28]
24-59 months

South Africa  2003-2005 10% 41 (25-57)  Seheri [28]
0-59 months

Kenya 2002-2004 30% 478 (437-521)  Nokes [22]
Kenya 2003-2005 19% 107  Tate [23]
South Africa  2003-2005 21% 466 (428-504)  Seheri [28]
Kenya 2010-2011 27% 501 (443-558)  Khagayi [24]
Libya 2012-2013 58% 418 (405-431)  Alkoshi [25]
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