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Supplemental content
IMPORTANCE Rotavirus infection is the global leading cause of diarrhea-associated morbidity CME Quiz on page 995
and mortality among children younger than 5 years.
OBJECTIVES To examine the extent of rotavirus infection among children younger than
5 years by country and the number of deaths averted because of the rotavirus vaccine.

DESIGN, SETTING, AND PARTICIPANTS This report builds on findings from the Global Burden of
Disease Study 2016, a cross-sectional study that measured diarrheal diseases and their
etiologic agents. Models were used to estimate burden in data-sparse locations.

EXPOSURE Diarrhea due to rotavirus infection.

MAIN OUTCOMES AND MEASURES Rotavirus-associated mortality and morbidity by country
and year and averted deaths attributable to the rotavirus vaccine by country.

RESULTS Rotavirus infection was responsible for an estimated 128 500 deaths

(95% uncertainty interval [Ul], 104 500-155 600) among children younger than 5 years
throughout the world in 2016, with 104 733 deaths occurring in sub-Saharan Africa

(95% Ul, 83 406-128 842). Rotavirus infection was responsible for more than 258 million
episodes of diarrhea among children younger than 5 years in 2016 (95% Ul, 193 million to 341
million), an incidence of 0.42 cases per child-year (95% Ul, 0.30-0.53). Vaccine use is
estimated to have averted more than 28 000 deaths (95% Ul, 14 600-46 700) among
children younger than 5 years, and expanded use of the rotavirus vaccine, particularly in
sub-Saharan Africa, could have prevented approximately 20% of all deaths attributable to
diarrhea among children younger than 5 years.

CONCLUSIONS AND RELEVANCE Rotavirus-associated mortality has decreased markedly over
time in part because of the introduction of the rotavirus vaccine. This study suggests that
prioritizing vaccine introduction and interventions to reduce diarrhea-associated morbidity
and mortality is necessary in the continued global reduction of rotavirus infection.
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Rotavirus Vaccination and the Global Burden of Rotavirus Infection Among Children Younger Than 5 Years

iarrheal disease was the fourth leading cause of death
among children younger than 5 years in 2015, respon-
sible for nearly 500 000 deaths.!? Furthermore, ro-
tavirus infection was responsible for 29.3% (95% uncertainty
interval [UI], 24.6%-35.9%) of all diarrheal deaths among chil-
dren younger than 5 years in 2015 (146 500 deaths; 95%
UI, 118 000-183 500).2 Diarrhea-associated mortality has de-
creased since 1990 by nearly 65% in part because of improve-
ments in safe water and sanitation and reductions in under-
nutrition among children younger than 5 years.? Sustained
efforts to scale and implement effective interventions must re-
main the long-term goal to alleviate the global diarrhea bur-
den. In response to the urgent need to prevent avertable di-
arrhea episodes and their associated mortality, the World
Health Organization (WHO) recommended that rotavirus vac-
cines be included in immunization programs in the European
region and the Americas in 2006, arecommendation that was
extended to all regions worldwide in 2009.% In addition, Gavi,
the Vaccine Alliance actively supports rotavirus vaccination
by subsidizing the cost of vaccination in eligible countries.>
Rotavirus is 1 of the 13 diarrheal etiologic agents mea-
sured in the Global Burden of Disease Study 2016 (GBD
2016).*°> The GBD 2016 is a systematic, scientific effort to pro-
duce comparable estimates of disease burden, including ro-
tavirus diarrhea, for each age, sex, geographic location, and
year from 1990 through 2016. This study describes the inci-
dence and mortality of rotavirus infection among children
younger than 5 years and reveals the urgent need for inter-
ventions to reduce diarrhea risk, treat severe diarrhea epi-
sodes, and prevent rotavirus diarrhea.

Methods

Detailed methods on the GBD and diarrhea estimation in
the GBD have been previously published."*> This report
describes these methods briefly, focusing on etiologic attri-
bution and changes from previous GBD methods. Intermedi-
ate models, input data, and code are available on the Global
Health Data Exchange website.® Institutional review board
approval for the GBD 2016 was granted by the University of
Washington.

Diarrhea-associated mortality was modeled in the Cause
of Death Ensemble model (CODEm) platform. CODEm is a
Bayesian, hierarchical, space-time, ensemble model tool.?”
CODEm produces a wide variety of submodels designed to
include a diverse set of covariates and model types. eTable 1
in the Supplement provides a complete list of the covariates
used. Each submodel is weighted based on out-of-sample
predictive validity and contributes draws to a final set of
1000 draws. These predictive regression models produce
estimates of cause-specific mortality for each age, sex, geo-
graphic location, and year based on vital registration, verbal
autopsy, and surveillance system data.

Diarrhea incidence was modeled in DisMod-MR, version
2.1 (DisMod). DisMod is a Bayesian, hierarchical metaregres-
sion tool.” Like CODEm, DisMod uses space-time informa-
tion and covariates to produce modeled estimates for each age,
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Key Points

Questions What is the extent of rotavirus infection among
children younger than 5 years, and how has the rotavirus vaccine
reduced this global burden?

Findings This report of the Global Burden of Disease and several
extended analyses on rotavirus and results of rotavirus vaccination
found that rotavirus infection caused 128 500 deaths and

258173 300 episodes of diarrhea among children younger

than 5 years in 2016. The rotavirus vaccine is estimated to have
averted approximately 28 000 deaths in 2016, and approximately
83200 additional children could have been saved had full vaccine
coverage been achieved that year.

Meaning Prioritizing the introduction of the rotavirus vaccine and
interventions to reduce diarrhea-associated morbidity and
mortality are necessary in the continued reduction of the global
rotavirus burden.

year, geographic location, and sex. DisMod also contains a com-
partmental model that enforces consistency among inci-
dence, prevalence, and mortality. Input data are from the
scientific literature, population-representative surveys, and
health care use records.

Rotavirus was attributed to diarrhea-associated mortal-
ity and morbidity using a counterfactual approach called a
population attributable fraction (PAF).! This study’s ap-
proach accounted for pathogen codetection and detection in
healthy individuals and does not necessitate a 1-pathogen-to-
1-episode association. Detection of rotavirus was based on a
molecular diagnostic case definition.® The PAF is defined as
follows®:

PAF = Proportion x (1 - 1/OR)

where OR is the odds ratio of diarrhea given pathogen detec-
tion and proportion is the modeled frequency of detection of
rotavirus in diarrhea samples. The ORs are based on results
from the Global Enteric Multicenter Study (GEMS) (eTable 2
in the Supplement).®!° The proportion estimates are from Dis-
Mod models in which the input data are from scientific litera-
ture and modeled for each age, sex, year, and geographic
location. Input data are given in eTable 3 and eFigure 1in the
Supplement. Results were adjusted to match a molecular di-
agnostic case definition using the sensitivity and specificity
of enzyme-linked immunosorbent assay (ELISA) compared
with the molecular diagnostic definition.

This study uses a systematic reanalysis of the GEMS
samples using quantitative polymerase chain reaction (PCR).%
The modeling strategy requires that the continuous quantita-
tive PCR test results are dichotomized into positive and nega-
tive results so that the ORs represent the strength of associa-
tion between rotavirus and diarrhea." To do this, we identified
the lowest cycle threshold in which the diagnostic accuracy
was maximized (eFigure 2 in the Supplement). A summary of
the input data for these modelsis provided in eTable 3 and eFig-
ure 1in the Supplement. To attribute diarrhea episodes and
deaths due torotavirus infection, the PAF estimates were mul-
tiplied by the diarrhea episode and death estimates. All esti-
mates in the GBD 2016 are produced at the draw level with
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Table. Burden of Rotavirus in 2016 Among Children Younger Than 5 Years by Global Burden of Disease Study Region and Superregion

Mortality Rate, per

100 000 Population Incidence, per 100 000
Location No. of Deaths (95% Ul) (95% UI) Population (95% UI) No. of Cases (95% Ul)
Global 128530 (104 496-155648) 20.3 (16.5-24.6) 401.3 (300.3-529.5) 258173278 (193195064-340672879)
Southeast Asia, East 4499 (3498-5613) 3.7 (2.8-4.6) 305.5(217.3-425.5) 38563330 (27422172-53703367)
Asia, and Oceania
East Asia 649 (478-880) 1.0 (0.7-1.4) 125.3 (85.4-183.7) 8280369 (5643598-12134956)
Southeast Asia 3765 (2895-4789) 6.6 (5.1-8.4) 507.9 (360.5-706.1) 29845328 (21186 178-41494613)
Oceania 85 (44-153) 6.0 (3.1-10.8) 324.9 (208.3-487.1) 448623 (287 666-672 555)
Central Europe, Eastern 317 (212-456) 1.1 (0.8-1.6) 431.1 (296.2-605.9) 13107287 (9005945-18 424 868)
Europe, and Central
Asia
Central Asia 237 (145-366) 2.5(1.5-3.8) 172.5 (107.9-262.5) 1899833 (1187968-2890610)
Central Europe 24 (19-32) 0.4 (0.3-0.6) 722.6 (501.7-1027.8) 4125508 (2 864 684-5868 045)
Eastern Europe 55 (36-78) 0.4 (0.3-0.6) 520.4 (362.5-731.4) 7122181 (4960838-10010542)
High income 134 (109-164) 0.2 (0.2-0.3) 118.8 (81.0-171.7) 6903717 (4707 088-9978 464)
High-income Asia 10 (8-13) 0.1(0.1-0.2) 33.0(20.7-49.9) 251204 (157 464-379 899)
Pacific
Australasia 3(2-4) 0.2 (0.1-0.2) 34.3(21.7-52.3) 62334 (39402-94978)
Western Europe 50 (38-64) 0.2 (0.2-0.3) 219.2 (143.9-327.8) 4866571 (3196026-7279975)
Southern Latin 33 (25-43) 0.7 (0.5-0.8) 224.0 (166.3-301.5) 1121370 (832 556-1509 433)
America
High-income North 39 (29-50) 0.2 (0.1-0.2) 30.4 (19.2-45.2) 652228 (412958-970517)
America
Latin America and 1259 (976-1595) 2.5(2.0-3.2) 447.0 (307.3-614.1) 21138621 (14532 864-29044618)
Caribbean
Caribbean 198 (116-328) 5.0 (2.9-8.2) 186.6 (111.4-299.3) 770044 (459 648-1234977)
Andean Latin 80 (54-113) 1.2 (0.8-1.7) 256.1(171.3-353.4) 1679785 (1123593-2318298)
America
Central Latin America 714 (538-930) 3.1(2.4-4.1) 367.3 (241.6-533.6) 8209712 (5400527-11925432)
Tropical Latin 267 (205-345) 1.7 (1.3-2.1) 740.1 (522.3-993.0) 10553252 (7446 877-14159709)
America
North Africa and Middle 4193 (2714-6422) 6.6 (4.3-10.2) 415.8 (267.4-608.8) 26408211 (16981918-38 665 090)
East
South Asia 13396 (10116-17453) 8.7 (6.6-11.4) 220.1 (156.7-302.9) 35169025 (25043 003-48 400337)

Sub-Saharan Africa 104733 (83 406-128842)

15617 (9981-23942)

66.9 (53.3-82.3)
Central sub-Saharan

Africa
Eastern sub-Saharan 16300 (13 040-19 805) 26.1 (20.8-31.7)
Africa
Southern 1514 (1071-2071) 17.6 (12.4-24.1)

sub-Saharan Africa

Western sub-Saharan
Africa

71303 (53 105-91870)

75.1 (48.0-115.1)

110.3 (82.2-142.2)

742.6 (589.0-934.0)
1353.4 (1065.0-1683.2)

117303716 (93039 381-147 541731)

28733279 (22610651-35735936)
432.1 (330.6-560.5) 26952299 (20623 853-34 965 179)
237.3 (157.5-342.2) 2150738 (1427096-3101783)

915.2 (731.2-1151.4) 59763343 (47 747 505-75 187 780)

Abbreviation: Ul, uncertainty interval.

uncertainty carried through each step of the process, and val-
ues presented in this study are the mean values from these
distributions, with Uls represented by the 2.5th and 97.5th
percentiles of the distribution.

The ramifications of the rotavirus vaccine were evalu-
ated using an analysis of the modeled rotavirus vaccine cov-
erage. Rotavirus vaccine coverage was modeled using a space-
time gaussian process regression in which the input data were
the ratio of rotavirus vaccine coverage estimates from sur-
veys and implementation programs to the coverage of 3 doses
of diphtheria and tetanus toxoids and pertussis (DTP3)
vaccine.!? Rotavirus vaccine coverage was modeled as a ratio
to DTP3 coverage because it was assumed that DTP3 coverage
was the upper bound of a routine immunization program’s abil-
ity to deliver the vaccine (eFigure 3 in the Supplement). A meta-
analysis of the vaccine efficacy for severe diarrhea based on
the reported values in a 2016 systematic review'® was used to
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estimate the relative reduction in rotavirus diarrhea associ-
ated with rotavirus vaccine use. The vaccine efficacy and the
modeled vaccine coverage were used to estimate a counter-
factual estimate of the rotavirus PAF in the absence of the vac-
cine by sex, year, and geographic location. The difference be-
tween the observed and a counterfactual estimate of the
expected rotavirus PAF based on the vaccine coverage and ef-
ficacy was used to determine the reduction in deaths from di-
arrhea attributable to the vaccine.

. |
Results

Rotavirus infection was responsible for an estimated 128 500
deaths (95% UI, 104 500-155 600) among children younger than
5 years in 2016; thus, 28.8% (95% UI, 25.0%-32.6%) of the
deaths from diarrhea in this age group were attributable to ro-
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Figure 1. Geographic Distribution of Rotavirus-Associated Mortality Rates Among Children Younger Than 5 Years in 2016
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tavirus (Table). The rotavirus-associated mortality rate was
highest in sub-Saharan Africa, Southeast Asia, and South Asia
(Figure 1). A total of 104 733 deaths from rotavirus infection
(95% UI, 83406-128 842) among those younger than 5 years
occurred in sub-Saharan Africa. Thirty percent of diarrhea
deaths among children younger than 5 years were attribut-
able to rotavirus infection in many geographiclocations, seem-
ingly independent of space or sociodemographic index
(Figure 2 and Figure 3), with the attributable fraction caused
by rotavirus ranging from 4.6% (95% UI, 3.0%-6.5%) in
Nicaragua to 64.2% (95% UlI, 61.0%-67.6%) in the Democratic
Republic of the Congo (Figure 2 and eTable 4 in the Supple-
ment). More than 50% of deaths from diarrhea in high-
income countries, such as Denmark (51.0%; 95% UI, 44.8%-
57.0%) and Finland (62.6%; 95% UI, 52.2%-73.0%), were
attributable to rotavirus infection, indicating that it is a ubig-
uitous infection among children younger than 5 years.
Rotavirus infection was responsible for more than 258 mil-
lion episodes of diarrhea among children younger than 5 years
in 2016 (95% UI, 193 million to 341 million), an incidence of
0.42 cases per child-year (95% UI, 0.30-0.53) (Table and eTable
4 inthe Supplement). The incidence among children younger
than 5 years ranged from 0.024 cases per child-year (95% UI,
0.015-0.038) in South Korea to 1.63 cases per child-year (95%
Ul, 1.29-2.01) in the Democratic Republic of the Congo
(Table and eTable 4 in the Supplement). Rotavirus was also
an important cause of diarrhea morbidity in high-income
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locations, such as the United States, accounting for 593 000
episodes among children younger than 5 years (95% UI,
375000-875300) (country-level results are provided in
eTable 4 in the Supplement). The estimated incidence of
severe rotavirus diarrhea was 29.4 per 1000 child-years
(95% UI, 22.2-38.0), accounting for 18 882 800 severe cases
(95% UlI, 14 263 600-24 446 700). Rotavirus infection was
responsible for an estimated 1537 000 (95% UI, 285 000-
7750 500) hospitalizations globally among children younger
than 5 years in 2016. In addition, rotavirus-associated
mortality among children younger than 5 years decreased
by 48.2% (95% UI, 37.3-57.0) between 1990 and 2016
(Figure 3B).

The introduction and expanded use of the rotavirus
vaccine have already contributed to changes in rotavirus
burden. This study estimated that 27.8% of children younger
than 5 years were vaccinated against rotavirus in 2016 (eFig-
ure 3 in the Supplement). The rotavirus vaccine averted an
estimated 28 800 (95% Ul, 14 600-46 700) deaths in 2016,
including 24 200 (95% UI, 12300-38 700) in sub-Saharan
Africa, 1620 (95% UI, 870-2600) in Latin America, and 1410
(95% UI, 850-2300) in Southeast Asia, East Asia, and Oceania
(Figure 4). The number of deaths averted depends on the
fraction attributable to rotavirus infection and the vaccine
effectiveness. This study estimated that full use of the rotavi-
rus vaccine could have averted an additional 83200 deaths
(95% UI, 37000-168 000) in 2016 (eTable 5 in the Supple-
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Figure 2. Distribution of the Fraction of Diarrhea-Associated Mortality Attributable to Rotavirus Among Children Younger Than 5 Years in 2016
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Figure 3. Sociodemographic and Spatial-Temporal Patterns in Rotavirus-Associated Mortality
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ment). Therefore, at the current coverage levels, only 15.3%
of potentially avertable deaths were averted in 2016, and the
regions with the highest rotavirus burden have not substan-
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tially averted deaths from rotavirus infection; full rotavirus
vaccine coverage could avert 23% of all deaths due to diar-
rhea in sub-Saharan Africa (67 200 deaths; 95% UI, 29 600-
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Figure 4. Number of Deaths Averted Because of Rotavirus Vaccine Coverage

by Global Burden of Disease, Injuries, and Risk Factors Study Region
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135300) and 10% of all deaths due to diarrhea in South Asia
(10100 deaths; 95% UL, 5200-18 100). Country-level results
are given in eTable 5 and eFigure 4 in the Supplement. All
results are available for further investigation on the Institute
for Evaluation and Health Metrics website.!*

|
Discussion

Rotavirus Burden

Although the burden of rotavirus has decreased during the
past decade, rotavirus continues to be the leading cause of
diarrhea-associated mortality among children younger than
5 years, responsible for nearly 130 000 deaths annually.
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Rotavirus was the third leading pathogen associated with
mortality among those younger than 5 years in 2016, behind
malaria (517 000 deaths) and Streptococcus pneumoniae
(359000 deaths).* On average, more than 40% of children
younger than 5 years had an episode of rotavirus diarrhea in
2016. However, there is a large discrepancy between the
incidence and mortality of rotavirus infection in high- and
low-income locations.

The number of deaths from diarrhea among children
younger than 5 years has decreased by more than 45% since
2005.% The changing mortality of rotavirus infection mirrors
the large global decreases in diarrhea-associated mortality that
have previously been attributed to improvements in water and
sanitation and reductions in childhood undernutrition. How-
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ever, rotavirus was estimated to be responsible for 7% of di-
arrhea episodes in those younger than 5 years in the United
States and 10% in Canada, suggesting that rotavirus may be
transmitted in pathways other than the fecal-oral route.'® The
high transmissibility of rotavirus and difficulty in controlling
it make widespread vaccine coverage a priority.

Rotavirus Vaccine and Diarrheal Disease Burden

By the end of 2015, Gavi, the Vaccine Alliance had funded ro-
tavirus vaccine introductions in 37 countries and the Demo-
cratic Republic of the Congo, Bangladesh, and Nigeria, with in-
troduction in Pakistan and India being planned in the near
future,'® whereas 92 countries overall have introduced the
vaccine.!” Recently developed vaccines, manufactured in India'®
or China,' will also likely contribute to more widespread use
of rotavirus vaccine in these countries. Reductions in child
deaths and hospitalizations from rotavirus diarrhea are ex-
pected after these introductions. Several countries that have
implemented routine childhood vaccination against rotavirus
have documented fewer cases of severe diarrhea and rotavirus
disease requiring hospitalization?® and decreases of 22% to 50%
in diarrhea-associated mortality.?"?2 The present study showed
that the vaccine has already alleviated the burden of diarrhea
among those younger than 5 years in several countries that have
introduced the vaccine, including Finland, Rwanda, and Ghana
(eTable 5 and eFigure 4 in the Supplement). This study will pro-
vide decision makers with valuable information to develop strat-
egies and achieve the international targets for alleviating the sub-
stantial burden of diarrheal diseases.

Comparison With Other Estimates

The GBD is on an annual publication cycle in which the num-
ber of deaths due to rotavirus diarrhea and deaths due to all
causes is reestimated every year, allowing for incremental im-
provements to the rotavirus burden estimation strategy. A com-
parison of estimates between GBD 2015 and 2016 is shown in
eFigure 5 in the Supplement. The number of deaths from ro-
tavirus infection among children younger than 5 years is simi-
lar between GBD 2016 (128 500; 95% UI, 104 500-155 600) and
GBD 2015 (146 000; 95% UI, 118 000-183 000).*

A recent publication?® made comprehensive compari-
sons between the GBD 2013 estimates for rotavirus-
associated mortality and those produced by the Child Health
Epidemiology Research Group (CHERG), the WHO, and the
Centers for Disease Control and Prevention (CDC). The num-
ber of deaths from rotavirus infection in the GBD 2016 is lower
than the estimates produced by the other groups. The WHO
and CDC estimated 215757 deaths in 2013, and CHERG esti-
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mated 157398 in 2013.23-2° In contrast, the GBD 2016 esti-
mated 193 300 deaths in 2010 (95% UI, 163 800-227 500) and
128 500 deaths (95% UI, 104 500-155 600) in 2016. Each set of
estimates used different approaches, input data, and model
assumptions to reach their conclusions. The CHERG as well as
WHO and CDC groups used the same estimate of diarrhea-
associated mortality among those younger than 5 years, which
is marginally larger than that produced by the GBD.?*

Limitations

Data on the incidence of diarrhea and its causes are scarce—an
issue that is often most prevalent in high-burden locations.
Subsequently, estimates in these locations rely more heavily
on models based on predictive validity. To address this issue
of sparse mortality and etiologic data, we propagated uncer-
tainty through every step of the modeling process (eFigure 6
in the Supplement). In addition, this study addressed the as-
sociation among the rotavirus vaccine, hospitalizations, and
burden but is limited by the fact that hospitalization in many
countries is not a function of severity but of access to care.?®
In regions such as these, when hospital access is not re-
stricted, hospitalization rates are much higher. There may be
a shift in the use of diagnostics for rotavirus from ELISA to mo-
lecular diagnostics, particularly for surveillance and clinical
trials.?”2° Although the sensitivity and specificity of ELISA di-
agnostics tomolecular diagnostic detection frequency are high
(>95%), there may be a detection bias among studies in-
cluded in this analysis, particularly if there are strong time or
geographic trends in the types of diagnostics used. The use of
molecular diagnostics as a criterion standard and the associa-
tion between ELISA and quantitative PCR used in the present
study was informed by a single case-control study (GEMS).81°
In addition, because GEMS was a study of moderate to severe
diarrhea, this study makes the assumption that the cause of
severe diarrhea is comparable with that of fatal diarrhea.

. |
Conclusions

These results suggest that rotavirus is still a highly prevalent
cause of diarrhea worldwide and is responsible for a substan-
tial nonfatal burden of diarrhea globally. These findings call
for renewed efforts to prevent rotavirus infection through in-
creased efforts to improve vaccination coverage, water and
sanitation, and access to and quality of medical care. Govern-
ments, donors, and health care professionals should use these
findings to reduce the burden of rotavirus at the country, re-
gional, and global levels.
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