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Annex for presentation by Kimberly M. Thompson, Kid Risk, Inc. on the
measles and rubella investment case

Context

Development of the integrated model used to support this analysis occurred over a period of
several years and led to the publication of many manuscripts that collectively provide details
about the various model components described in Figure 1 of the yellow book report. For those
interested in understanding some of the technical highlights of the model, without reviewing all
of the papers referenced in Figure 1, most of the details about the model development and cost
inputs derive from the two publications included at the end of this annex. If you would like to
review any of the other published manuscripts in Figure 1 of the yellow book report that describe
part of the model and its development, you can request a copy of those papers from Dr.
Thompson at kimt@Kkidrisk.org. This annex provides an overview of some of the key
assumptions that support the results presented in the yellow book report with the goal of
providing SAGE members with some insights about how the model works and the key
assumptions.

The purpose of the presentation and the investment case analysis is to provide a high level (i.e.,
global) perspective on the decision to commit to the eradication of measles and/or rubella, not to
explore national or regional elimination decisions or national or regional costs and benefits of
control. While those types of analysis could be performed with the integrated model, they do not
fall into the scope of the currently-funded work, except for an analysis of the US experience.
Thus, while the model makes assumptions at the national level that could change for any
individual country, the prospective nature of the modeling activity implies inherent uncertainty
(i.e., no one can predict the future, we can use models to help us see possibilities and consider
options for creating the future that we desire). In this regard, all models are wrong, and this
modeling exercise strives to be useful for the purpose of stimulating discussion about insights
relevant to global policy related to measles and rubella eradication.

Key assumptions used for this prospective application of the integrated model for the cost inputs
appear in the first manuscript attached, which develops the cost and valuation inputs. The model
computes costs at the level of World Bank Income Level (WBIL) as of 2016 (i.e., the model
assumes that countries will stay in the same WBIL over the entire time horizon considered and
assumes that average costs for the WBIL will in aggregate account for the overall costs for
countries in the WBIL and some of the variability that exists between countries of very different
WBILs (i.e., high income countries really differ from low income countries with respect to costs
and risks) although they may not accurately represent the actual costs for any specific country
within the WBIL. For specific estimates, see the tables (particularly Tables V, IX, and X). Note
that for this prospective analysis, the estimates from the first attachment that use 2013 US dollars
have been inflated using the US consumer price index to 2016 US dollars and the prospective
analysis reports all costs in 2016 US dollars (US$2016), with summary costs discounted using a
3% rate to obtain 2016 net present values. The second attached manuscript describes the
development of transmission model inputs and some examples of the transmission model fits.
The integrated model includes a transmission model specific to each of 180 WHO member
states. The inputs for each member state include assumptions about population using the
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medium variant projections from the UN Population Division and estimates of historical
immunization schedules and coverage using available data.

Prospective modeling for the two scenarios requires making numerous assumptions about future
national immunization decisions. The following sections describe the development of some of
the key assumptions for these 2 scenarios.

Assumptions for the 2016 Status Quo scenario

This scenario assumes that countries maintain their routine immunization schedule (i.e., vaccine
choice and age(s)) and achieve the same coverage as the 2016 WHO-UNICEF estimates for the
entire time horizon. For countries that introduced rubella immunization by the end of 2017, the
model assumes that coverage for rubella matches measles coverage for scheduled doses that
include both measles and rubella vaccines as of the year after introduction (allowing for mid-year
introduction for those countries that introduce before the end of 2017). The model assumes that
the following countries (identified by their ISO Codes) do not include rubella vaccine into their
national schedules at all during the time horizon of 2017-2055: AFG, BEN, CAF, CIV, COD,
COG, COM, DJI, ERI, ETH, GAB, GIN, GNB, GNQ, IDN, LBR, MDG, MLI, MOZ, NER,
NGA, PAK, PRK, SDN, SLE, SOM, SSD, TCD, TGO, UGA, and ZAF.

The model continues the prior pattern (i.e., age range, coverage, timing) of SIAs for all countries
that conducted SIAs during 2000-2016. If rubella vaccine introduction occurred within the years
2015-2017, then the model includes a catch-up MR SIAs during those years, and the model uses
MR vaccine for any campaigns done in countries that include rubella immunization in their
national schedules. The model includes outbreak response campaigns when triggered by
importations of measles into countries that eliminated indigenous measles (i.e., when incidence
in the model goes from 0 to something positive, the model assumes that countries that have
eliminated measles will respond to the outbreak using outbreak response campaigns to preserve
their elimination status. Currently, some countries that perform preventive SIAs to maintain
high population immunity may accelerate the timing of the SIAs if or when an outbreak (i.e., a
large spike in incidence) occurs. In contrast, currently some countries delay planned preventive
SIAs for reasons not related to observed incidence. This scenario assumes a pattern of SIAs
consistent on the global level with current behaviors and experience (i.e., non-optimal timing of
inadequate SIAs in countries performing them such that transmission continues). For this
scenario, the model allows for viruses to travel freely across borders throughout the time horizon
such that importations can occur at any time and restart transmission in any countries in which
population immunity has dropped to a point that the population (or an under-vaccinated
subpopulation) can support transmission on some scale (local or larger).

Assumptions for Eradicate ASAP scenario

For this scenario, the model uses much more aggressive immunization assumptions. Given the
objective of the scenario to model measles and rubella eradication ASAP, the model assumes
that the countries yet to introduce rubella vaccine will all do so by 2023. The actual timing of
the introduction and specifically the timing of the last adopters completely determine the timing
of rubella eradication. In this scenario, the model assumes for exploratory purposes that rubella
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vaccine introduction occurs in 2018 in 11 countries (BEN, CIV, COG, ERI, IDN, MLI, MOZ,
NER, PRK, TGO, and UGA); in 2019 in 4 countries (COD, COM, MDG, and SLE); in 2020 in 8
countries (AFG, DJI, ETH, GIN, LBR, PAK, TCD, and ZAF); in 2021 in 2 countries (GAB and
GNB); in 2022 in 5 countries (CAF, GNQ, NGA, SDN, and SOM); and in 2023 in one country
(SSD). The model also introduces a second routine dose of measles (and rubella) containing
vaccine in 2018 in 3 countries (ETH, TGO, and UGA), in 2019 in 9 countries (CIV, COD, COM,
GNB, MDG, MLI, MRT, NGA, and TCD), in 2020 in 6 countries (BEN, CAF, GAB, GNQ,
LBR, and VUT), and in 2025 in 2 countries (SOM and SSD). Changing these assumptions alters
the behavior of the estimated incidence of measles, rubella, and CRS. More aggressive adoption
of rubella vaccine in all countries done well would allow for rubella eradication more quickly,
while less aggressive adoption or managing the introduction poorly will delay rubella
eradication. The scenario thus includes analytical judgment about what might represent a
realistic most aggressive path.

Consistent with the rubella vaccine introduction and historical practice, this scenario forecasts
and bounds routine immunization coverage growth prospectively according to a computed global
average compound growth rate. The model allows routine immunization coverage to increase
annually, but not go above the growth implied by the rate or beyond 99%. Thus, countries with
relatively poor programs cannot instantly achieve and maintain very high coverage, and the
improvement in coverage require paying a cost premium (developed in a manuscript now under
review). For this scenario, SIAs occurred on the same frequency or more frequently than those
conducted for the status quo scenario, and the model generally assumes similar timing, target age
groups (except requiring the inclusion of an SIA up to age 15 years for countries in the year that
they introduce rubella vaccine), and other characteristics of the SIAs as the status quo scenario,
but allows for better coverage and/or more frequent SIAs. Generally, the model allowed
flexibility to conduct SIAs (preventive or in response to outbreaks) on an as needed basis in the
model. For this scenario, the model allows viruses to export freely until the year before
eradication occurs (i.e., consistent with decreasing global incidence and an assumption that as the
world approaches eradication of one or both diseases, international health regulations will be
established to limit exportations). This scenario ignores the potential for reintroduction of either
virus due to (un)intentional release. However, the scenario maintains vaccination for the entire
time horizon such that population immunity would continue to stay relatively high and vaccine
supplies would continue to be available that could be used for outbreak response to respond to
any emergency.

Cost estimation

The preliminary results in the yellow book focus on characterizing the incremental costs and
benefits associated with changes in immunization inputs implied by the scenario (i.e., increased
and more intensive immunization until eradication and reduced costs associated with outbreak
response for the eradication ASAP scenario relative to the 2016 status quo scenario) and
associated outcomes implied by the scenario (i.e., the economic value of avoided treatment costs
and the productivity benefits of DALYSs saved). The model assumes the same cost inputs for
both scenarios, but applies a cost premium associated with the need to invest resources to
increase coverage. The preliminary cost estimates do not account for changes in costs associated
with global coordination, surveillance improvement, or other factors.
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1. INTRODUCTION

Global management of infectious disease risks

National and global health policymakers require good information about the costs and ben-
efits of their investments in measles and rubella immunization programs. Building on our
review of the existing measles and rubella health economics literature, we develop inputs
for use in regional and global models of the expected future benefits and costs of vacci-
nation, treatment, surveillance, and other global coordination activities. Given diversity in
the world and limited data, we characterize the costs for countries according to the 2013
World Bank income levels using 2013 U.S. dollars (2013§US). We estimate that routine
immunization and supplemental immunization activities will cost governments and donors
over 2013$US 2.3 billion per year for the foreseeable future, with high-income countries ac-
counting for 55% of the costs, to vaccinate global birth cohorts of approximately 134 million
surviving infants and to protect the global population of over 7 billion people. We find signif-
icantly higher costs and health consequences of measles or rubella disease than with vaccine
use, with the expected disability-adjusted life year (DALY) loss for case of disease generally
at least 100 times the loss per vaccine dose. To support estimates of the economic benefits
of investments in measles and/or rubella elimination or control, we characterize the proba-
bilities of various sequelae of measles and rubella infections and vaccine adverse events, the
DALY inputs for health outcomes, and the associated treatment costs. Managing measles
and rubella to achieve the existing and future regional measles and rubella goals and the ob-
jectives of the Global Vaccine Action Plan will require an ongoing commitment of financial
resources that will prevent adverse health outcomes and save the associated treatment costs.

KEY WORDS: Cost; economic analysis; immunization; measles; rubella

significant risks related to financial shortfalls, in part
due to the challenges associated with developing
good estimates of future costs and providing contin-

continues to improve as stakeholders commit to
ambitious objectives, including existing disease
eradication and elimination goals.(!) Similar to other
major projects, health initiatives require significant
financial commitments.®) National and international
efforts to manage vaccine-preventable diseases face
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ued justification for maintaining sufficient resources
to support prevention activities. The World Health
Organization (WHO) and the GAVI Alliance
created tools to encourage and support national
efforts to develop comprehensive multiyear plans for
vaccine financing, particularly to support the Global
Immunization Vision and Strategy 2006-2015.3)
Detailed analysis of routine immunization costs for
six countries provides more recent information.*)
The WHO-CHOICE (CHOosing Interventions that
are Cost-Effective) Project provided estimates of the
nonmedical costs associated with hospitalization (i.e.,
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the “hotel” costs) and for outpatient services and
other data to support generalized cost-effectiveness
analysis.>® A recent review of the costs of sup-
plemental immunization activities (SIAs) provides
updated estimates of the nonvaccine costs for
SIAs.() These and other efforts provide generic data
that may support global cost estimates, but the ap-
plication to specific diseases requires further effort.
National governments, Gavi, and the Measles
and Rubella Initiative (M&RI) currently support
national, regional, and global efforts to reduce
disease burden and prevent cases of measles and
rubella, particularly in the context of achieving and
maintaining goals for measles elimination in all six
WHO regions and more extensive rubella control,
consistent with the Global Vaccine Action Plan
(GVAP).() However, countries historically used and
currently use a wide range of national immunization
strategies.® In the context of developing investment
cases to support the consideration of options for
measles and rubella management (i.e., control or
elimination),”’ we recognize the importance of
characterizing cost and valuation inputs and the
assumptions that underlie overall benefit and cost
estimates.!”) We separately reviewed and extracted
cost and valuation data from the existing benefit-cost
and cost-effectiveness analyses,'") which included
the identification of some cost-only studies for
measles and rubella immunization interventions.!")
These and other cost studies!>™) provide useful
data to support characterization of cost and valuation
inputs. In our reviews, we found one cost-only study
for a developed country that characterized adverse
health outcomes and costs associated with measles
infections by age,'” and noted that most economic
analyses for measles that reported DALYs only
considered mortality.') We found limited economic
analyses for rubella and congenital rubella syndrome
(CRS) for developed countries, with only one
cost-only study that characterized costs of CRS(1)
and one health utility analysis that reported quality-
adjusted life years (QALYs) for CRS.!"7) We identi-
fied many gaps in the available information, includ-
ing uncertainties about the probabilities of various
sequelae and associated treatment costs for devel-
oping countries.('") Based on the approach used for
global management of polioviruses,'® we sought to
develop appropriate age-specific (and for rubella sex-
specific) estimates of the inputs needed to value the
benefits and characterize the costs associated with a
range of different options for managing measles and
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rubella to support economic analyses of different
prospective policies and to identify key uncertainties.

2. METHODS

We used the data we collected as part of our
comprehensive review and synthesis of the existing
health economics literature,(!") data from the M&RI,
and additional data extracted from the literature to
characterize the inputs for previously developed cost
and valuation equations,'”) including: probabilities
and costs of health outcomes caused by measles or
rubella disease or vaccination, costs of treatment,
vaccination costs (including routine immunization
(RI), supplemental immunization activities (SIAs),
and outbreak response), surveillance, and global pro-
grammatic costs (e.g., vaccine stockpile, coordina-
tion, technical assistance). Although we focus on
global policy, we seek to account for some of the
significant variability in the world by stratifying
the inputs into the four different World Bank in-
come levels (WBIL): high-income (HIGH), upper-
middle-income (UMI), lower-middle-income (LMI),
and low-income (LOW),(1?) similar to the approach
used for polioviruses.("® Specifically, based on the
approach we applied to characterize probabilities of
sequelae and disability-adjusted life years (DALYSs)
for CRS,@) we characterize DALYs for all measles
and rubella infection and vaccine-related adverse
health outcomes assuming optimal treatment in high-
income countries, minimal treatment in low-income
countries, and different ratios for optimal:minimal
treatment in UMI and LMI, respectively.

2.1. Probabilities of Adverse Health Outcomes

Characterizing the effects of measles and rubella
interventions requires estimating the probabilities
of the numerous potential adverse health outcomes
per measles infection, rubella infection, and vaccine
dose. We identified the ranges of prior estimates and
then used these as a basis for developing best es-
timates, which included consideration of potential
combinations of outcomes that might occur as ap-
propriate for the estimation of DALYs and treat-
ment costs. For measles and rubella disease, we faced
the same significant challenges encountered by other
researchers related to uncertainty about reporting
and the large spectrum of complications associated
with measles and rubella. Historically, reporting sys-
tems only captured a small fraction of the estimated
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measles infections (i.e., 10% @ to 18-33% ), while
analysis of reporting of hospitalized cases suggests
higher estimates of reporting captured for these more
severe cases (i.e., 40-60%>2>), and one analysis
suggested capture of 8-22% of CRS cases.?® While
these studies provide data on the United States and
the United Kingdom, many national reporting sys-
tems (including in high-income European countries)
did not include required reporting of measles and/or
rubella infections until relatively recently, and re-
porting in relatively lower-income countries remains
poorly quantified. Uncertainty about the reporting
leads to unknown true denominators (i.e., infections)
as well as unknown numerators (i.e., health out-
comes). Dealing with this challenge leads to assump-
tions about the fraction of undetected infections that
led to adverse health outcomes and fraction of infec-
tions that occur asymptomatically or without compli-
cations reported to the health system.

Age at the time of infection adds some com-
plexity because the ability to become infected and
presentation of complications may vary by age.
For infants, maternal antibodies provide some
protection from infection and disease, which may
lead to relatively higher rates of asymptomatic
infection or mild disease not recognized as infection
in infants (e.g., 15-30%72® for measles) and might
suggest underestimation of the number of infections
(denominator). At the same time, immaturity of
infant immune systems and other vulnerabilities
may put them at greater risk of complications if
infected (i.e., relatively increased numerators). For
older ages (e.g., adolescents and adults), utilization
of the health-care system may occur relatively less
frequently unless the infections lead to more severe
complications, and this may also lead to underes-
timation of infections. The interactions between
these possibilities remain poorly understood and un-
derstudied. Despite these challenges, for economic
modeling we need to develop best estimates of the
probabilities of the health outcomes per infection
by age for those outcomes that appear to occur
differentially per infection as a function of age.

We identified three studies that provided na-
tional data of age-related rates of reported measles
sequelae: a 1963 UK. study® and two U.S. stud-
ies from 1994G% and 2004GD (excluding another
2004 U.S. study®? that relied primarily on the 1994
study®?). We assume that these historical national
data provide a good indication of the rates of the
sequelae for measles reported cases in high-income
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countries, without significant biases associated with
data from outbreaks or hospitalized or more severe
cases.(333) However, these national studies®3D re-
port data for different times, sets of health outcomes,
and age ranges, and they give very different estimates
of various sequelae (e.g., for children <5 years old
the estimates range for otitis media (2-14%), pneu-
monia/respiratory (3-8.6%), and encephalitis (0.03—
0.2%), with one study not reporting diarrhea at all*)
such that we list no comparison for this common
health outcome). Instead of attempting to pool the
data from these studies, we assume sequelae for high-
income countries as a function of age based on the
most recent U.S. study,G! although this study did
not provide the combinations of reported complica-
tions or probability of hospitalization as a function of
the types of complications (i.e., it reported hospital-
ization overall). The most complete economic anal-
ysis we identified with respect to characterizing the
combinations of complications, their severity, and
probabilities of hospitalization associated with all
outcomes used relatively older U.S. data.(??) We used
this study®?) as a basis for assigning fractions of the
overall probabilities of cases with diarrhea or otitis
media to a combined category (i.e., diarrhea and oti-
tis media) and the probabilities of cases with pneu-
monia or encephalitis to a combined category (i.e.,
pneumonia and encephalitis) and for characterizing
probabilities of hospitalization by complication. We
assume that 25% of encephalitis cases may lead to
long-term disability.?” We also considered the re-
sults of a thorough 2002 review that characterized
complications and costs of measles infection and vac-
cination sequelae without consideration of age.(!*)

In addition to the outcomes reported by the
2004 U.S. study,®) we included other outcomes.
We assume thrombocytopenia (including thrombo-
cytopenic purpura) occurs for approximately 1% of
reported measles cases in all ages based on lim-
ited data.(13333) Prior economic analyses(!330-37-3%)
generally assumed no age-related differences in the
probabilities of subacute sclerosing panencephalitis
(SSPE), which involves progressive deterioration of
cerebral function and ends in death.*#!) Older stud-
ies estimated overall probabilities of 0.85¢%) to 2(+3)
SSPE cases per 100,000 measles infections, but more
recent studies reported estimates reflecting increased
risk at young ages,***%) which led us to assume ap-
proximately 2 and 1 SSPE cases per 10,000 measles
reported cases, respectively, for individuals <5 years
and 5 or more years of age. We added the total
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Table I. Assumed Inputs for Percentages (%) of Vaccine Adverse Events per Dose for Immunization and Percentages of Adverse Health
Outcomes per Measles or Rubella Case Reported by Age and Treatment (Excluding Infections in Pregnancy)

Optimal Minimal
Health Outcomes (per unit)(fs) <5yr  5-1d4yr 1544yr 45+yr  <Syr  S-ldyr 15-44yr 454 yr
Vaccine adverse events for measles vaccine
Anaphylaxis (per dose)?) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Febrile seizures/convulsions (per dose)(?) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Minor reactions (per dose)?) 10 10 10 10 10 10 10 10
Thrombocytopenia (per dose) 0.0001  0.0001 0.0001 0.0001  0.0001  0.0001 0.0001 0.0001
Thrombocytopenia mortality (per 3 3 3 3 3 3 3 3
thrombocytopenia case)30)
Vaccine adverse events for rubella vaccine
Transient arthropathy (per dose), all children and 0.01 0.01 0.1 0.1 0.01 0.01 0.1 0.1
adult women
Chronic arthropathy (per transient arthritis case 0 0 10 10 0 0 10 10
Measles cases
Blindness (per case) 0 0 0 0 0.1 0 0 0
Diarrhea (per case) 8.5 4 6 8.5 41 41 58 58
Encephalitis, acute (per case) 0.1 0.05 0.1 0.2 0.1 0.05 0.1 0.2
Otitis media, acute (per case) 11 2 0.7 0.7 0 0 0 0
Otitis media + diarrhea (per case)® 3 1 1 1 5 5 5 5
Pneumonia (per case) 8.5 2.45 5.9 9.2 21.9 27.95 329 32.9
Pneumonia + encephalitis (per case)® 0.1 0.05 0.1 0.1 0.1 0.05 0.1 0.1
SSPE (per case)“®) 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Thrombocytopenia (per case)(!3) 1 1 1 1 1 1 1 1
Wasting, acute (per case) 0 0 0 0 35 0 0 0
Uncomplicated illness (per case)@1))2 58.6 86 73 68.6 5 20 2 2
Other clinical illness (per case)© 9.18 3.44 12.19 10.69 22.28 4.94 0.89 0.79
Encephalitis, residual damage (per encephalitis 25 25 25 25 25 25 25 25
case)0)
Encephalitis mortality (per encephalitis case)*?) 5 5 5 5 10 10 10 10
Other clinical illness mortality (per other clinical 1 1 2 2 5 5 10 10
illness case))
Pneumonia mortality (per pneumonia case) 2 2 2 2 10 10 10 10
SSPE mortality (onset 7 years after infection, death 100 100 100 100 100 100 100 100
2 years later) (per SSPE case)
Thrombocytopenia mortality (per 3 3 3 3 3 3 3 3
thrombocytopenia case)C?)
Rubella cases
Encephalitis, acute (per case)?) 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013
Thrombocytopenia (per case)C? 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033
Transient arthropathy, female (per case, female)©) 1 1 52 52 1 1 52 52
Transient arthropahy, male (per case, male)©) 1 1 8 8 1 1 8 8
Uncomplicated illness, female (per case)? 98.954  98.954 48 48 98.954  98.954 48 48
Uncomplicated illness, male (per case)? 98.954  98.954 92 92 98.954  98.954 92 92
Chronic arthropathy (per transient arthritis 0 0 20 20 0 0 20 20
case)(©)
Encephalitis mortality (per encephalitis case)?) 5 5 5 5 10 10 10 10
Thrombocytopenia mortality (per 3 3 3 3 3 3 3 3

thrombocytopenia case)

4Uncomplicated cases may include symptoms of rash, fever, cough, runny nose, sore throat, and/or watery or inflamed eyes (conjunctivitis)

not severe enough to lead to hospitalization.

bCombinations characterized®?) such that the total probabilities for diarrhea, encephalitis, otitis media, and pneumonia remain consistent

with prior data.GD

€Other clinical illness cases may include symptoms that lead to clinical care, including potential hospitalization (e.g., croup, febrile seizures,

co-morbidites for immunocompromised individuals).
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probabilities of diarrhea, otitis media, pneumonia,
encephalitis, thrombocytopenia, and SSPE, and com-
pared these to the reported proportion of cases with
any complications.*!) We assume that the difference
between the total and the reported cases with any
complications represents cases with clinical illness
with other symptoms that lead to clinical treatment
(e.g., febrile convulsions, croup, complications due to
co-morbidities), such that the probability of uncom-
plicated cases matched the reported percentages.*")
We assume uncomplicated cases included symptoms
of rash, fever, cough, coryza, runny eyes, sore throat,
nausea, and that some fraction of these cases seek
clinical care with a physician and lead to purchases
of medications to treat symptoms, but none require
hospitalization. We assume hospitalization for 100%
of thrombocytopenia, encephalitis, and SSPE cases,
100% for pneumonia cases in individuals 45+ years
old, 75% of pneumonia cases <45 years old and all
other clinical illness cases of all ages, and 50% of
cases with diarrhea and/or otitis media, which al-
lows us to approximate the estimated reported hos-
pitalization by age.®!) Table I summarizes our as-
sumed inputs for percentages (%) of adverse health
outcomes per measles case reported by age and
treatment.

Several measles sequelae lead to mortality (e.g.,
thrombocytopenia, encephalitis, SSPE, pneumonia,
other clinical illnesses). U.S. studies with a historical
perspective showed a significant decline and leveling
off of overall case-fatality ratios (CFRs) over time
as treatment and baseline health improved.3!47:4%)
However, comparison of the age-based CFRs show
similar values from 1973-1975¢7 and 1987-2000,3V
but different overall rates (ie., 0.09%*) and
0.3% D), which occurs due to the relatively higher
proportions of infections that occurred in younger
and older individuals (i.e., 28% “”) and 53%" total
of infections under 5 years old and over 20 years old).
One comprehensive review of measles CFRs for
countries of different income levels recommended
CFRs for children <5 years old ranging from 0.05%
to 6% (i.e., different values for specific countries
within this large range) based on expert judgment
due to overall limitations in the evidence.*”) Given
the nature of some of the relatively rare serious out-
comes that appear to reflect physiological responses
to measles disease independent of treatment (e.g.,
SSPE), as long as measles virus circulates, some fa-
talities will occur. We estimate the health outcomes
per infection by adjusting the proportions of health
outcomes based on reported cases to account for
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asymptomatic infections and underreporting. We
assume that 1% of measles infections occur without
noted symptoms (i.e., essentially asymptomatic).
We assume 0%, 25%, 50%, and 90% reporting of
individuals with asymptomatic infections, uncom-
plicated infections, infections requiring clinical care
but not hospitalization, and infections requiring
hospitalization, respectively. These assumptions
imply increased probabilities of reporting as severity
of the health outcome increases, consistent with
the available 1987-2000 data used for the 2004
study.®) We use these assumptions as the baseline
for all high-income countries and assume the rates
of health outcomes per infection remained constant
since 2000. We recognize that improvements in
reporting most likely occurred in the United States
and the Americas as they focused on national and
regional measles elimination goals by 2000. We
assume that after successful elimination, reporting of
infections remains high due to aggressive outbreak
control efforts that involve contact tracing.

For mortality, we assume an excess fetal loss
of 3% for measles infections that occur in the first
20 weeks of pregnancy.®?) We assumed 2%, 3%, 5%,
and 100% mortality for reported cases of pneumo-
nia, thrombocytopenia, encephalitis, and SSPE, re-
spectively. Recognizing the progressive nature and
delayed mortality for SSPE, we assumed onset of
SSPE symptoms occurs seven years after measles
infection followed by two years of treatment and
then death. For the category of reported other clin-
ical illnesses, we assume 1% mortality for individuals
<15 years old and 2% mortality for cases 15+
years old. The combined assumptions imply a CFR
for children <5 years old of approximately 0.3%,
which matches the value reported by prior U.S.
studies.*1*?) We assume these mortality estimates re-
flect the experience in the United States in 2000, not-
ing that this estimate exceeds the value for developed
economies of 0.05% suggested by the 2009 expert
review*)) by a factor of approximately 6.

We did not identify any studies with national
data quantifying measles sequelae for children in low-
income countries by age, in which children gener-
ally experience lower levels of baseline health such
that vitamin A deficiency may lead to a higher
risk of blindness following eye complications®)
and malnourished children may suffer from wast-
ing (i.e., kwashiorkor/marasmus) following measles
infection.®>>) We considered the limited age-based
data from 1996-1998 from a district-level study from
Malawi®¥ and estimates of overall risks related to
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wasting and blindness for children <5 years old from
a recent cost-effectiveness study performed while In-
dia still met the economic criteria for a low-income
country.®® For low-income countries, we assume
relatively worse surveillance, leading to 0%, 10%,
25%, and 50% reporting of individuals with asymp-
tomatic infections, uncomplicated infections, infec-
tions requiring clinical care but not hospitalization,
and infections requiring hospitalization, respectively.
Given less access to treatment, we assume lower
rates of hospitalization (i.e., 75% for thrombocy-
topenia, encephalitis, and SSPE, 50% for pneumo-
nia, wasting, blindness, and other clinical illnesses,
and 25% for diarrhea and/or otitis media). We as-
sumed the lower baseline health and treatment lead
to 10%, 6%, 10%, and 100% mortality for pneumo-
nia, thrombocytopenia, encephalitis, and SSPE, re-
spectively, and used the same delays for onset and
death for SSPE. For the category of other clinical
illnesses, we assume 5% mortality for individuals
<15 years old and 10% mortality for cases 15 or more
years old. The combined assumptions imply a CFR
for children <5 years old of approximately 3.4%,
which matches the study from Malawi for around
199764 and falls close to the range (2-3%) suggested
for Malawi by the 2009 expert review.*”) We use
these assumptions as the baseline for all low-income
countries.

Table I also summarizes our assumed inputs for
percentages of adverse health outcomes per rubella
case reported by age and treatment, excluding in-
fections in pregnancy for which we use the results
of prior separate analyses to account for the im-
pacts of rubella infections in pregnancy on pregnancy
outcomes® and birth outcomes.?” We account
for the few additional complications associated with
rubella infections, assuming rubella cases present
rarely with thrombocytopenia®%-37-3%-35-59) (1 in 3,000)
or with encephalitis?-3738:55.56:58-60) (1 in 8,000). We
also assume that rubella cases in individuals may
lead to arthropathy (i.e., arthralgia or arthritis) that
requires treatment (i.e., approximately 30% of all
cases,®9) with 52% of cases in women and 8% of
cases in men(®)), which we assume leads to hospital-
ization in 4% of cases and persistent disability lasting
approximately two years for 20% of the arthropathy
cases.(30>-01) For children under 15 years old, we as-
sume arthropathy occurs in 1% of rubella cases, with
no chronic arthropathy.®) We assume uncompli-
cated rubella cases include symptoms of rash, fever,
cough, and that some fraction of these cases seek clin-
ical care with a physician and some infections lead to
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the purchase of medications to treat symptoms, but
none require hospitalization. We assume uncompli-
cated illness for 99%, 48%, and 92% of cases <15
years old, =15 year old women, and >15 year old
men, respectively, and we assume 50% of cases oc-
cur asymptomatically. We assume the same rates of
underreporting for rubella infections as a function of
severity of the health outcome and the same rates
for hospitalization and mortality for encephalitis and
thrombocytopenia as we used for measles.

Table I provides our assumed inputs for per-
centages of vaccine adverse events per vaccine dose.
Adverse events from immunization include some
rare serious complications that may lead to dis-
ability and treatment. Although many economic
analyses considered vaccine adverse events based
on evidence and expert judgments available at the
time,(13:30.3237.39.53.57.62-67) ‘most included health out-
comes not supported by the current weight of
the evidence,®® specifically for SSPE,*% aseptic
meningitis,® and encephalitis.®” The most re-
cent expert review of the evidence did not discuss
thrombocytopenia®® for measles containing vac-
cines (MCVs), presumably due to the prior finding
of a correlation””) and its widespread recognition as
a rare event associated with viral infections. We as-
sume minor reactions (e.g., pain, fever, nausea) for
10%, febrile seizures for 0.1%, and anaphylaxis for
0.001% (i.e., 1 in 10,0000) of immunizations.®?) For
thrombocytopenia, other economic analyses!33") re-
lied on a relatively old estimate from Finland of
23 thrombocytopenia cases contemporaneously oc-
curring with 700,000 MCV immunization doses’")
(i.e., 0.003%). However, the study did not include
a comparison group that would provide a base-
line probability of this rare event to allow charac-
terization of the excess risk attributable to MCV
(i.e., the incidence may not exceed the background
rate) and no controlled studies exist."” Nonethe-
less, a study that applied this rate to the U.S. expe-
rience of MCV-related thrombocytopenia reported
to the U.S. Vaccine Adverse Event Reporting Sys-
tem (VAERS) during 1990-1995 led to a much lower
estimate, which motivated a suggestion of a 4% re-
porting rate to VAERS.( A separate study of the
same VAERS data suggested risk associated with
any MCV dose (not just the first dose) and iden-
tified prior thrombocytopenia as a precaution for
MCYV immunization.”’® Given many more years of
experience, we analyzed the data from VAERS for
immunizations delivered during 1990-2014, which
included 313 records, with 216 hospitalizations and
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6 deaths, reporting thrombocytopenia contempo-
raneously occurring following receipt of measles-
mumps-rubella vaccine (MMR).”*) During that time
period, the United States delivered approximately
200 million doses (assuming delivery of a mini-
mum of 8 million doses per year). Taking all of
the hospitalized records as potentially related to
the MCV, despite many records reporting con-
temporaneous receipt of other vaccines, preexisting
conditions (e.g., thrombocytopenia prior to immu-
nization) that may have accounted for the hospi-
talization and/or death, and other factors that led
to questions about the attribution of the throm-
bocytopenia to the MCV, we conservatively as-
sume thrombocytopenia temporally associated with
MCYV occurs with a probability of 1 in a million
MCYV immunizations (0.0001%). For vaccine adverse
events, we assumed hospitalization for 10% of febrile
seizures and 100% of thrombocytopenia and anaphy-
laxis cases, and mortality of 3% of thrombocytope-
nia cases.?) This estimate remains consistent with a
study that reported a mortality rate of 4.6% (> and
the VAERS data discussed above, which implied a
rate of approximately 2-3%. We assume the same
estimates of adverse outcomes for all ages and all
income levels.

For vaccines that contain rubella, we include
transient arthropathy(®® for 0.1% of immunizations
for women (=15 years of age) and 0.01% for children
<15 years of age. These estimates exceed reported
field experience, with 0.006% of immunization doses
leading to reports of transient arthropathy adverse
events following rubella immunization in Costa
Rica® and lower reports to VAERS (i.e., <2,000
events per 200 million doses), but they fall below
the 1% assumed by a prior economic analysis.?)
In the absence of sufficient evidence(®® and noting
that the U.S. National Vaccine Injury Compensation
Program paid a relatively small number of claims for
chronic arthropathy for adult cases,””) we assume
10% of transient arthropathy cases lead to chronic
arthropathy due to rubella containing vaccines in
women >15 years. These estimates probably sig-
nificantly overestimate arthropathy risks associated
with rubella containing vaccines. Based on the
available evidence,’®%) we did not include any
adverse pregnancy outcomes associated with rubella
vaccination during pregnancy.

For the probabilities of outcomes related to
measles and rubella infections, we characterize
the estimates assuming optimal and minimal treat-
ment, which we assume applies to high-income and
low-income countries, respectively. We interpolate
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between these for middle-income countries using
the same approach we used to characterize DALYs
for CRS,?” which assumes optimal treatment in
high-income countries, minimal treatment in low-
income countries, and optimal:minimal treatment
ratios for UMI and LMI countries, respectively.
These assumptions attempt to provide some ad-
justment for income level to account for the im-
pact of differences in baseline health and potential
treatment.

We recognize that reporting rates and the prob-
abilities of adverse health outcomes most likely
changed over time. Specifically, increased public
health attention and notification requirements in-
creased reporting rates, and this effectively increases
the denominator for CFRs by including more infec-
tions that led to less-severe health outcomes. Simi-
larly, changes in standards of care and guidelines for
treatment of measles cases® significantly improved
overall outcomes, particularly due to the inclusion of
delivery of vitamin A®>%% and antibiotics,®”%®) al-
though the introduction of immunization accounts
for the most significant reduction in measles mor-
tality. Consequently, economic analyses should con-
sider the likely higher probabilities that occurred ret-
rospectively and the possibility of lower probabilities
prospectively. We focus on characterization of prob-
abilities per infection for use in modeling to avoid bi-
ases associated with changes in reporting, and we as-
sume that the actual occurrence of the adverse health
outcomes per infection remains independent of re-
porting. Thus, for mortality we focus on infection-
fatality ratios (IFRs). Given the importance of fatal-
ities as an outcome for measles, some recent measles
models®*?) considered the decreasing trends in
overall under-five-year-old mortality per 1,000 live
births®Y (Fig. 1), which linear regression suggests de-
clined from 2000 levels by approximately 5%, 3%,
1.5%, and 0.3% per year for low-, lower-middle-,
upper-middle-, and high-income countries, respec-
tively. For our analysis, we assume that the decline
in under-five-year-old mortality provides a proxy
for gradual improvement in treatment and baseline
health for all ages as they impact mortality, and
we assume a decline in mortality rates for measles-
related encephalitis, pneumonia, thrombocytopenia,
and other clinical illnesses between 2000-2052 at
slightly lower rates of approximately 3%, 2%, 1%,
and 0.2% per year for low-, lower-middle-, upper-
middle-, and high-income countries, respectively. We
assume that mortality from relatively rare SSPE
cases remains constant, which implies asymptotic be-
havior of measles-associated IFRs due to SSPE.
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We use all of the inputs to characterize the
adverse health outcomes per dose of vaccine, per
measles and rubella infection as a function of income
level, age of immunization or infection, and sex, as
appropriate, per CRS case, and per measles infec-
tion in pregnancy (MIP) or rubella infection in preg-
nancy (RIP). We use these estimates as the basis for
estimation of DALYs and costs.

2.2. Disability-Weight and Health Outcome
Duration Inputs for DALY Estimation

We characterize inputs for DALYs associated
with the adverse health outcomes to estimate the
years of life lost (YLL) and years lived with disabil-
ity (YLD) using the same approach used for birth
outcomes associated with CRS.?? Table II provides
the disability weight and health outcome duration as-
sumptions for both the more recent Global Burden
of Diseases (GBD), Injuries, and Risk Factors Study
2010 (GBD 2010)> and the GBD 1990 study.(®>)
The two sets of disability weights lead to very differ-
ent DALY estimates for CRS,?”) and consequently
we include both sets of disability weights for this
analysis. We use the probabilities for the health out-
comes chronic disability and mortality developed in
the prior section. We assume average life expectan-
cies (LEs) of 62, 66, 74, and 79 years for low-, lower-
middle-, upper-middle-, and high-income countries,
respectively, for 2013, and an expected increase in

2000

2010

life expectancy of 0.33, 0.29, 0.27, and 0.20 per year
for low-, lower-middle-, upper-middle-, and high-
income countries, respectively, for 2013-2052. We as-
sume disability weights of 1 for mortality and dura-
tions of LE minus the infection age for encephali-
tis, other clinical illness, pneumonia, and thrombo-
cytopenia. We assume durations of LE, LE-1, LE-5,
and LE-infection age nine years for fetal loss, con-
genital heart disease (CHD) mortality at one year
of age,?” CHD mortality at five years of age, ")
and SSPE, respectively. For measles and rubella in-
fections, we assumed that all infected symptomatic
individuals experience the short-term effects associ-
ated with uncomplicated infections (e.g., rash, fever,
cough, sore throat, nausea, vomiting, coryza, runny
eyes).

We use these inputs along with the probabilities
of sequelae and the associated hospitalization to
characterize the inputs required to estimate the YLL
and YLD per vaccine dose, measles or rubella infec-
tion, CRS case, and per MIP or RIP as a function of
age, sex, treatment, and year in the time horizon (i.e.,
used to account for declining IFRs for encephalitis,
pneumonia, thrombocytopenia, and other non-SSPE
causes).

2.3. Clinical Treatment Inputs and Treatment
Cost Estimation

We characterized all costs in 2013 U.S. dol-
lars (US$2013), taking a societal perspective and
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Condition for Which GBD2010?) Disability Weight GBD1990) Disability Weight by Age (yrs)
Disability Weight
Useda? Duration  Description Mid (Min-Max)  Description 04 5-14 1544 45+
Anaphylaxis 2 days Poisoning, short 0.171  (0.116-0.239)  Poisoning— 0.611 0.611 0.607 0.607
(treated) (V) term, with or episodes, treated
without treatment or untreated
Arthropathy, acute 1 month  Musculoskeletal 0.024  (0.014-0.041) Rheumatoid 0.174 0.174 0.174 0.174
(treated) (VR) problems: arms, arthritis—cases,
mild treated
Arthropathy, LE-age Musculoskeletal 0.024  (0.014-0.041) Rheumatoid 0.174 0.174 0.174 0.174
chronic (treated) problems: arms, arthritis—cases,
(VR) mild treated
Arthropathy, acute 1 month  Musculoskeletal 0.114  (0.077-0.159) Rheumatoid 0233 0.233 0233 0.233
(untreated) (VR) problems: arms, arthritis—cases,
moderate untreated
Arthropathy, LE-age Musculoskeletal 0.114  (0.077-0.159) Rheumatoid 0233 0233 0233 0.233
chronic problems: arms, arthritis—cases,
(untreated) (VR) moderate untreated
Blindness (M) LE-age Distance vision 0.195 (0.132-0.272)  Glaucoma: 0.6 0.6 0.6 0.6
blindness blindness, treated
or untreated
Clinical illness other 4 days Infectious disease: 0.053  (0.033-0.081) Measles—episodes, 0.152 0.152  0.152 0.152
(treated) (M) acute episode, treated or
moderate untreated, all ages
Clinical illness other 4 days Infectious disease: 021  (0.139-0.298) Measles—episodes,  0.152 0.152 0.152 0.152
(untreated) (M) acute episode, treated or
severe untreated, all ages
Diarrhea (treated) 8 days Diarrhea: moderate ~ 0.202  (0.133-0.299)  Diarrhea—episodes, 0.119 0.094 0.086  0.087
™M) treated or
untreated
Diarrhea 8 days Diarrhea: severe 0.281 (0.184-0.399) Diarrhea—episodes, 0.119 0.094 0.086 0.087
(untreated) (M) treated or
untreated
Encephalitis, acute 16 days Severe traumatic 0.235 (0.156-0.331) Japanese 0.616 0.616 0.613 0.613
(MR) brain injury: short encephalitis—
term, with or episodes, treated
without treatment or untreated
Encephalitis, LE-age Traumatic brain 0.625 (0.444-0.789) Japanese 0.616 0.616 0.616 0.616
prolonged (M) injury: long-term encephalitis—
consequences, neurological
severe with or sequelae
without treatment
Febrile seizures/ 3 days Epilepsy: treated, 0.319  (0.221-0.445) Epilepsy—cases 0.099 0.15 0.15 0.15
convulsions (V) with recent
seizures
Minor reactions (V) 1 day Generic 0.031 (0.017-0.05)  Panic disorder, 0.091 0.091 0.091 0.091
uncomplicated treated
disease: worry and
daily medication
Otitis media (M) 8 days Ear pain 0.018  (0.009-0.031)  Otitis 0.023 0.023 0.023 0.023
media—episodes,
treated or
untreated
Pneumonia (M) 8 days Infectious disease: 021  (0.139-0.298) Lower respiratory 028 0276 0276 0.28
acute episode, infection, episode
severe
Pregnancy 2 days Abdominopelvic 0.123  (0.083-0.176)  Abortion—episodes 0 0 0 0
termination problem:
(treated) (R) moderate

(Continued)
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Table II. (Continued)

Condition for Which GBD2010?) Disability Weight GBD1990?) Disability Weight by Age (yrs)

Disability Weight
Useda? Duration  Description Mid (Min-Max)  Description 04  5-14 1544 45+
Pregnancy 3 days Abdominopelvic 0.326  (0.219-0.451)  Abortion—episodes 0 0 0 0
termination problem: severe
(untreated) (R)
SSPE, 2 years 2 years Traumatic brain 0.625  (0.444-0.789) Japanese 0.616 0.616 0.616 0.616
between onset injury: long-term encephalitis—
and death (M) consequences, neurological
severe with or sequelae
without treatment
Thrombocytopenia 8 days Anemia: moderate 0.058  (0.038-0.086) Iron-deficiency 0.011 0.011 0.011 0.012
(treated) (VMR) anemia, moderate
Thrombocytopenia 8 days Anemia: severe 0.164  (0.112-0.228)  Iron-deficiency 0.087 0.087 0.093 0.089
(untreated) anemia, severe
(VMR)
Uncomplicated 4 days Generic 0.031  (0.017-0.05)  Measles—episodes, ~ 0.152 0.152 0.152  0.152
illness (MR) uncomplicated treated or
disease: worry and untreated, all ages
daily medication
Wasting (treated) 8 days Kwashiorkor 0.055  (0.033-0.085) Wasting, treated or 0.053 0 0 0
M) untreated
Wasting (untreated) 1 month  Severe wasting 0.127  (0.081-0.183)  Wasting, treated or ~ 0.053 0 0 0
M) untreated

Abbreviations: GBD, global burden of disease; LE, life expectancy.

a@Health outcomes listed for V = vaccine adverse event, M = measles, and R = rubella.

using a 3% discount rate (range 0-7%). The cost
inputs include both national costs for providing
treatment (and immunization, discussed in the next
section) and the productivity losses associated with
serious complications from measles, rubella, and/or
receipt of vaccine.(® We also include some costs as-
sociated with home care (including time to receive
treatment or vaccination for patients, parents, and/or
caregivers). We consider the cost inputs in the con-
text of their application for modeling a time hori-
zon of 2013-2052. When extrapolating from histor-
ical data, we estimate the U.S. dollar value of the
costs using appropriate inflation and exchange rates
from the year of any non-U.S. currency data to ex-
press these in US$ for that year. We rely on current
population estimates and projections from the U.N.
Population Division, World Population Prospects.(®>)

Similar to numerous prior economic
analyses,(3%37385556) e characterized treatment
costs considering health-care system utilization
based on estimated hospital days, physician visits,
and home care days. Table III shows our input
assumptions for acute care costs (i.e., hospital days,
physician visits, and home care days) assumed for
different sequelae. We inflated prior estimates of

hospital and outpatient costs for the United States
consistent with the assumptions in Table ITIC®
to US$2013 as the basis for estimating acute care
treatment costs for sequelae in high-income countries
(shown in Table III). For low-income countries, we
assumed minimal treatment of cases associated with
the cost of utilization of the health-care system
facility (i.e., the outpatient clinic or hospital bed).
We use the appropriate probabilities of sequelae and
hospitalization per vaccine dose or per infection to
characterize the costs using the same units.

Table IV summarizes some additional treat-
ment cost inputs by World Bank income level.(!")
To characterize the optimal:minimal treatment
ratios, home care costs, and productivity losses
associated with early mortality, we estimated the
annual average gross national income (GNI) (Atlas
method, US$2013) by income level.(®® We consider
productivity losses by assuming the value of each
DALY saved equals the GNI for the income
level.*+%7) The GNI values suggest optimal:minimal
treatment ratios of 0.23:0.77 for UMI and 0.08:0.92
for LMI countries, which we use consistently for
cost and DALY estimates. We estimated the cost
per hospital bed day and outpatient clinic visit for
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Table III. Assumed Numbers of Home Care Days, Physician Visits, and Hospital Days for Acute Care for Sequelae Associated with
Vaccine Adverse Events (V), Measles Infections (M), Rubella Infections (R), CRS Cases (CRS), Measles Infections During Pregnancy
(MIP), Rubella Infections During Pregnancy (RIP), and Estimated Costs of Cases for Hospitalization and Outpatient Care in
High-Income Countries (US$2013)(0)

Sequelae Requiring Hospital Physician Posthospital Home Care Posthospital Home Hospital Cost Outpatient Cost
Acute Care Days Visit?  Physician Visit®  Days® Care Daysd (High-Income) (High-Income)
Anaphylaxis (V) 2.89 0 2.06 0 1 $21,171 $202
Febrile seizures/convulsions (V) 2 1 1 0 2 $7,165 $552
Minor reactions (V) 0 0.02 0 0 0 $0 $85
Thrombocytopenia (VMR) 4.8 0 5.91 35 3 $29,965 $550
Arthropathy, acute (VR) 2 0.5 0.5 0 3 $12,374 $184
Blindness (M) 1 3 3 21 21 NA® NA®
Diarrhea (M) 1.33 0.5 0 3.5 1 $3,404 $93
Encephalitis, acute (MR) 8.7 0 3.52 5 7 $38,885 $445
Clinical illness other (M) 1.33 0.5 0 3.5 1 $3,404 $93
Otitis media, acute (M) 1.9 1 1 4 1.5 $5,690 $75
Otitis media + diarrhea (M) 1.9 1 1 4 1.5 $5,690 $93
Pneumonia (M) 5.5 1.75 1.75 4.5 35 $18,240 $146
Pneumonia + encephalitis (M) 8.7 1.75 3.52 5 7 $38.,885 $445
SSPE (M) 10.9 0 10 0 30 $11,572 $263
Wasting, acute (M) 4 4 3 30 42 NA® NA®
Uncomplicated illness (MR) 0 0.5 0 35 0 $0 $93
Encephalitis, residual damage (M) 9.1 0 0 0 0 $34,692 $0
Initial investigation (CRS)f 13.6 0 1.53 0 5 $50,569 $90
Spontaneous abortion (RIP or MIP) 0 1 0 0 3 $646 $0

#Physician visit for nonhospitalized cases.
bPhysician visit following hospitalization.
“Home care days for nonhospitalized cases.
dHome care days following hospitalization.

“Not applicable given no probability of these outcomes assumed for high-income countries.
fComprehensive medical evaluation for all CRS cases except the 28% with hearing defects only.

each World Bank income level!” based on the
WHO-CHOICE country-specific unit costs data
from 2008 (i.e., the hotel or facility use costs).®)
We estimated these costs for each 2008 income
level and then inflated the estimates to US$2013
assuming that these values apply to the countries
in the 2013 World Bank income levels. We use the
estimated hospital day and outpatient visit costs
for low-income countries, the hospital days and
outpatient visits per sequelae in Table 111, and age-
and sex-appropriate estimates of the probabilities
of the sequelae and associated hospitalization to
estimate the costs per vaccine dose or infection for
low-income countries. As with the DALY estimates,
we interpolated between the low- and high-income
country acute care cost estimates based on the
assumed ratios of optimal:minimal treatment.
Based on review of the literature,(!) Table IV also
characterizes estimated medication costs paid by
individuals and additional costs associated with dis-
ability, including chronic care costs, not considered
elsewhere.

For measles, Table IV includes estimates of med-
ication costs for uncomplicated cases, for which we
assume costs (in US$2013) of approximately $2 for
low-income countries® and $16 for high-income
countries.’” We assume that the small fraction of
encephalitis infections that result in residual damage
lead to severe retardation requiring institutional care
for 50 years for which we inflate a prior estimate®®)
to US$2013 for high-income countries. We assume
that in low-income countries, no additional costs ap-
ply and that the higher estimated risk of encephali-
tis mortality for encephalitis in low-income coun-
tries accounts for the encephalitis cases with residual
damage.

For rubella, Table IV includes our assumed cost
for chronic arthropathy for high-income countries,
based on the average claim paid for chronic arthropa-
thy by the U.S. National Vaccine Injury Compensa-
tion Program.””) We assume individuals with chronic
arthropathy in low-income countries receive minimal
treatment for which we assume a lifetime cost of care
of $1,000. Prior economic analyses for CRS provided
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Table I'V. Best Estimates (Range When Available) in US$2013 for Additional Treatment Cost Inputs for Disabilities for Sequelae
Associated with Measles Infections, Rubella Infections, and CRS Cases by World Bank Income Levels19

Cost Input LOW LMI UMI HIGH Notes(efs)
Population-weighted average GNI per capita $770 $3,800 $11,200 $47.,800 a(19:9)
Hospital day (hotel costs) $4.5 ($4-5) $25 ($21-29) $108 ($87-118)  $674 ($574-774)  bO)
Physician visit (facility costs) $1.0 ($1-1.5) $4.2 ($3.7-5.5) $13 ($11-16) $64 (852-76) b®)
Time cost per day of home care $3 $15 $45 $190 c19
Measles-specific costs

Medications for uncomplicated cases $2 $2.98 $5.22 $16 (98.99)
Encephalitis, residual care * (LE-age) $0 $7,557 $24,831 $107,959 (56)
Rubella-specific costs

Chronic arthropathy care $1,000 $7,313 $21,741 $91,180 a7
CRS-specific costs

CHD surgery $1,805 $3,733 $8,140 $29,350 (56,101)
Eye surgery (cataracts/glaucoma) $55 $522 $1,590 $6,726 (56,102.103)
Cochlear implant/chronic hearing assistance $193 $7058 $22752 $98,277 (13)
Retardation care per year for 50 years $385 $3,406 $10,312 $43,547 (56)
Vision correction, per year for life $8 $40 $113 $463 (14,115

2Computed using gross national income (GNI), per capita, Atlas method for US$2012, and World Bank income level classification criteria

for 2012, then inflated to US$2013.

bComputed using WHO-CHOICE unit cost estimates for 2008 in US$2008 and 2008 population estimates for 169 countries with complete
data, and World Bank income level classification criteria for 2008, then inflated to US$2013.

“Computed as GNI divided by 250 days per year.

many estimates for chronic care for high-income
countries, which we updated. We used existing cost
estimates for CHD surgery, eye surgery, and special
education associated with CRS for high-income
countries®® inflated to US$2013. We assumed
approximately half of the 49% of CRS cases with
CHD required surgery (i.e., 25% of all CRS cases),
40% of the 50% of CRS cases with eye defects
required surgery (i.e., 20% of all CRS cases), and all
of the 35% of CRS cases with intellectual disability
required special education and institutional care for
retardation. Although the treatment of patent ductus
arteriosus (PDA) changed dramatically over time,
with corresponding improvements in outcomes,
these changes did not apparently reduce costs, %)
which led us to use the inflated estimate for CHD
surgery costs with no additional modification. For
low-income countries, we estimate the cost of CHD
surgery based on a study from India while it qualified
as a low-income country®) and for eye surgery
based on studies of cataract surgery in Nepal(!??)
and India.'® For the 91% of CRS cases with
hearing loss, we recognized the need to update cost
estimates to include cochlear implants('!) given their
well-established cost effectiveness in pediatric pop-
ulations in high-income countries.1%1%) To date,
limited penetration of cochlear implant technology
exists in countries of relatively lower income, (1911

although some children with CRS in these countries
receive cochlear implants.('') Cost-effectiveness
analyses show cost savings associated with cochlear
implants due to the reduction or elimination of the
need to pay for special education and increased
productivity.11>113) Table IV includes the direct
costs associated with cochlear implants!''® as our
estimate of the treatment costs for hearing loss
for CRS for high-income countries. This implicitly
assumes that CRS cases with hearing loss that do
not receive cochlear implants require the equivalent
costs for hearing assistance and special education
(i.e., costs for special education for deafness account
for approximately 82% of this amount!'® and
hearing aids account for the balance). We assume
costs of cochlear implants will remain prohibitive
in low-income countries for the time horizon. For
low-income countries, we assume care for deaf
children at a cost of 25% of the GNI per year (i.e.,
$193) for 20 years, and that retarded children will
require care at a cost of 50% of the GNI per year
(i.e., $385) for 50 years. Finally, we include costs
associated with vision correction for all CRS children
with eye defects assuming annual costs for vision
correction in high-"'% and low-income countries!'>)
apply for the entire life expectancy. We do not con-
sider costs associated with travel for vaccination or
for treatment.
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Table V. Immunization and Wastage Cost Inputs

Cost Input LOW LMI UMI HIGH Notes(efs)
Surviving infants in modeled population (millions) 26 56 37 15 (116)
Fraction of modeled population 20% 42% 28% 11%

Cost of domestically produced M only vaccine NA $0.24 $0.34 NA (118)

Cost of domestically produced MR vaccine components NA $0.524 $0.91 $20 (118,122)
Cost of nondomestic M only vaccine $0.24 $0.24 $0.34 NA (118)

Cost of nondomestic MR vaccine components $0.524 $0.524 $0.91 $20 (118,122
Proportion of vaccine produced domestically 0% 58% 64% NA (116,117)
Average price M only vaccine $0.24 $0.24 $0.34 NA

Average price MR vaccine components $0.524 $0.524 $0.91 $20

Percent covered by RI with 1 dose M only 66% 60% 7% 0% (116,136,137)
Percent covered by RI with 1 dose MR components 13% 16% 88% 94% (116,136,137)
Percent covered by RI with second dose M only 7% 34% 4% 0% (116,136,137)
Percent covered by RI with second dose MR components 11% 11% 82% 91% (116,136,137)
Nonvaccine cost per child per RI injection $0.35 $0.70 $5.76 $23.88 (123,124)
Wastage for RI 342 325 2.87 105 (123124)
Number of children covered by SIA with 1 dose M only (millions) 37 113 5 0 (116,130)
Number of children covered by SIA with 1 dose MR components (millions) 9 29 3 0 (116,130)
Factor for increased cost for SIA compared to RI 2.3 2 1.75 1.5

Nonvaccine cost per child per SIA injection $0.81 $1.41 $10.09 $35.82 Q)

Costs for outbreak investigation (per measles case) $45 $57 $84 $216 (98.128,129)
Wastage for SIA immunization 1.1 1.1 1.1 1.1 (124)

2.4. Immunization Cost and Wastage Inputs

Table V provides estimates of the numbers of
the approximately 134 million surviving infants in the
modeled global population for 2013(1% by income
level and summarizes vaccine cost inputs. We as-
sume that routine immunization (RI) in high-income
countries will continue to use measles and rubella
containing vaccines (MRCVs) (i.e., MMR or MR),
while UMI, LMI, and low-income countries may use
measles (with or without rubella) containing vaccines
(M(R)CVs)® (i.e., M, MR, or MMR), with countries
not currently using rubella containing vaccine formu-
lations planning to introduce it in future years. We
use the reported vaccine coverage for each modeled
country"® to characterize the percent of surviving
infants in each income level covered with one dose
of an MCV or MRCYV and the percent covered with
two doses.

Many of the prior health economic analyses
we previously reviewed!") provided estimates of
vaccine costs and some nonvaccine costs, which vary
over time and by country. Producers of measles
and rubella containing vaccines use different strains
and production processes, but we use a single cost
for each income level and we consider the fraction
of doses produced by middle-income countries
that self-produce (e.g., China, India, Indonesia,

Brazil!'”) and the associated potentially lower
domestic production costs. We use and extrapolate
the UNICEF prices and projections for M and MR
for LOW and LML('® No low-income countries
self-produce vaccine. For LMI, we could not identify
different prices for domestic production in India,
and most of the UNICEF vaccine supply comes from
a single producer from India, so we use the UNICEF
prices for domestic production in LMI countries. For
domestically produced vaccines in UMI, we use the
M and MR vaccine prices for China, which comprises
approximately 50% of the UMI (Wei, X, personal
communication, 2014). For middle-income countries
that purchase vaccine, we assume the same prices,
although some middle-income countries purchase
vaccine at the UNICEF prices and others purchase
vaccine at higher prices.("!”) For high-income coun-
tries, prior economic analyses showed a wide range
of vaccine prices (e.g., $6-50 in US$2013).(14120121)
We assume no use of M vaccine for high-income
countries and we round up the U.S. price of $19.76
for MMR vaccine given by public providers(??) to
use $20 as the assumed average cost for the MR com-
ponents of MRCV used by high-income countries.
We note that in the United States, if we appropri-
ately assume 80% of U.S. children receive vaccine
from private providers!?® at the associated higher
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cost,(1??) this implies an average price per MMR dose
in the United States of approximately $48.

All current measles and rubella vaccines re-
quire injection, and we characterize the nonvaccine
costs associated with injection equipment use and
disposal, cold chain, personnel, training, and other
miscellaneous costs to estimate the costs per dose
for low- and high-income countries based on prior
studies.1?>1?4) We assume twice the low-income
country RI costs for LMI and we proportion the UMI
costs using the same approach we used to appor-
tion treatment costs. Although the shared nonvac-
cine costs for MRCVs could divide equally for the
antigens contained in the vaccine and thus reduce
the costs for measles or rubella alone, we generally
attribute all of the nonvaccine costs to the measles
component of combined vaccines. We also consider
RI vaccine wastage,'?>1?% which depends in large
part on the vial size for MRCVs.(125-127)

In addition to RI, some countries conduct pre-
ventative SIAs (pSIAS) to improve coverage and/or
they reactively respond to outbreaks with outbreak
STAs (0SIAs). For all SIAs, we assume the same vac-
cine cost per vaccine dose as used for RI. However,
we use different nonvaccine costs per dose delivered
for pSIAs and oSIAs. We assume that nonvaccine
costs of pSIAs include the costs of RI plus social
mobilization, supervision, planning/training, admin-
istrative costs, and transportation costs,(® and we
use an updated estimate for low-income countries.!”)
Costs per SIA dose appear to decrease as a function
of increased RI coverage.”) Consequently, we as-
sume fractions of 2, 1.75, and 1.5 times the RI costs to
estimate the pSIA costs for LMI, UMI, and HIGH,
respectively. We assume the same nonvaccine costs
for oSIAs as for pSIAs, except that we also include
costs associated with epidemiological investiga-
tion and management for oSIAs. For low-income
countries, we assume outbreak response costs of
approximately $45 per case® and for high-income
countries we assume costs of $216 per case.1?®) The
outbreak response cost estimate for high-income
countries may significantly underestimate the costs,
with U.S. aggressive outbreak response to maintain
national measles elimination implying costs of ap-
proximately $5,0001 to $50,000 per case.(”” For
LMI and UMI we estimate the costs using the same
approach we used to apportion treatment costs.
While SIAs vary year to year, we estimate the num-
ber of millions of children in the modeled countries
covered by an SIA dose by income level and vaccine
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type using data from 2013 as an example,(10139)

and we use the same estimated wastage rates for all
SIAs.(60)

Finally, Table VI captures some additional
global programmatic costs, which represent our ef-
fort to capture other real costs based on limited
available evidence. We consider the costs associ-
ated with creating a rotating vaccine stockpile(!")
that would help to ensure stability of the MR vac-
cine supply during the time that countries increas-
ingly transition from M to MR vaccine. We assume
that WHO could create a rotating MR vaccine stock-
pile containing 50 million doses of prequalified vac-
cine at a one-time cost of approximately $50 million.
Surveillance represents an important ongoing activ-
ity, with national laboratories and the measles and
rubella Lab Net providing ongoing disease surveil-
lance that assists with confirmation and tracking of
viral transmission, regional elimination, and global
eradication efforts. Many countries pay all or most
of their national surveillance costs without request-
ing external support. The M&RI estimates the need
for external support of approximately $15 million for
surveillance and laboratory costs.3!) We estimate
that global surveillance for measles and rubella, in-
cluding all national costs, probably approaches twice
the amount of anticipated global external needs.
Efforts to more aggressively manage measles and
rubella may require some expansion of the Lab
Net, particularly for surveillance of CRS. We as-
sume that expansion of the Lab Net to include in-
creased surveillance for rubella and tracking of a
larger fraction of measles cases would again dou-
ble the estimated costs. This implies surveillance
costs of approximately $60 million per year prior to
measles and rubella eradication. We also estimate
global programmatic costs for technical support, op-
erational research, stockpile management, commu-
nication, and coordination costs. Ongoing analy-
sis of research needs,'*? including opportunities to
develop improved delivery strategies, will require
the investment of resources. Although the M&RI
currently budgets approximately $20-25 million, ")
we assume annual costs of approximately $35 mil-
lion for global programmatic costs until eradication
of measles and rubella. In the event of measles
and rubella eradication (i.e., post-eradication), we
assume annual costs of $10 million for global
programmatic costs to maintain surveillance and co-
ordination activities and manage an emergency re-
sponse vaccine stockpile.



Measles and Rubella Health and Financial Costs

13711

Table VI. Inputs for the Estimation of Future Global-Level Costs

Input Estimate

Cost to create a global rotating MR vaccine stockpile $50 million

Annual surveillance costs, including expanded rubella and CRS surveillance, pre-eradication $60 million

Annual technical support, operational research, stockpile management, communication, and coordination costs, $35 million
pre-eradication

Annual costs for surveillance and technical support, operational research, stockpile management, communication, and $10 million
coordination costs, post-eradication

Cost of increasing RI coverage by 1% in an undervaccinated subpopulation of 10 million people $10,000

Cost of global certification and increased containment following eradication $5 million

In the context of achieving regional elimination
goals, reaching undervaccinated subpopulations
represents a critical element of measles and rubella
elimination as occurred during the endgame of polio
eradication. In Nigeria, efforts to increase coverage
involved extensive mapping of the population and
tracking individual vaccinators.1’® Heterogeneity
also exists in high-income countries.(!3*13%) In gen-
eral, increasing coverage requires extensive public
engagement and communication campaigns. In
the absence of data, we assume costs of $10,000
per 1% increase in RI coverage in a population of
10 million people. With respect to containment, we
assume that even in the context of successful global
eradication of one or both diseases, some vaccination
for both would continue over the time horizon, and
consequently we assume no change in laboratory or
manufacturing facility containment requirements.
However, we assume that at the time of global
eradication of measles or rubella, we would incur a
global cost of $5 million for certification of eradica-
tion, potentially including increased containment of
measles or rubella viruses stored in laboratories.

3. RESULTS

Measles and rubella infections lead to a large
range of complications that may cause permanent
disability or death, while immunization for measles
and/or rubella leads to relatively rare adverse events
by comparison. Table VII provides the estimated
percent of different health outcomes per vaccine
dose and per measles or rubella infection. We use
these values as the basis for estimation of costs and
inputs for DALY estimates and DALYs for use in
economic analyses. The probabilities of the sequelae
depend on baseline healthcare and treatment, age,
and sex. Fig. 2 shows the decline in the IFRs for the
modeled time horizon for optimal treatment (used

for high-income countries) and minimal treatment
(used for low-income countries).

Table VIII provides the inputs for YLLs and
YLDs required to characterize DALYs. Since YLLs
and some YLDs depend on the age at the time of
fatality, vaccination, or infection, Table VIII indi-
cates the values that require multiplication by (LE-
age) and adjustment for the reduction in the IFRs
as a function of time using an IFR reduction factor
(IFRRF). Table IX uses these inputs to estimate ex-
pected DALYs lost per dose by age of vaccination
and expected DALYs lost per infection by age of
infection for 2013. At the individual level, the ex-
pected DALY loss associated with measles infection
significantly exceeds (by over a factor of 100) the ex-
pected DALY loss associated with vaccination, with
the loss of approximately 1 DALY on average ex-
pected per measles infection in young children in rel-
atively lower income countries.

Table X provides the expected costs from ad-
verse health outcomes per vaccine dose, per measles
or rubella infection, per CRS case, and per preg-
nancy loss for MIP or RIP by World Bank income
level with and without home care costs. The expected
costs of measles or rubella infection significantly ex-
ceed the expected costs of vaccine adverse events.
Our estimated costs per measles infection for high-
income countries fall within the range reported by
prior studies,('® although our results show higher
costs for very young children and older individuals,
similar to the other study that characterized costs
by age.(!?) The cost estimates per rubella case gen-
erally fall below the costs per measles case, except
for women >15 years old, for which the costs asso-
ciated with arthropathy increase the costs. The very
high costs per CRS case for high-income countries
stem largely from the relatively high fraction (35%)
of CRS cases assumed to require expensive institu-
tional care for mental retardation. For low-income
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Table VII. Best Estimates for the Percent of Different Health Outcomes per Vaccine Dose or per Measles or Rubella Infection by Age
and Optimal or Minimal Treatment

Optimal Treatment Minimal Treatment
Health Outcomes per Vaccine <5Syr 5-14 yr 15-44 yr 45+ yr <5Syr 5-14yr 15-44 yr 45+ yr
Dose or per Infection
Vaccine adverse events
Anaphylaxis (per dose) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Febrile seizures/convulsions (per 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
dose)
Minor reactions (per dose) 10 10 10 10 10 10 10 10
Thrombocytopenia (per dose) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Thrombocytopenia mortality (per 0.000003 0.000003 0.000003 0.000003 0.000003 0.000003 0.000003 0.000003
dose)?

Arthropathy, transient, excluding 0.01 0.01 0.1 0.1 0.01 0.01 0.1 0.1
adult men (per dose)®
Arthropathy, chronic, >15- year- 0 0 0.01 0.01 0 0 0.01 0.01

old women (per dose)®
Measles infections

Asymptomatic infection (per 1 1 1 1 1 1 1 1
measles infection)

Blindness (per measles infection) 0 0 0 0 0.08 0 0 0

Diarrhea (per measles infection) 4 2 3 4 40 30 58 58

Encephalitis, acute (per measles  0.04 0.02 0.03 0.07 0.07 0.03 0.07 0.14
infection)

Otitis media, acute (per measles 5 0.8 0.3 0.3 0 0 0 0
infection)

Otitis media + diarrhea (per 1 0 0 0 5 4 5 5
measles infection)

Pneumonia (per measles 4 0.8 2 3 18 17 28 28
infection)

Pneumonia + encephalitis (per  0.04 0.02 0.03 0.04 0.07 0.03 0.07 0.07
measles infection)

SSPE (per measles infection) 0.008 0.003 0.003 0.004 0.014 0.005 0.007 0.007

Thrombocytopenia (per measles 0.4 0.3 0.3 0.4 0.7 0.5 0.7 0.7
infection)

Wasting, acute (per measles 0 0 0 0 2.8 0 0 0
infection)

Uncomplicated illness (per 80 94 88 87 15 45 6 6
measles infection)

Other clinical illness (per measles 3.9 1.2 4.6 42 18 3 0.7 0.7
infection)

Encephalitis, residual damage 0.019 0.008 0.017 0.026 0.035 0.013 0.036 0.054
(per measles infection)

Encephalitis mortality (per 0.004 0.002 0.003 0.005 0.01 0.01 0.01 0.02
measles infection)

Other clinical illness mortality 0.04 0.01 0.09 0.08 0.9 0.1 0.1 0.1
(per measles infection)

Pneumonia mortality (per measles 0.07 0.02 0.04 0.06 1.8 1.7 2.8 2.8
infection)

SSPE mortality (per measles 0.008 0.003 0.003 0.004 0.014 0.005 0.007 0.007
infection)

Thrombocytopenia mortality (per 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02
measles infection)

Total mortality (per measles 0.13 0.04 0.15 0.16 2.7 1.9 2.9 29
infection)?

Excess fetal loss (per measles 3 0 0 0 3 0 0 0

infection in pregnancy (MIP)
<20 weeks since last menstrual
period (LMP) (per maternal
MIP)G)

(Continued)
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Table VII. (Continued)
Optimal Treatment Minimal Treatment

Health Outcomes per Vaccine <Syr 5-14yr 15-44 yr 454 yr <Syr 5-14 yr 15-44 yr 45+ yr
Dose or per Infection

Rubella infection

Asymptomatic infection, female ~ 49.9 49.9 39.6 39.6 49.9 49.9 39.6 39.6
(per rubella infection)

Asymptomatic infection, male 49.9 49.9 49.0 49.0 49.9 49.9 49.0 49.0
(per rubella infection)

Encephalitis, acute (per rubella  0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
infection)

Thrombocytopenia (per rubella  0.005 0.005 0.006 0.006 0.005 0.005 0.006 0.006
infection)

Transient arthropathy, female 0.3 0.3 21 21 0.3 0.3 21 21
(per rubella infection)

Transient arthropahy, male (per 0.3 0.3 2 2 0.3 0.3 2 2
rubella infection)

Uncomplicated illness, female 49.9 49.9 39.6 39.6 49.9 49.9 39.6 39.6
(per rubella infection)

Uncomplicated illness, male (per 49.9 49.9 49.0 49.0 49.9 49.9 49.0 49.0
rubella infection)

Chronic arthropathy, female (per 0 0 4 4 0 0 4 4
rubella infection)

Chronic arthropathy, male (per 0 0 0.4 0.4 0 0 0.4 0.4
rubella infection)

Encephalitis mortality (per rubella 0.00009 0.00009 0.00011 0.00011 0.00009 0.00009 0.00011 0.00011
infection)

Thrombocytopenia mortality (per 0.00014 0.00014 0.00018 0.00018 0.00014 0.00014 0.00018 0.00018
rubella infection)

Total mortality (per rubella 0.00023 0.00023 0.00029 0.00029 0.0003 0.0003 0.0005 0.0005
infection)?

Pregnancy termination (per 0 0 25 0 0 0 25 0
maternal RIP)(0)

Excess fetal loss (per rubella 28 0 0 0 28 0 0 0
infection in pregnancy (RIP)
<20 weeks since last menstrual
period (LMP) (per maternal
RIP)G0)

CRS cases (per maternal RIP)0 0 0 43 0 0 0 43 0

4Infection-fatality ratio for 2000, adjusted to 2013 and later years by reduction factors that assume 3%, 2%, 1%, and 0.2% per year.

PFor rubella containing vaccines.

countries, the costs of surgery for CHD account for
most of the cost of CRS for low-income countries.
The significant disability associated with the multiple
congenital defects leads to high costs and DALY per
case.

The inputs in Table V lead to estimates of ap-
proximately $2.3 billion per year (55%, 28%, 14%,
and 3% for HIGH, UMI, LMI, and LOW, respec-
tively) to immunize the approximately 134,000,000
surviving infants annually (11%, 28%, 42%, 19%
in HIGH, UMI, LMI, and LOW, respectively). The
trends in coverage show the increasing shift toward

the use of MRCV and increasing adoption of a sec-
ond RI dose. This estimate includes costs paid by
countries with or without the support of external
donors, and we emphasize that the global benefits
and costs of measles and rubella control will differ
from estimates that consider a smaller scale.

Given the significantly higher costs per measles
or rubella case than per dose of vaccine, our results
suggest significant cost savings associated with invest-
ments in measles and rubella control and elimina-
tion, although future work will need to characterize
the full benefits of prevention. The estimates in this
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Table VIIIL. Inputs for Estimation of DALY as a Function of Age, Sex, and Life Expectancy (LE) per Vaccine Dose and per Measles or
Rubella Infection with Some Years of Productive Life Lost Due to Disability (YLD) Depending on (LE-Age) and Years of Life Lost Due

to Premature Mortality (YLL) Depending on (LE-Age) and the Infection-Fatality Rate Reduction Factor (IFRRF)

GBD 20102 GBD 19903
Inputs for DALYs LOW LMI UMI HIGH LOW LMI UMI HIGH
Life Expectancy (2013) 62 66 74 79 62 66 74 79
Vaccine: per vaccine dose DALY = f(LE, age, sex)
MCV, 0to4, YLD 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
MCV, 5tol4, YLD 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
MCV, 15to44, YLD 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
MCYV, 45plus, YLD 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
MCV, all ages, YLL * (LE-age) * IFRRF 3E-08 3E-08 3E-08 3E-08 3E-08 3E-08 3E-08 3E-08
MRCYV, Oto4, YLD 2E-05 2E-05 2E-05 1E-05 4E-05 4E-05 4E-05 4E-05
MRCV, 5tol4, YLD 2E-05 2E-05 2E-05 1E-05 SE-05 4E-05 4E-05 4E-05
MRCYV, 15t044 women, YLD 1E-04 1E-04 9E-05 3E-05 2E-04 2E-04 2E-04 2E-04
MRCYV, 45plus women, YLD 1E-04 1E-04 9E-05 3E-05 2E-04 2E-04 2E-04 2E-04
MRCV, 15to44 women, YLD * (LE-age) 1E-04 1E-04 9E-05 3E-05 2E-04 2E-04 2E-04 2E-04
MRCYV, 45plus women, YLD * (LE-age) 1E-04 1E-04 9E-05 3E-05 2E-04 2E-04 2E-04 2E-04
MRCV, all ages, YLL * (LE-age) * IFRRF 3E-08 3E-08 3E-08 3E-08 3E-08 3E-08 3E-08 3E-08
Measles: per infection DALY = f(LE, age)
YLD, 0to4, constant 0.005 0.005 0.004 0.001 0.005 0.005 0.005 0.002
YLD, 5to14, constant 0.004 0.004 0.004 0.001 0.004 0.004 0.004 0.002
YLD, 15to44, constant 0.006 0.006 0.002 0.001 0.006 0.006 0.005 0.002
YLD, 45plus, constant 0.006 0.006 0.002 0.001 0.006 0.006 0.005 0.002
YLD, Oto4, * (LE-age) 4E-04 4E-04 0.005 0.007 7TE-04 TE-04 6E-04 1E-04
YLD, 5tol4, * (LE-age) 8E-05 8E-05 0.003 SE-05 8E-05 8E-05 7E-05 SE-05
YLD, 15to44, * (LE-age) 2E-04 2E-04 0.006 0.007 2E-04 2E-04 2E-04 1E-04
YLD, 45plus, * (LE-age) 3E-04 3E-04 0.006 0.007 3E-04 3E-04 3E-04 2E-04
YLL, Oto4, * (LE-age) * IFRRF 0.027 0.025 0.007 0.007 0.027 0.025 0.021 0.001
YLL, 5tol4, * (LE-age) * IFRRF 0.019 0.017 0.005 4E-04 0.019 0.017 0.014 4E-04
YLL, 15to44, * (LE-age) * IFRRF 0.029 0.027 0.008 0.002 0.029 0.027 0.022 0.002
YLL, 45plus, * (LE-age) * IFRRF 0.029 0.027 0.008 0.002 0.029 0.027 0.022 0.002
YLL, Oto4, * (LE-age-9) 1E-04 1E-04 1E-04 8E-05 1E-04 1E-04 1E-04 8E-05
YLL, 5tol4, * (LE-age-9) SE-05 SE-05 SE-05 3E-05 SE-05 SE-05 SE-05 3E-05
YLL, 15to44, * (LE-age-9) 7E-05 7TE-05 6E-05 3E-05 7E-05 7E-05 6E-05 3E-05
YLL, 45plus, * (LE-age-9) TE-05 7TE-05 6E-05 4E-05 TE-05 7TE-05 6E-05 4E-05
Rubella: per infection DALY = f(LE, age, sex)
YLD, Unl5yrF 2E-04 2E-04 2E-04 2E-04 9E-04 9E-04 9E-04 9E-04
YLD, 15plusyrF 0.003 0.002 0.002 0.001 0.007 0.007 0.007 0.006
YLD, Unl5yrM 2E-04 2E-04 2E-04 2E-04 9E-04 9E-04 9E-04 9E-04
YLD, 15plusyrM 4E-04 4E-04 4E-04 3E-04 0.001 0.001 0.001 0.001
YLD, Unl5yrF * (LE-age) 0 0 0 0 0 0 0 0
YLD, 15plusyrF * (LE-age) 0.006 0.006 0.005 0.002 0.015 0.014 0.014 0.012
YLD, Unl5yrM * (LE-age) 0 0 0 0 0 0 0 0
YLD, 15plusyrM * (LE-age) 6E-04 6E-04 SE-04 2E-04 0.001 0.001 0.001 0.001
YLL, Unl5yrF * (LE-age) 2E-06 2E-06 2E-06 2E-06 2E-06 2E-06 2E-06 2E-06
YLL, 15plusyrF * (LE-age) 3E-06 3E-06 3E-06 3E-06 3E-06 3E-06 3E-06 3E-06
YLL, Un15yrM * (LE-age) 2E-06 2E-06 2E-06 2E-06 2E-06 2E-06 2E-06 2E-06
YLL, 15plusyrM * (LE-age) 3E-06 3E-06 3E-06 3E-06 3E-06 3E-06 3E-06 3E-06
CRS: per CRS case DALY = f(LE)
YLL *LE 0.247 0.236 0.210 0.076 0.247 0.236 0.210 0.076
YLD * LE 0.225 0.223 0.218 0.168 0.382 0.385 0.391 0.404
Excess pregnancy loss: per MIP or RIP DALY = f(LE)
YLL * LE 1 1 1 1 1 1 1 1
Pregnancy termination, 15 to 44F only DALY = YLD
YLD, 15to44yrF 0.003 0.003 0.002 7TE-04 0 0 0 0

Abbreviations: CRS, congenital rubella syndrome; DALY, disability-adjusted life year; GBD, global burden of disease; IFRRF, IFR re-
duction factor; LE, life expectancy; MIP, measles infection in pregnancy; RIP, rubella infection in pregnancy; VAE, vaccine adverse event;
YLD, years of productive life lost due to disability; YLL, years of life lost due to premature mortality.
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Table IX. DALY Estimates by Age (yr) of Vaccination or Infection for Both Global Burden of Disease Disability Weights
and by Sex as Appropriate

GBD 2010 GBD 1990
Vaccine or Virus Unit LOW LMI UMI HIGH LOW LMI UMI HIGH
MCV-DALY by age (yr)
0 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
4 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
5 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
14 per dose 1E-05 1E-05  1E-05 1E-05 3E-05  3E-05  3E-05 3E-05
15 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
44 per dose 1E-05 1E-05  1E-05 1E-05 3E-05  3E-05  3E-05 3E-05
45 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
60 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
MRCV-DALY by sex, age (yr)—female
0 per dose 2E-05 2E-05 2E-05 1E-05 SE-05 SE-05 5SE-05 4E-05
4 per dose 2E-05 2E-05 2E-05 1E-05 SE-05 SE-05 SE-05 4E-05
5 per dose 2E-05 2E-05 2E-05 1E-05 SE-05 SE-05 5E-05 4E-05
14 per dose 2E-05  2E-05  2E-05 1E-05 S5E-05  SE-05  SE-05 4E-05
15 per dose 0.005 0.006 0.006 0.002 0.011 0.012 0.013 0.011
44 per dose 0.002 0.002 0.003 9E-04 0.004 0.005 0.007 0.006
45 per dose 0.002 0.002 0.003 8E-04 0.004 0.005 0.006 0.006
60 per dose 3E-04 7E-04 0.001 SE-04 7E-04 0.002 0.003 0.003
MRCV-DALY by sex, age (yr)—male
0 per dose 2E-05 2E-05 2E-05 1E-05 SE-05 SE-05 5E-05 4E-05
4 perdose 2E-05 2E-05 2E-05 1E-05 5E-05  5E-05  5E-05 4E-05
5 per dose 2E-05 2E-05 2E-05 1E-05 SE-05 SE-05 5E-05 4E-05
14 per dose 2E-05 2E-05 2E-05 1E-05 SE-05 5SE-05 SE-05 4E-05
15 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
44 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
45 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
60 per dose 1E-05 1E-05 1E-05 1E-05 3E-05 3E-05 3E-05 3E-05
Measles-DALY by age (yr)
0 per infection 1.15 1.31 1.40 0.11 1.17 1.33 1.42 0.11
4 per infection 1.08 1.23 1.33 0.11 1.09 1.25 1.34 0.11
5 per infection 0.72 0.82 0.88 0.03 0.72 0.82 0.88 0.04
14 per infection 0.61 0.70 0.77 0.03 0.61 0.70 0.77 0.03
15 per infection 0.92 1.07 1.18 0.10 0.92 1.07 1.18 0.10
44 per infection 0.36 0.46 0.60 0.06 0.36 0.46 0.60 0.06
45 per infection 0.34 0.44 0.59 0.06 0.34 0.44 0.59 0.06
60 per infection 0.04 0.13 0.29 0.03 0.04 0.13 0.29 0.04
Rubella-DALY by sex, age (yr)—female
0 per infection 3E-04 3E-04 3E-04 4E-04 0.001 0.001 0.001 0.001
4 per infection 3E-04 3E-04 3E-04 3E-04 1E-03 0.001 0.001 0.001
5 per infection 3E-04 3E-04 3E-04 3E-04 1E-03 0.001 0.001 0.001
14 per infection 3E-04 3E-04 3E-04 3E-04 1E-03 1E-03 0.001 0.001
15 per infection 0.28 0.29 0.31 0.15 0.69 0.74 0.84 0.80
44 per infection 0.11 0.13 0.16 0.08 0.27 0.32 0.43 0.44
45 per infection 0.10 0.12 0.15 0.08 0.25 0.31 0.41 0.43
60 per infection 0.01 0.04 0.08 0.04 0.04 0.09 0.20 0.24
Rubella-DALY by sex, age (yr)—male
0 per infection 3E-04 3E-04 3E-04 4E-04 0.001 0.001 0.001 0.001
4 per infection 3E-04 3E-04 3E-04 3E-04 1E-03 0.001 0.001 0.001
5 per infection 3E-04 3E-04 3E-04 3E-04 1E-03 0.001 0.001 0.001
14 per infection 3E-04 3E-04 3E-04 3E-04 1E-03 1E-03 0.001 0.001
15  per infection 0.028 0.029 0.031 0.015 0.069 0.074 0.084 0.081
44 per infection 0.011 0.013 0.016 0.008 0.027 0.033 0.043 0.045
45 per infection 0.01 0.012 0.016 0.008 0.026 0.031 0.042 0.043
60 per infection 0.002 0.004 0.008 0.005 0.004 0.01 0.021 0.025
CRS-DALY per CRS case 29 30 32 19 39 41 44 38
RIP or MIP-DALY per RIP loss 62 66 74 79 62 66 74 79

Pregnancy termination, 15- to 44-yr female per termination 0.003 0.003 0.002 7TE-04 0 0 0 0
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analysis should provide inputs for future economic
analyses for measles and rubella interventions.

4. DISCUSSION

Managing measles and rubella requires ongoing
financial commitments to cover the costs associated
with prevention (i.e., primarily immunization) and
treatment of any cases that occur. As all countries
increasingly adopt the use of rubella immunization

2045 2050 2055

15to 44 yr —e—45 plus yr

Fig. 2. Trends in under-five-year-old
infection-fatality ratios for (a) optimal
and (b) minimal treatment.

2045 2050 2055

in their national programs, some additional cost
reductions may occur due to the increased economy
of scale for the fewer vaccine formulations used. Our
estimates account for a much more complete clinical
picture of both measles and rubella than prior
models. This should help to better ensure full cost
accounting of the costs and benefits of measles and
rubella control, elimination, and eradication. Char-
acterization of the costs, particularly for rubella,
may also motivate national efforts to assess the
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Table X. Expected Costs from Adverse Health Outcomes per Vaccine Dose or per Measles or Rubella Infection by World Bank Income
Level With and Without Home Care Costs

Without Home Care Costs

With Home Care Costs

Total Cost Unit LOW LMI UMI HIGH LOW LMI UMI HIGH
Vaccine adverse events

MCV per dose $0.002 $0.11 $0.35 $1.51 $0.003 $0.11 $0.36 $1.55
MRCV, 0 to 14 yr per dose $0.002 $0.11 $0.36 $1.54 $0.003 $0.11 $0.37 $1.58
MRCV, females >15yr  per dose $0.103 $0.86 $2.60 $10.94 $0.10 $0.87 $2.61 $10.99
MRCV, males >15 yr per dose $0.002 $0.11 $0.35 $1.51 $0.003 $0.11 $0.36 $1.55
Measles infections

0to4yr per infection $4.91 $101 $329 $1,435 $17 $156 $483 $2,062
5to14yr per infection $4.41 $40 $124 $534 $14 $95 $281 $1,183
15to 44 yr per infection $5.54 $66 $210 $912 $15 $119 $364 $1,548
>45yr per infection $5.57 $81 $263 $1,155 $15 $134 $417 $1,789
Rubella infections

Females, 0 to 14 yr per infection $0.25 $7 $22 $96 $5 $35 $103 $428
Females >15 yr per infection $42 $318 $948 $3,982 $46 $340 $1,013 $4,250
Males, 0 to 14 yr per infection $0.25 $7 $22 $96 $5.49 $35 $103 $428
Males >15 yr per infection $4.39 $38 $113 $479 $9.54 $65 $192 $805
CRS per case $11255  $75409  $222.874  $933,324  $11266  $75.467  $223,040  $934,000
Pregnancy loss per MIP or RIP $1 $o1 $199 $863 $10 $110 $337 $1,433

hidden costs of rubella in areas yet to introduce
MRCVs into their immunization schedules.

Historically, most individuals became infected
with endemic measles and rubella viruses at young
ages and consequently the relatively high costs and
high DALY losses associated with infections in
adults remained relatively rare. However, rubella
outbreaks occur in epidemic cycles, with relatively
long interepidemic periods (e.g., 5-7 years), such that
some individuals became infected as adults, leading
to some burden associated with CRS. As long as
measles and rubella viruses circulate, any individu-
als lacking immunological protection remain at risk
for infection, and getting infected at a relatively older
age leads to worse health and financial outcomes.
Vaccination represents the best option with the low-
est expected costs and DALY losses.

Our estimates reflect our review of the limited
available evidence. Remarkably, while the literature
includes a very large number of studies, the data re-
main very limited for low- and middle-income coun-
tries, and the extent to which these countries may
further increase or decrease their levels of preven-
tion and treatment remains uncertain. Our efforts
to characterize DALYs and costs by income level
and to stratify these by age and sex, as appropri-
ate, represent the first attempt to develop these
inputs for a global economic analysis for measles and

rubella. We hope that this analysis provides a start-
ing point for further improvements in synthesizing
the available evidence and motivating the collection
of additional evidence that will lead to improved es-
timates. We found large differences in the DALY
estimates based on the two available sets of disabil-
ity weights, and note that uncertainties remain with
respect to appropriate valuation of adverse health
outcomes.

Economic analyses can play a critical role with
respect to informing individual and societal deci-
sions about immunization. Our results clearly show
the much higher expected costs and worse health
outcomes associated with measles or rubella disease
compared to getting the vaccine.
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Policy makers responsible for managing measles and rubella immunization programs cur-
rently use a wide range of different vaccines formulations and immunization schedules. With
endemic measles and rubella transmission interrupted in the region of the Americas, all five
other regions of the World Health Organization (WHO) targeting the elimination of measles
transmission by 2020, and increasing adoption of rubella vaccine globally, integrated dynamic
disease, risk, decision, and economic models can help national, regional, and global health
leaders manage measles and rubella population immunity. Despite hundreds of publications
describing models for measles or rubella and decades of use of vaccines that contain both
antigens (e.g., measles, mumps, and rubella vaccine or MMR), no transmission models for
measles and rubella exist to support global policy analyses. We describe the development
of a dynamic disease model for measles and rubella transmission, which we apply to 180
WHO member states and three other areas (Puerto Rico, Hong Kong, and Macao) repre-
senting >99.5% of the global population in 2013. The model accounts for seasonality, age-
heterogeneous mixing, and the potential existence of preferentially mixing undervaccinated
subpopulations, which create heterogeneity in immunization coverage that impacts transmis-
sion. Using our transmission model with the best available information about routine, sup-
plemental, and outbreak response immunization, we characterize the complex transmission
dynamics for measles and rubella historically to compare the results with available incidence
and serological data. We show the results from several countries that represent diverse epi-
demiological situations to demonstrate the performance of the model. The model suggests
relatively high measles and rubella control costs of approximately $3 billion annually for
vaccination based on 2013 estimates, but still leads to approximately 17 million disability-
adjusted life years lost with associated costs for treatment, home care, and productivity loss
costs of approximately $4, $3, and $47 billion annually, respectively. Combined with vacci-
nation and other financial cost estimates, our estimates imply that the eradication of measles
and rubella could save at least $10 billion per year, even without considering the benefits of
preventing lost productivity and potential savings from reductions in vaccination. The model
should provide a useful tool for exploring the health and economic outcomes of prospec-
tive opportunities to manage measles and rubella. Improving the quality of data available to
support decision making and modeling should represent a priority as countries work toward
measles and rubella goals.

KEY WORDS: Control; disease outbreaks; dynamic modeling; eradication; measles; rubella

1. INTRODUCTION

Policy makers responsible for managing measles

USA. and rubella immunization programs currently use a
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and some countries increase their population immu-
nity using periodic supplemental immunization ac-
tivities (SIAs), including preventive SIAs (pSIAs).(!)
When outbreaks occur, some countries conduct out-
break response immunization (ORI) (i.e., outbreak
SIAs [0SIAs]) and/or other public health interven-
tions (e.g., contact tracing and isolation). Existing
models for measles and rubella consider a wide range
of different assumptions about the nature of immu-
nity, transmission, population mixing, seasonality,
heterogeneity, and other factors applied to real and
hypothetical populations on different geographic
scales.’”) Within the last 15 years, analysts demon-
strated the importance of using dynamic disease
models to appropriately characterize the economic
and policy impacts of interventions on population
immunity for transmissible infectious diseases.*™)
The World Health Organization (WHO) recognized
the use of integrated dynamic disease and eco-
nomic models as the preferred approach for policy
modeling of vaccine-preventable diseases.®

Despite the large number of prior dynamic
disease transmission models for measles and/or
rubella,” only two dynamic models included global-
scale analyses for measles’® and neither of these
demonstrated the ability to replicate historical epi-
demiology. A statistical model used to character-
ize the historical global burden of measles to as-
sess the achievement of mortality reduction goals
does not dynamically model transmission or support
prospective analysis.?) For context, the 2015 update
of this model estimated that nearly 115,000 deaths
due to measles occurred in 2014.(19° A 2016 study
provided a best estimate of the global burden of
congenital rubella syndrome (CRS) annual cases of
approximately 105,000 (95% confidence interval of
54,000-158,000).'Y No existing models simultane-
ously track the dynamic transmission of measles and
rubella to support analyses of regional or global con-
trol or elimination and prospective risk management
options.® To support efforts to prepare investment
cases(!?) for measles and rubella to explore a range of
future global management options,) we developed
a dynamic disease transmission model that tracks
measles and rubella virus transmission within a mod-
eled area, and we model WHO member states sepa-
rately then aggregate the results to the global level.

We use a similar methodological approach to the
one developed to model poliovirus transmission and
global management policies to capture the dynamics
of preferential age-heterogeneous mixing, preferen-
tial mixing between subpopulations (i.e., the general
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population and an undervaccinated subgroup), and
viral die out and importations.(>15) Application of
the polio model to some countries demonstrated
the importance of sufficient numbers of undervac-
cinated individuals that mix preferentially to sustain
transmission despite high national immunization
coverage.'>!) Some prior models of measles or
rubella similarly demonstrate the importance of
explicitly considering population heterogeneity
in immunization coverage.(!®?")  Preferentially
mixing undervaccinated subpopulations become
epidemiologically noticeable and of concern in the
context of otherwise high national immunization
coverage (i.e., in the context of low overall national
coverage, heterogeneity in coverage matters less).
Programmatically, in the context of otherwise high
immunization coverage the existence of such subpop-
ulations and heterogeneity can lead to the need for
specific interventions targeted at these groups.(3-17)

We explore the behavior of the model in the
context of available epidemiological data®" and
the results of serological surveys®? that provide a
snapshot of the dynamic population immunity at
the time of data collection. For measles, we could
potentially observe most of the cases (i.e., relatively
few asymptomatic infections), while for rubella
relatively more asymptomatic infections occur.>?)
For both measles and rubella, not all symptomatic
infections get detected and/or reported, with almost
no systematic reporting systems existing for CRS.
Prior models of measles and rubella for individual
countries demonstrate significantly higher estimated
cases from modeling than cases reported,>>*%>)
and significant underreporting of cases represents
a well-recognized issue for modelers and program
managers.?® For those countries that eliminated
endemic transmission, the underreporting of cases
decreases significantly as surveillance improves over
time to support elimination effort. Models should es-
timate timing for the disruption of transmission (i.e.,
die out of endemic transmission) and consequences
of importations consistent with reported data.

The next section describes the assumptions,
structure, and development of the overall measles
and rubella transmission model and input assump-
tions, which we further combine with economic and
other inputs to develop an integrated model to sup-
port global risk management efforts for measles and
rubella. We then present the results of application of
the transmission model to multiple diverse situations
to demonstrate its performance and we use the
integrated model to estimate the global health costs
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of 2013 investments in control to provide context
about the potential health and economic benefits
of eradication of measles and rubella compared to
current control. The discussion explores important
insights, limitations, and sources of uncertainty, and
the need for continued improvement of the model to
make it a living tool that will support future global
risk management efforts.

2. METHODS

2.1. Model Structure

Recognizing the variability in current national
measles and rubella immunization programs," ex-
perience with historical immunization,?" population
structures,?”) and viral transmission conditions,®
we model each area separately and then aggregate
the results to regional and global levels. The model
includes 180 WHO member states and three other
areas (i.e., Puerto Rico, Hong Kong, and Macao)
for which we found sufficient demographic and
immunization data.*) The 2013 population in the
model represents >99.5% of the estimated global
population of 7.16 billion people.?”) Table I summa-
rizes the model inputs that we use for all areas (i.e.,
virus-specific and other inputs used to characterize
model inputs for measles and/or rubella that do not
change by area). We summarize area-specific inputs
in the context of describing individual modeled
areas, with assumptions about historical RI and
SIAs and seasonality based on a review of the
evidence,*) and we characterize Rj, mixing, and
seasonal amplitude assumptions based on fitting the
model to the historical time series of incidence®!")
and data from serological studies.*?

2.2. Demographics and Pregnancies

We obtained available global population histor-
ical data and projections by year or five-year interval
between 1950 and 2100, including the estimated
numbers of individuals of each sex, live births by
sex, infant mortality rate, fertility rates, and life ex-
pectancy at birth.?”) We used these data in the model
to stratify the population for each area by sex and
into 35 age groups: 0 to <6,6,7,8,9,10, 11,12, 13, 14,
15,16 to <18, 18 to <21, 21 to <24 months, and 2, 3,
4,5,6,7,8,9,10, 11, 12, 13, 14, 15-19, 20-24, 25-29,
30-34, 35-39, 4044, 45-49, and 50+ years. The
model tracks females and males separately because
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the immunity of pregnant women impacts the mater-
nal antibodies that infants passively receive for both
measles and rubella, and some countries historically
used selective immunization of adolescent and/or
adult women for rubella.?") The model adds infants
into the first age group using a daily rate estimated
from the number of surviving infants for each cal-
endar year (i.e., the number of live births minus the
number of infants who do not survive the first year
of life). We do not allow any deaths to occur during
the first year in the model because we account for
all infant deaths by including only surviving infants,
so all infants who enter the model at birth survive to
one year of age. We estimate infant mortality out-
comes attributable to measles and rubella infections
in pregnancy®® in the context of modeling the preg-
nancies. Similar to models developed for polio,'¥) for
all age groups over one year of age, we compute the
numbers of individuals in the group implied by the
estimated population for the age group (i.e., six-year
olds represent approximately one-fifth of the five-
to nine-year olds), and we estimate the annual death
rates (u) required to achieve the estimated popula-
tion numbers at the end of each year accounting for
the current size of the age group and the numbers of
individuals entering and leaving the age group due
to aging during the year.(!®) We assume that measles
and rubella mortality represents a small fraction of
overall mortality and use the age-group and sex-
specific annual death rates for all immunity groups.
We model maternal immunity and the risks
associated with infections in pregnancy to prop-
erly attribute levels of immunity in newborns. We
apportion the distribution of pregnancies using
area-specific time series of age-based fertility rate
estimates?”) for women in each five-year age group
between 15 and 49 years to capture differences in
fertility and immunity. Rubella infections in preg-
nancy can lead to induced terminations, spontaneous
abortions, fetal death/stillborn births, infant mortal-
ity (including infants born with CRS who die prior to
reaching one year of age), and the birth of surviving
infants with CRS (i.e., adverse sequelae that resulted
from the fetal infection), with some infants born
with congenital rubella infections (CRIs) (i.e., ex-
creting transmissible virus).?® To account for these
outcomes, we modeled pregnancies as a coflow.(>)
We made the simplifying assumption that all births
follow pregnancies that last for 280 days from the
time of the mother’s last menstrual period (LMP),
and consequently we associate the births that occur
in the model with pregnancies that started 280 days



Thompson and Badizadegan

1112

(panuyuo))
0€9T°CTSIPIIL'6 ow [1°016‘8°L 99> 010
IT8I°STTI'6°ST OW [T 01 ‘68 °L 9 ‘9> 010 N
(1)1 ur ‘AINy) orqndoosns
A[[nJ 03 oUBM 0) AJTUNWIWIT PAONPUI-OUIIILA [IIM SISYIOW
$€ ‘6T 0] UI0Q SOUNUIWI [BUIS)BW I0] 9JBI ABDIP [enUouUOdX
%66 PUB ‘9, C8 6 STITLIET01'S oW IT°0T 68 ‘L9 9> 010 g
‘05,05 Arewrxordde Jo syjuow 7] pue ‘g ‘g 18 Ty Ul UIAIS oUIIRA LTYTTTSCSET oW T 0T ‘6 ‘8 L ‘9 ‘9> 010 N
SO[SBOW JOJ SSOUIAT}IJJO oUIOIRA A[dWIT SIIBI O8] QUIIOBA PIWINSSE (14/1 ut “¥IWy) ojqndossns
)M POUIqUIOD SIJBI PAWNSse ‘Aepyiaiq Isiy uo a[qrdoosns AJInj 01 oUBM 0} AJIUNWWI POONPUI-UOT)IIJUI YIIM SIdYJOW
AJ[NJ 9WO099q A)UNWWI [BUIO)LW [ENPISAT YIIM S[ENPIAIPUI [V STTe 0] UIOQ SOUNWWI [BUIO)BW JOJ 9JeI ABdop [enjuouodxy
660 d
66'0 N
(ps41) 2sop [njssaoonsun
Jo11d e Y)Im sfenpratpur 9[qridoosns 10§ 9)eI 9B} SUIDIB A
J3e Jo
IBOA QU0 MO[9q AJOUIINOI UAIT QUIDIBA UM SSOUIATIIVJJO QUIOIBA $6'0 N
uonendod 1omof sarjdw saTpoqrue [BUISJBW Y)IM S[ENPIAIPUT <60 W
jo uontodoid o ‘senpiarpur o[qndoosns A[[ny 10j 9je1 oye, o¢ (47) srenpiarpur 9[qridoosns A[[nj 10J 9J€I 9B} QUIOIBA
L Joom Jse]
€el SY9M 6¢> 01 (¢
orl1 SYo9Mm (0> 03 0
JIN'T Y} 19)Je sAep (08¢ U10q syuejur (T 31 99S) I 9JRWIISI 0} PAs() 74 (sAep) JIN'T @ouls a1 UONBISAS Jo uonen
8 SNonoAJUT Y
(porrad 41 juoleT
SNOIDAJUL O} JO UONBIND Y} Jley-du0)/| = 4 ‘(porrad (Juorer) g SnonoAJu] \
pasodxo oy} Jo uoneanp oY) Jjjey-ouo)/[ = ¢ Je) yons ‘(g ‘31 99s) o1 Jusre N
A pue ¢ 9jewnso 031 porrad 1od soFels Jo roquunu oy} YIm Suo[e pasn) 4 (sAep) sporrad snonoajur pue jud)e[ Jo uoneIn g
(snonoajur z s[eardjur porrad snonoajuy
107 Z[ pPU® ] pUe Judje] 10J 7 pPue T S So3e)s oY) SMOYS Yorym z sreazojur porrad juoje
‘7 "314) sso001d uonodJuI AjeNUWIS A[[BITISI[BAI 2I0W 0) PIsn ‘dd10YD) 0€ ‘C sporrad snoroojur pue juaje] 1od soge)s Jo roquinN
SjueJuI SUTATAINS UO Paseq Sojel YIIIq dAT}OJJ
3uisn dnoi3 o3e Aq uonendod jo sojewnso Yojew 0) pony ILdk 0012-0S61
JSI I9)je S9JeI [jeap ‘Bjep Aouejoadxe o1 pue ‘A NIoj ‘syjeop SOLIOS QW) OBOERJA puE ‘FuOY Suop]
JUBJUI ‘s9)eI [1IIq ‘(JUBLIBA WNIPAW) Iopuad Aq eiep uonendod 1T oyads-A1uno)) 001y 011N + S93eIs Iaquaw OHA 081 103 sorydeisowoq
S9JON (s)@21nog orewnsy 1sog (ToquiAs) induy [opoy

() eleqny pue (JA) SO[Se9JA 10J [OPOJA UOISSISULL], snIIA0I[0d papuedxy ue 10J synduj [9poJA °I dqBL



1113

(ponunuo))
0 (SUD))JINT 2oUTS Sm ()Z> 0 () UOTIOQJUI [BUIIRIA Y
14 WD) 0} PALLILD SUOT)IIJUI [€12] UT D) JO AIIqeqoIg
10 (U JINT 99UIS SYOIM + 7 UOTIOJUI [RUIIRIA Y
(Ayrunuwrwar pednpur YHm UI0q SJUBJUT JO )BT O SOAIT co (1Y) dIN'T 99UIS SY0M ()Z> O} () UOLDJJUL [BUIDIRIA ¥
SUOTIORI} 983} SNUIW JUO ‘ISA0D3I JoK JOU PIP SJUBFUI Y} YOIYM ()
WOIJ SUOTOIJUI [)9] 9°T) PRIIJJUI UIOQ 0IIN UI PIIIJUI SJUBJUT 14 JUBJUT POJORJUL JO YIIIQ O} JUIPEI] UOT)OJUI [BI2] JO ANIqeqOI]
780 (€14/)3oom 1Se] UOT)OOJUI [BUIIBIA
w0 (T dINT 2dUls $y0oM (-7 UONDJUT [EUIDIBIA =¥
S9°0 (TA/)JIAT 9oUls SY9oM ()Z> 09 () UOTIOQJUI [RUISIRIA Y
780 (€14/)3yoom ISB[ UONIIJUT [RUIIRIA N
0 (TP JINT 99UTS SY9M (E—(7 UOTIIJUT [EUINIEA ‘A
0 (TIA/)JINT 90UIS S9M ()Z> 03 () UOTIOJUI [RUIIRIA (A
(1) Kyrunwwr N3] yim uroq
I\14 juejut jo juowdojoAaap 03 Jurpeo] UOTdJUI ()] JO ANTIqRqOI]
=
=)
7 0 padofoaapun Y
@ 3
m (sornunod 19130 [[e sopnour padojoadpun ‘eoLyy ur asoy) 3dooxo €0 padofoadp “y
£ SaLUNOd dwoduI-3[pprwr roddn pue -y3Iy [[e opnour saLuUNod (WU oo9)ul B[[qNI 0} NP PIJRUIULId)
s padoroaap ‘o[qereae jou jnq ‘A1NuUnod Aq ATeA sojel [enjor) PowNssy 14 JIN'T Q0UIS SYooMm ()Z> O} () SUOTIOQJUI B[[OQNI [BUIJBW JO )8y
[
n“a $0°0 (Howjul/) fyrrelrow Juejul/eIRUOdN :padojoadpun Y
2 200 (‘reePRifyuroqus/yeap [e1e] ;padojoaspun Y
m $0°0 (wanuods/yyoneurunro) snosuejuods :padooaspun Y
= 200 (Mowyul/) fyrrerown juejul/fe)euoaN :padofaadp ¥ I N
m KoueuFoid ur sUONOAFUT SO[SBOW 0 ONP A)I[LIIOW JUBJUI/[B)RUOIU 10°0 (WeePRINuoqus/yIeap (194 :padofoaap ¥ ‘e N
w 10 UOIBUIULId) PIONPUI UT 9SBAIOUI OU [IIM ‘SOLIJUNOD 200 (wanuodsyyoryeururra) snosuejuodg :padofoasp ¥ ‘[lB N
m padoroaap 107 SYIIIq UIOQ[IIS/Y)BaP [B}9F PUL SUOTIBUTULIO} JNT
S snoauejuods I0J B[[oqNI PUB SI[SEAU I0] SIJBI WES Y} QWNSSY 8T QOUIS SY2OM ()7>-() UOTIOJUI [BIIA 0 anp sso] Aoueudaid ssooxg
Ma S9JION. (s)@21nog orewnsy 1sog (ToquiAs) induy [opoy
= (ponunuo)) 1oqeL
=
=
=
=
=
&)



Thompson and Badizadegan

1114

"PISTL SAJRWIISA JO ATURL DY} JOOPDI USAIS SIN[LA OS BaIE PA[Opow Aq KIBA S2ILWINSI 189 ¢

Juowdpnl uo paseq sojedIpu],

"POIRIDOSSE-R[OQNLI Y {PIIBIOOSSL-SI[SBAU ‘[N ‘polrad [ennysudut Jsef ‘JIN'T S2ION

01 SIKGT<
ST SIKG[> 01 ¢
01 SIK ¢G> 01 ()
(1) 1 dnois
9Fe uIXIw Ul S[ENPIAIPUL I0J SIOBIUOD JO IOqUINU QAIR[OY
SP0-€0 > ‘dnoid oFe Furxrur duwres 9y} UIY)IM S[ENPIAIPUI J0] PIAIISAT
8€ ‘€1 QO8uey S[ENPIAIPUL JO $}9BIU0D snorjodjul Afjeryuajod jo uoniodoig
60-0 o
800 n
qosuey (15) opmynpdwe AjfeUOseaS
(sAep deof saroudI [opown) T¢ 12qUID(] SuneIIpUl 082 10 G/ 9erodwojuoN
$9¢ Aep pue T Arenue[ SurjedIpur () ABp YIIm IBA o) UI SABP G9¢ 08Z pue G/ :ojerodwo],
Jo Aue Sunuosardor 1939)ur Aue 9q P[NOD ONJeA [ENIOR ‘SonfeA JNejoq e (95) so194d RUOSEAS [RNUUE JO IOqUNN
6-¢ MOT
6-¢ IIppIW IoMOT Yy
L=¢C orpprw roddn oy
(S USIH o
81—l MOT N
81-11 S[PPIW IoMOT :N
y1-01 o[pprw roddn s
€1-6 Y3H ‘N
(6¢)[9A9] QWO Yueg
4 qPsuey pPlIop Aq 23uel (,,,"0y) Ioqunu 2A1ONpoIdal d1seq A5BIAAY
suonjeindodqns
pue sdnoi3 oFe Suixiu [[e 10j [enba pawnsse ({(3x9) 29s) [opow (ed I ) UONIOAJUI JO 010§
9y} ur Jno AIp jo Furwn 1991109 Aeewnxordde sonpoid 01 pasny e 000°000°1/S 0 owmnsse om yarym mofaq uontodoid snornoojur 9An0953g
ST0 SP[O 1B9A +4 10 PA[NPAYDS ISOP UIINOI PUOIIS
S0°0 SP[O 1BOA-f> 10J PO[NPAYDS 9SOP SUNNOI PUOIIS
("2U]) 9sop puod3s PANPAYDS Je
e 9SOP 11 B SUIATOIDI S[ENPIAIPUT PAsSIW A[sno1ad1d Jo uoroer
S910N (s)oo1nosg 9jewmsy 1sog (Joquis) induf [opoN

(penunuo)) 1aqeL,



Global Modeling Measles and Rubella Transmission 1115
0 to <20 weeks 20 to <39 weeks last week
fcrs CRS cases
G & fin
Pregnancy Toto20 Toto20 Toto20 f¢------ S FI
of I .. 7
u excess loss M\l/ P'\l, \\*,/
\l/ i finf2 ,,’ \\\(l-finfl)
) R RN
Tooplus Doptus p=--Usfn2) S0 pR
A fFin B l A fr2 H l A fr3
P G &
regnancy S S S _____________ > FS
of S
M\l/ A(1-frm) “\l/ A1-frr2) P‘l
G &
Pregnancy R R e I S FMR
of R
il il il
Pregnancy G G
TV Vv \Y4 V  femmmmmmeee- >  FMIV

g

Fig. 1. Schematic for pregnancy flows in the model by gestation time.
Abbreviations: CRS = congenital rubella syndrome; fcrs = probability of CRS in fetal infections carried to term for maternal infection
0 to <20 weeks since last menstrual period; fri = probability of fetal infection for gestation period i; fiyr; = probability of fetal infection
during gestation period 1 leading to birth of infected infant; fi,;» = probability of fetal infection during gestation period 2 or 3 leading to
birth of infected infant; FI = fetus with infection at birth; FMIR = fetus born with maternal antibodies from mother who recovered from
infection prior to pregnancy; FMIV = fetus born with maternal antibodies from mother effectively vaccinated prior to pregnancy; FR =
fetus born following maternal infection during pregnancy; FS = fetus born to fully susceptible mother; Ipo20 = maternal infection <20
weeks since last menstrual period; Iogprys = maternal infection 20 or more weeks since last menstrual period; R = recovered from infection
with wild virus prior to pregnancy; S = fully susceptible at the time of pregnancy; V = effectively vaccinated prior to pregnancy; A = force
of infection; u = mortality; ¢i = 1/duration of time in gestation state i.

earlier. We estimate the fractions of pregnancies that
do not result in surviving infants due to induced ter-
mination, spontaneous abortion (miscarriage), fetal
death (stillborn birth), and infant mortality, includ-
ing the CRS cases that lead to death in the first year
of life. We estimate the number of total pregnancies
by dividing the number of surviving infants by
adjustments for infant mortality and pregnancy loss.

Fig. 1 provides the structure of the pregnancy
model components, which tracks pregnancies
through three time periods (0 to <20 weeks, 20 to
<39 weeks, and the last week of pregnancy). We
treat the last week separately because we allow
some fetal infections during that week to lead to
the birth of an infected and infectious newborn.
The proportion of fetuses in the different groups in
the last week of gestation determine the fractions

g

of infants born as fully susceptible (FS), infected
(FI), recovered (FR, for rubella only), or maternally
immune from a mother with infection-induced
immunity (FMIR) or vaccine-induced immunity
(FMIV). Infants born infected with CRI (i.e., fetal
infections, FI) may contribute to transmission after
birth. We estimate the number of infants born with
CRS as a fraction of the births to mothers with
a maternal rubella infection <20 weeks since the
LMP carried to term, and note that these births
will include surviving infants born either as infected
(FI) (i.e., infectious CRI) or recovered (FR) (i.e.,
not infectious). We assume the rates in Table I for
induced and spontaneous terminations, fetal deaths,
neonatal/infant deaths, and CRS based on our review
of the literature of these outcomes following rubella
infections in pregnancy for developed (i.e., high- and
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Fig. 2. Schematic of transmission model states (list of symbols).

Abbreviations: ¢ = routine immunization coverage rate; E; = Exposed state i (i = 1,2); I; = Infectious state i (i = 1,2); kymr = decay rate of
maternal protection for transmission from MIR(1) to S(1) immunity state; kvry = decay rate of maternal protection for transmission from
MIV(1) to S(1) immunity state; MIR = maternally immune with antibodies from a mother who recovered from wild virus infection; MIR1
= maternally immune with antibodies from a mother who recovered from wild virus infection and received one or more doses of vaccine;
MIV = maternally immune with antibodies from a mother with vaccine-induced immunity; MIV1 = maternally immune with antibodies
from a mother with vaccine-induced immunity and received one or more doses of vaccine; Ry = basic reproduction number; R = recovered
from infection with wild virus; § = fully susceptible; S1 = fully susceptible but received one or more doses of vaccine; SIA = supplemental
immunization activity; tr1 = take rate for first dose of vaccine; 72 = take rate for second dose of vaccine; VORI = effectively vaccinated
by a dose from an outbreak response SIA; VRI1 = effectively vaccinated with the first routine immunization dose; VRI2 = effectively
vaccinated with the second or a later routine immunization dose; VSIA = effectively vaccinated by a dose from a preventive SIA; § =
1/duration in exposed or latent period, A = force of infection; 4 = mortality.

upper middle-income) countries,®® and the assump- the production of maternal antibodies that provide
tions of no induced terminations attributable to the infant with maternal immunity, but the infant
rubella for lower-middle- and low-income countries does not acquire immunity (i.e., the infant becomes
and all countries in Africa. We track all of the fully susceptible once maternal antibodies wane).

adverse outcomes in the model for inclusion in
economic analyses. Based on similar evidence of

increased risks of spontaneous termination associ- 2.3. Transmission Model Structure

ated with maternal measles infection for infections Considering insights from a review of measles
between 0 weeks and 20 weeks since the maternal and rubella models,® Fig. 2 provides the structure
LMP for measles,*” we accounted for increased of the differential-equation-based model that we use
additional terminations from maternal measles to track immunity and viral transmission for both
infections less than 20 weeks since the LMP. For all measles and rubella within a population. Most new-
maternal measles infections prior to the last week of born infants benefit from maternal immunity (MI)
pregnancy and for the fraction of maternal rubella provided by mothers who recovered from wild virus
infections that do not impact the fetus, we assume infection (MIR) or acquired immunity from vacci-

that the maternal infection during pregnancy leads to nation (MIV). Until they wane, maternal antibodies
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protect infants from infection, infectiousness, and
disease, in addition to inhibiting their ability to se-
roconvert if given a dose of vaccine. Individuals with
no (remaining) maternal immunity, no successful
vaccine doses, and no successful prior infections with
wild virus remain fully susceptible (S), and these in-
dividuals collectively put the population at risk with
respect to sustaining viral transmission. We assume
that fully susceptible individuals exposed to measles
or rubella enter an exposed (i.e., latent infection
but not yet infectious) phase (E) and then become
infectious (I) to others after some time delay. Given
some variability in the durations of latency and
infectiousness, and clear evidence of nonexponential
distributions,’? we model the duration of the ex-
posed (E) and infectious (I) periods using two stages
for each (i.e., E1, E2 and I1, 12), which implies a
gamma distribution overall for the duration of infec-
tion and infectiousness.®”) In addition to the virus-
specific inputs, Table I summarizes the ranges we use
for area-specific inputs, which vary due to differing
conditions in different areas. Individuals who recover
(R) remain permanently immune to disease and in-
fection following infection with wild virus, and indi-
viduals who receive a dose of vaccine and “take” (i.e.,
acquire protective immunity) move into the appro-
priate immunity state for the vaccine dose (i.e., the
first RI dose [VRI1], second RI dose [VRI2], an STA
dose [VSIA], or outbreak response dose [VOR]).

In contrast to a rare case of reinfection following
a previous wild virus infection, first infections that
follow receipt of one or more doses of vaccine may
occur in some cases due to the failure of the vaccine
to “take,” which in some cases may occur due to
the interference of maternal antibodies with the
vaccine. Consequently, we account for individuals
who received one or more doses of vaccine but
failed to “take” and who remain fully susceptible
to infection despite receipt of vaccine by tracking
them in immunity states that indicate susceptibility
or continued protection from maternal immunity
following one or more vaccine doses (i.e., S1, MIR1,
MIV1). Individuals who receive a dose of vaccine
while maternally immune (i.e., MIR or MIV) go
into the appropriate state of MIR1 or MIV1, and
once maternal immunity wanes for these individuals,
they move into the S1 state, which includes any fully
susceptible individuals of the same age and sex who
received at least one dose of vaccine but did not
take. Tracking the immunity states shown in Fig. 2
allows us to better capture any benefits associated
with revaccination of individuals for national immu-
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nization strategies that deliver more than one dose,
which provide additional opportunities for “take”
(i.e., a second dose in RI, SIAs, and/or ORI).

Although some prior models included the pos-
sibility of limited participation in transmission fol-
lowing reinfection because antibodies may wane
over time,? reinfection of successfully immunized
individuals appears to occur rarely for measles®"
and/or rubella®? and only one recent study docu-
mented measles transmission from an infected pre-
viously vaccinated individual to other individuals.(*>)
Thus, in contrast to transmission models for polio
that must include the dynamics of waning immunity,
reinfection, and some participation in transmission
of reinfected individuals to properly characterize
transmission,!® we assume that models for measles
and rubella transmission can ignore the relatively
negligible role of reinfection. The model structure as-
sumes lifelong immunity to the severe outcomes as-
sociated with disease (i.e., we assume that any rare
cases of reinfection that occur do not result in illness
severe enough to lead to hospitalization or death, and
they do not contribute significantly to transmission).

We characterize the immunity of infants en-
tering the model as a mixture (i.e., S, MIR, and
MIV), which reflects the reality that some women of
child-bearing age (WCBA) remain fully susceptible
at the time of their pregnancy, while others pass
on maternal antibodies that result from their prior
infection- or vaccine-induced immunity. After birth,
infants lose their maternal immunity at slightly dif-
ferent exponential decay rates as they age (i.e., more
slowly for the first 0 to <6 months then increasingly
more rapidly after that time) and we assume that
any infants with residual maternal immunity become
fully susceptible and all maternal immunity wanes
immediately prior to the first birthday. Evidence for
measles increasingly suggests that infants born to
mothers with vaccine-induced immunity may receive
lower titers of maternal antibodies and their pro-
tection may wane relatively more rapidly compared
to infants born to mothers with infection-induced
immunity,>3% so we assume more rapid decay
for infants born into MIV than for those born into
MIR. In addition, as wild virus circulation declines
globally, WCBA increasingly become pregnant
without any (recent) exposure to wild measles or
rubella virus in many countries.>)

Table I provides the decay rates we assumed
for the waning of maternal immunity for age groups
less than 12 months (i.e., 0 to <6, 6, 7, 8, 9, 10, and
11 months) for both measles and rubella and both
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types of maternal immunity. The proportion of
infants with maternal immunity impacts the ob-
served vaccine effectiveness because only infants
modeled as fully susceptible can respond to vaccine
(or become infected). Thus, vaccine effectiveness
studies®® report the results of observations from the
mixture of maternally immune and fully susceptible
infants, such that populations with a relatively larger
proportion of infants born into the MIR immunity
state yield lower estimates of vaccine effectiveness
for vaccine doses given at ages under one year
old. We assume 95% vaccine effectiveness for
both measles and rubella vaccines for individuals
>12 months, and we use maternal immunity decay
rates that lead to approximately 50%, 85%, and
95% effectiveness at 6, 9, and 12 months, respec-
tively, for measles for infants born to mothers with
infection-induced immunity. The evidence suggests
relatively more rapid waning of maternal antibodies
for rubella than measles, such that the difference
in maternal antibodies between infection-induced
and vaccine-induced mothers represents less of a
concern at the typical ages of rubella immunization,
and this leads to vaccine effectiveness estimates of
approximately 95% for rubella immunization of all
individuals over six months of age.

2.4. Transmission Model Dynamics

Consistent with the real differences that exist
in the transmissibility of measles and rubella in
countries with different levels of crowding, contact
rates, family sizes, and other factors that impact
transmission, we use relatively higher R, values
for countries with relatively lower gross national
incomes, which we take as a proxy for the multitude
of factors that impact R,.('"> Consistent with prior
models, we assume a higher R, for measles than for
rubella in each modeled area.’”) Similar to global
poliovirus models®’*® and consistent with an ap-
proach of stratifying the economics of measles and
rubella® by World Bank income level,?”) we use
different ranges for R, values by the area income
level (i.e., high, upper middle, lower middle, low)
with ranges of area-specific values for each income
level summarized in Table L.

We included three additional factors that add
complexity to the transmission model dynamics:
seasonality, age-heterogeneous preferential mixing,
and the possibility of population heterogeneity in
coverage (i.e., existence of an underimmunized sub-
population that preferentially mixes with itself). We

Thompson and Badizadegan

use similar mathematical relationships to methods
described in detail elsewhere(!>1417) to characterize
heterogeneity. Given the similarity of transmission
of measles and rubella, we assume that seasonality
timing and mixing-related inputs vary by area, but
not by disease. Briefly, we model seasonal forcing by
multiplying the Ry for each disease using a sine wave
with an annual peak occurring in the late winter
or early spring for nontemperate climates and with
peaks occurring in both spring and fall for temperate
climates>*?) and with the amplitude varied by area
and virus.

For mixing between age groups, we assume pref-
erential mixing between age groups using values that
vary by area, which implies that individuals within
the same mixing age group tend to mix relatively
more with each other than with other age groups.
Prior to immunization starting (and for countries
for which we do not need to model a preferentially
mixing undervaccinated subpopulation), we define
M(a, b) as the mixing matrix that describes the
relative contact rate from individuals in age group a
to individuals in age group b:(1314174142)

M ((l, b) = K(a) 1{,1:})}

L U =x(a) 0 —«(b)) RE(B)N(b)

Y — 1 N(©)RC(c) (1 = k(c))
where «(x) represents the proportion of contacts
for individuals in mixing age group x reserved for
other individuals in the same mixing age group, the
function 1y, — ») equals 1 if the condition holds or
0 otherwise, N(y) equals the total number of people
in mixing age group y, RC(y) represents the relative
number of contacts for individuals in mixing age
group y, and n equals the number of mixing age
groups. This approach allows the model to apply the
same assumptions about age-heterogeneous mixing
for both measles and rubella. For some areas and
as appropriate, we consider the possibility of a rela-
tively isolated and underimmunized subpopulation,
which we model as a single subpopulation using
assumptions related to the relative amount of mixing
inside and outside of the subpopulation with the
general population (i.e., the extent of isolation of the
subpopulation) and relative rates of immunization.
We calculate the mixing matrix at each time step
(i.e., each day) because the population changes
with time. Following exposure to a wild virus, fully
susceptible individuals become infected according to
the force of infection of age group a and virus strain j
(Asj) (and an undervaccinated subpopulation if used
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for the modeled area; see the appendix of Ref. 43
for model equations and added complexity in the
force of infection estimation process when modeling
undervaccinated subpopulations). The force of infec-
tion for virus j and age group a (and subpopulation
if used) depends on the assumed R, for the given
virus, the product of the country-specific age-mixing
matrix, and the number of infectious individuals
in each age group with virus j. We assume that
individuals mix the same way with respect to the
spread of respiratory viruses (i.e., for measles and
rubella) within an area (and subpopulation if used),
but we allow mixing patterns and input assumptions
to vary for different areas. Individuals only con-
tribute to the force of infection while infectious, with
equal infectiousness assumed for the two stages of
infection (i.e., I1 and 12).

2.5. Immunization

According to the estimated national annual RI
coverage, some individuals receive the scheduled
vaccine dose at the time that they age into the age
group with the scheduled dose. We ignore the reality
that some individuals actually receive their scheduled
dose at a younger or older age than implied by the RI
schedule. We used reconstructed historical RI sched-
ules for all of the 183 areas modeled using available
data from the WHO and UNICEF and information
obtained from the published literature.*") The his-
torical RI data should account for actual reductions
in coverage that occurred due to disruptions in pro-
gram performance and/or vaccine supply (e.g., due
to insecurity, instability, humanitarian and natural
disasters, and/or other challenges). For prospective
modeling, we must make assumptions about future
RI coverage, which may include multiple scenarios
(e.g., continuation of the status quo, implementation
of interventions that may affect coverage, and other
assumptions, including the possibility for future
changes in program performance). In the absence of
any data, we accounted for the correlation between
receiving the first and second RI doses for those
schedules that include a second dose by assuming
that 5% or 25% of fully susceptible and maternally
immune children (i.e., children who missed the first
dose) receive the second dose coverage as their
first dose if the schedule recommends the second
dose at <4 years old or =4 years old, respectively.
We assume that the remaining 95% or 75% of the
second dose coverage represents a true second dose
for individuals in the S1, MIR1, or MIV1 states for
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schedules that deliver the second dose at <4 years
old or >4 years old, respectively. Although the
current vaccines use live attenuated virus formula-
tions for measles and rubella vaccines, the vaccine
viruses do not circulate or cause secondary infec-
tions, and consequently they only provide protection
to the individual vaccine recipients with no further
circulation. We assume no impacts of maternal re-
ceipt of vaccine during pregnancy on the pregnancy
outcome or fetus based on the existing evidence.*¥
SIAs include both pSIAs performed to increase
population immunity with the objective of pre-
venting outbreaks, and ORI efforts (i.e., oSIAs)
that respond to outbreaks. SIAs vary by target age
group, geographic area, and other factors (e.g., sex,
immunization history), and in general no systematic
recording of oSIAs occurs. In contrast to RI, SIAs
occur in the form of campaigns that generally last
for durations of much less than a year, but can span
beyond a year in some cases. The model accounts
for campaigns by assuming that all individuals in the
target age group, including those already immune
(unless the SIA otherwise specifically targets only
those without prior vaccination), receive a dose of
vaccine assuming an equal number of doses per
day distributed at a rate that reaches the overall
estimated coverage. Similar to prior models, we
characterize the effective SIA vaccination rate
based on the proportion of the target population
that should remain not vaccinated by the SIA after
application of the rate.” For national SIAs, we
assume the SIA targets the entire population within
the target age range. For subnational SIAs, we adjust
the SIA coverage to account for the fraction of the
total population targeted. Thus, for all SIA rounds,
we consider the geographic scale of the round and
relative coverage in the subpopulation (if used) as
we estimate the coverage input for the model. We
do not assume any correlation between RI and SIA
coverage, except for the correlation introduced by
assuming reduced relative RI and SIA coverage
compared to the general population for modeled
areas that include an undervaccinated subpopula-
tion. Limitations in data quality imply significant
uncertainty about actual coverage levels for RI
and SIAs, particularly for ORI (i.e., oSIAs), and
consequently in the process of fitting the model to
individual areas we adjusted the uncertain coverage
for some SIAs to obtain results consistent with the
historical conduct of oSIAs and/or epidemiology as
appropriate, and vaccine procurement data if avail-
able. For example, we found inconsistency between
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estimates of SIA coverage and the number of doses
used divided by the target population size, which led
us to explore different values of true coverage for
individual rounds in many cases. We found very lim-
ited information about the nature of ORI, although
we know that ORI occurred historically and con-
tinues to occur in some countries, in some cases at
significant expense. For example, nongovernmental
organizations like Médecins Sans Fronti¢res (MSF)
deliver immunization in addition to treatment during
measles outbreaks, and public health departments
in the United States aggressively used ORI to stop
outbreaks during the last several decades,*>* but
for which we could not find ORI coverage data.

2.6. Simulation

We coded the model in Java. We start a simu-
lation for each area with its 1954 population as fully
susceptible and we run the model without population
growth for the equivalent of 99 years with the mixing
assumptions to approach the endemic equilibrium.
We then turn on seasonality and run the model for
varying numbers of additional years that may differ
for measles and rubella transmission to initialize the
timing in the interepidemic period for the specific
population and virus. After this initialization pro-
cess, we start population growth and aging consistent
with the population data and run the model from
1954 forward, introducing immunization in the sim-
ulated years that correspond to the timing in which
vaccine introduction actually occurred. The model
separately tracks measles and rubella transmission
simultaneously as simulated time passes with a time
step of one day.

We characterize population immunity (i.e.,
the effective immune proportion, EIP) and the
number of effective secondary infections caused by
each infection (R,). Once the EIP drops below the
threshold required to sustain transmission (EIP* =
1 — 1/Ry) or equivalently Rg drops below 1, trans-
mission will die out. We model die out by assigning
the force of infection to 0 when the number of
infections drops below five infections per million
people in a mixing age group and subpopulation if
used. Die out of all transmission occurs when the
force of infection for all age groups equals 0. Given
the reality of importations, we include the possibility
of virus introductions into populations, and we allow
these importations to lead to transmission only if
EIP < 1, otherwise the importations die out. Thus,
the impact of importations remains relatively limited
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in (sub)populations with relatively high levels of
population immunity, although importations may
result in some local cases and lead to significant costs
associated with outbreak response.’Y) In contrast,
importations into countries with relatively lower
population immunity or into undervaccinated sub-
populations will lead to reestablished transmission,
although this may be limited due to seasonality and
the size of the population. The model also estimates
the average age of infection (with infections only
occurring in susceptible individuals) and the average
age of immunity (which depends on the immunity in
the entire population) as functions of time.

We found that simply using a single value to
characterize underreporting of incidence (e.g., a
factor of 10) did not capture the changing nature
of surveillance, which generally improved over time
(i.e., implying both country-specific and time-varying
rates of underreporting). Consequently, we focused
on matching the pattern of the historical epidemio-
logical dynamics with consideration of any serolog-
ical results available at any points in time. We de-
veloped an algorithm for searching the model input
space that relied on comparing the pattern of peaks
and troughs of the model estimates of incidence
to the pattern of reported cases (see appendix.(*?)
As initial estimates for Ry, we assumed values that
provided consistent ranking with those used in global
modeling for polio,®® with relatively higher values
used for measles and relatively lower values used
for rubella compared with the polio estimates, and
using R, estimates for African countries for rubella
from a prior study.®" We demonstrate the historical
model behavior for different areas that represent
highly variable transmission situations and histor-
ical immunization strategies to explore the model
performance. We selected six countries to demon-
strate the model: the United States (USA), which
introduced both vaccines into its national schedules
in the 1960s, relies on RI without SIAs to manage
population immunity, and uses ORI to respond to
outbreaks, the Netherlands and Oman, which both
primarily use RI, Vietnam and Kenya, which as of
2013 used only measles vaccine in their RI schedules
and performed periodic pSIAs, and Haiti, which
introduced rubella immunization into its RI schedule
despite low RI coverage and performed pSIAs and
oSIAs.

We provide the area-specific model inputs that
do not vary with time (i.e., Ry, y, seasonality peak day
(S¢) and amplitude (Sy), «, the fraction of the total
population in the undervaccinated subpopulation,
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and the extent of preferential mixing in the un-
dervaccinated subpopulation (pwimin)) and the
time-varying input assumptions related to RI and
SIAs (i.e., pSIAs, oSIAs, and/or ORI) separately in
area profiles. When possible, we obtained estimates
of national vaccine procurements and used these
data to inform our coverage estimates for SIAs. For
countries for which RI second doses occur, but the
country does not report coverage estimates to the
WHO (e.g., the United States), we estimated first
and second dose RI coverage based on the best
available information. Given significant revisions in
coverage estimates in the WHO-UNICEF estimates
that occurred, we updated our coverage estimates
from those previously reported.?!) We conceive
of the model as a living tool such that the model
inputs can reflect updates over time and include
future projections, which will allow it to support
prospective analyses.

2.7. Outcomes

We use the model to estimate all of the adverse
health outcomes over time for each area using a daily
time step and aggregating the results for each cal-
endar year. For all of the adverse health outcomes,
including estimated rates of complications from
infections and vaccine-associated adverse events,
we characterized the associated disability-adjusted
life years (DALYs)® to estimate the number of
adverse health outcomes from measles and rubella
infections and the costs associated with treatment
and vaccination for 2013 using available cost and val-
uation inputs.(>) We characterize the costs of control
of measles and rubella in 2013 and the expected costs
potentially saved by their eradication to provide
context about the value of investments in eradication
efforts. For health and economic outcomes, the
model includes discounting at a 3% rate.(®)

3. RESULTS

For each modeled area, we encountered chal-
lenges associated with estimating the area-specific
model inputs, in large part due to the relatively poor-
quality historical surveillance data and resultant low
reported case estimates. We also recognized that
some of the historical peaks associated with reported
measles incidence could potentially reflect fever
and rash illnesses caused by rubella infections but
captured as measles cases by surveillance systems.
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Fig. 3 shows the results of the model fit for
the United States for measles (Fig. 3a) and rubella
(Fig 3b). Modeling the incidence and the die out
of transmission required that we include an un-
dervaccinated subpopulation, which in the United
States includes some communities that do not ob-
tain immunization for religious reasons (e.g., the
Amish®?) and some families who intentionally re-
main undervaccinated.® Given aggressive outbreak
response in the United States, we included ORI
starting in 1967 assuming that outbreaks led to
the immunization of some previously unvaccinated
individuals only. In 1989, at the time the United
States introduced a second RI dose into its sched-
ule, we allowed ORI to capture all individuals in
the target age range, including those previously
immunized. Although the United States stopped en-
demic transmission of measles by 2000,5% frequent
importations occur.% The model includes regular
importations into the general population, which
may lead to transmission in undervaccinated sub-
populations. However, for importation events that
involved known importations into an undervacci-
nated subpopulation®? we modeled the importation
directly into the undervaccinated subpopulation.
The model yields estimates of rubella cases that
correspond to approximately 24,000 pregnancy
outcomes adversely affected (e.g., pregnancy termi-
nations due to rubella, fetal deaths, infant mortality,
and CRS cases) due to the maternal rubella infection
associated with the large outbreak that peaked in
1964, similar to prior estimates.® Fig. 3 includes
the model and reported data back to 1963 to show
the historical fit given available historical data, and
shown for 1980-2013. The outbreak of measles
around 1990 most likely led to increased laboratory
testing of rash and fever cases, which may also
explain increased detection of rubella infections in
1990, but in 1991 an outbreak of rubella in North
American Amish occurred and led to increased
incidence®’”) for which the model includes an impor-
tation into the undervaccinated subpopulation. As
of 2013, measles and rubella incidence in the United
States follows a pattern characterized by importa-
tions that take off as seasonality increases the force
of infection followed by limited transmission in part
due to ORI efforts that lead to die out.

Fig. 4 shows the results of the model fit for
the Netherlands for measles (Fig. 4a) and rubella
(Fig 4b). Like the United States, the model for the
Netherlands includes an undervaccinated subpop-
ulation, which played an important role in measles
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Fig. 3. Model fit for the United States for measles (Fig. 3a) and

—@— Modeled —@—Reported

rubella (Fig 3b) (high-income country, undervaccinated subpopulation

fraction 1/32, pwithin = 0.3, Ro,y = 10, Ro.g = 3, k = 0.35, s¢ =75, s;y = 0.194, sg = 0.74, first year of outbreak response immunization =

1967).

outbreaks in 1999-2000°%) and 2013-2014,%% and
the rubella outbreak in 2004-2005C%) and led to
ORI activities. Consistent with the adoption of a
rubella immunization strategy that involved selective
immunization of adolescent and adult females, trans-
mission of rubella did not decline until after the mid
1980s. Similar to the United States, in 2013 measles
and rubella incidence in the Netherlands follows a
pattern of limited transmission after importations
that largely impact the undervaccinated population.

Fig. 5 shows the results of the model fit for
Oman for measles (Fig. 5a) and rubella (Fig 5b).
We found that while matching the epidemic peaks

for rubella that occurred around 1988 and 1993, the
model also generated a peak around 1981. We noted
a disproportionately high peak for measles reported
in 1981 and we hypothesized that given the quality
of surveillance at that time, the rubella outbreak
that most likely occurred around that time might
explain some of the rash and fever cases reported
as measles. Unfortunately, we could not find any
available data to test this hypothesis. After making
rubella a reportable disease in 1991, Oman reported
a rubella outbreak between November 1992 and
May 1994 for which it conducted surveillance that
identified 60 CRS cases.®”) During the same time
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Fig. 4. Model fit for the Netherlands for measles (Fig. 4a) and rubella (Fig 4b) (high-income country, undervaccinated subpopulation
fraction 1/50, pyithin = 0.99, Ro. v = 10, Ro.r = 3.9, k = 0.4, 5¢c =75, sy = 0.21, sg = 0.32, first year of outbreak response immunization =

1988).

period, our model estimates approximately 90 CRS
cases. As in the models for the United States and
the Netherlands, we included an undervaccinated
subpopulation, which we assume represents the
expatriate population estimated as approximately
24% of the population;®) however, unlike the
United States and the Netherlands, the model for
Oman does not include any ORI.

Fig. 6 shows the results of the model fit for
Vietnam for measles (Fig. 6a) and rubella (Fig 6b).
Vietnam conducts periodic pSIAs that help to keep
its population immunity higher, but lead to more
episodic outbreaks. Significant uncertainty exists
about the actual coverage obtained in SIAs in many

modeled countries, including Vietnam, which high-
lights the challenges with fitting model inputs in the
context of data of poor or uncertain quality. Vietnam
did not begin immunization for rubella until after
2013, and it conducted active surveillance for CRS
beginning in 2011, following a rubella outbreak
during 2010-2011 that led to an estimated 292 CRS
cases.(? For Vietnam, we do not assume induced
terminations occurred associated with rubella infec-
tions in pregnancy. The model estimates approxi-
mately 600 CRS cases and approximately 300 total
spontaneous terminations, fetal deaths, and infant
deaths due to maternal rubella infections. The model
does not include an undervaccinated subpopulation,
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but heterogeneity in coverage and increasing cov-
erage rates will most likely motivate inclusion of a
subpopulation in prospective modeling.

Fig. 7 shows the results of the model fit for Kenya
for measles (Fig. 7a) and rubella (Fig 7b). Kenya
continues to conduct pSIAs to increase its population
immunity for measles, but the model does not require
inclusion of a separate undervaccinated subpopula-
tion given the continued relatively low coverage and
ongoing transmission. Kenya did not include rubella
immunization in its RI schedule until 2016, although
we assume a small fraction of children who see
private physicians receive MMR vaccine (i.e., 1% in
1990 increasing to 5% in 2013). Overall, the results
show significant uncertainty about rubella infections
given the very low number of reported cases.

Fig. 8 shows the results of the model fit for Haiti
for measles (Fig. 8a) and rubella (Fig 8b). Consis-
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Fig. 5. Model fit for Oman for measles

2010 2015 (Fig. 5a) and rubella (Fig 5b) (high-
income country, undervaccinated sub-
population fraction 1/4, pyithin = 0.6, Ro, i
=10, Ro.r =3,k =035, s¢c =75, 5sm =
0.125, sg = 0.76).

2010 2015

tent with the available epidemiological data, the
model limits the importations of measles into Haiti
assuming that the effort in the Americas to eliminate
measles reduced importations into Hispaniola. Given
the relatively late introduction of rubella immuniza-
tion into Haiti, the model includes widespread
rubella transmission until the time of rubella vaccine
introduction, followed by rapid die out. Due to its
relatively low RI coverage, Haiti remains suscep-
tible to importations of measles and rubella, and
the prevention of large outbreaks following any
importations depends on continued pSIAs given its
relatively low RI coverage. However, the introduc-
tion of rubella vaccine into Haiti overall significantly
decreased the expected number of annual CRS cases.

Table II summarizes the estimated measles,
rubella, and adverse outcomes associated with infec-
tions in early pregnancy aggregated by 2013 income
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Table IL. Aggregate Estimates by World Bank Income level®) and Globally for Estimated Outcomes and Costs for 2013

Income Level Low Lower Middle Upper Middle High Global
Incidence
M: Infections
<4 yrs 6,300,000 4,900,000 830,000 490,000 12,500,000
5-14 yrs 180,000 110,000 38,000 21,000 350,000
15-49 yrs 22,000 21,000 27,000 9,000 79,000
>45 yrs 280 310 1,900 6,000 8,500
M: Infant mortality and pregnancy 97 100 46 11 254
losses
R: Infections
<4 yrs 8,300,000 16,000,000 1,800,000 30,000 26,100,000
5-14 yrs 8,600,000 18,000,000 1,800,000 31,000 28,400,000
15-49 yrs 400,000 370,000 80,000 19,000 870,000
>45 yrs 400,000 380,000 81,000 26,000 890,000
R: Infant mortality (including CRS 13,000 7,000 1,300 110 21,000
cases that do not survive to 1 year
old) and pregnancy losses
R: CRS cases in surviving infants 30,000 17,000 2,900 83 50,000
DALY losses due to
M: Infections 7,100,000 5,600,000 930,000 56,000 13,700,000
M: Infant mortality and pregnancy 6,000 6,100 3,000 850 16,000
losses
M: Total 7,100,000 5,600,000 930,000 57,000 13,700,000
R: Infections 61,000 69,000 17,000 2,100 150,000
R: Infant mortality (including CRS 790,000 450,000 93,000 9,000 1,300,000
cases that do not survive to 1 year
old) and pregnancy losses
R: CRS cases in surviving infants 890,000 460,000 66,000 1,600 1,400,000
R: Total 1,700,000 980,000 180,000 13,000 2,900,000
M&R: Total 8,900,000 6,600,000 1,100,000 70,000 16,700,000
Treatment cost estimates? ($ millions)
[additional home care costs]
M: Infections 32 78] 510 [270] 280 [140] 740 [360] 1,600 [850]
M: Infant mortality and pregnancy 0[0] 0[0] 0[0] 0[0] 0[0]
losses
M: Total 32 78] 510 [270] 280 [140] 740 [360] 1,600 [850]
R: Infections 23 [290] 370 [930] 160 [300] 95 [15] 650 [1,500]
R: Infant mortality (including CRS 0.1[0] 0.7 [0] 0.4 [0] 0.2 [0] 1.4[0]
cases that do not survive to 1 year
old) and pregnancy losses
R: CRS cases in surviving infants 340 [0] 1,300 [0] 640 [0] 77 0] 2,400 [0]
R: Total 360 [290] 1,700 [1,000] 800 [300] 170 [15] 2,900 [1,600]
M&R: Total 400 [360] 2,100 [1,300] 1,100 [440] 910 [380] 4,500 [2,500]
Vaccination cost estimates ($ millions)
Routine immunization 37 130 560 1,200 1,900
SIAs® 54 260 800 320 1,400
Adverse events 0.2 25 53 52 130
Total 91 420 1,400 1,600 3,400
Productivity ($/DALY for WBIL) 770 3,800 11,200 47,800
Productivity losses ($ millions) 6,900 25,000 12,000 3,300 47,000
Total costs ($ millions)
Vaccination + treatment + home care 850 3,800 2,900 2,900 10,000
Vaccination + treatment + 7,800 29,000 15,000 6,200 58,000

productivity

Notes: CRS, congenital rubella syndrome; DALY, disability-adjusted life year; M, measles-associated; R, rubella-associated; SIAs = sup-
plemental immunization activities; WBIL = World Bank income level.
4Does not include home care costs [reported separately].
PIncludes vaccine costs associated with outbreak response SIAs (0SIAs).
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level and the associated estimated DALYs and costs
for treatment and vaccination for 2013. Table II
also shows estimated costs of $3 billion associated
with measles and rubella immunization in 2013 using
the estimated doses from the model, which leads to
slightly higher estimated immunization costs than a
prior $2.3 billion estimate>® due to changes in cover-
age estimates and the inclusion of ORI in the model
(e.g., for the United States and the Netherlands).
When combined, these results suggest potential
savings of over $7 billion or $10 billion (if including
home costs) per year if the world were to eradicate
measles and rubella instead of continuing to pursue
control.

The overall results depend largely on a small
set of countries with large populations and relatively
low RI coverage (e.g., India, Nigeria, Indonesia,

2010 2015
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Bangladesh, Vietnam, Kenya, Democratic Republic
of the Congo, Pakistan, Philippines, United Republic
of Tanzania, and Uganda), and changes to the model
fitting for these countries could notably change the
overall estimates. Historically, prior to the intro-
duction of immunization, developed large countries
(e.g., China, the United States, and Russia) also
contributed significantly to annual burden of disease
estimates. In relatively higher income countries, the
results of CRS cases depend on the timing of episodic
outbreaks (e.g., an outbreak in Japan in 2013(%)),
The opportunity to update the model with improved
information makes it a useful living tool, but it also
implies that as information improves, some estimates
will change. However, the overall conclusion that
eradication would save billions of dollars per year in
treatment costs and could save over a billion dollars
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per year associated with vaccination costs remains
robust, and it reflects the reality that the expected
costs associated with treating measles and rubella
infections far exceed the expected costs associated
with immunization.*)

4. DISCUSSION

Similar to other vaccine-preventable diseases,
despite extensive experience with measles and
rubella, many aspects of their transmission remain
uncertain and variable, and data quality issues limit
our understanding and ability to model their trans-
mission with confidence. We created and applied a
transmission model to support the comparison of
national and global policies despite the uncertainties,
and we use the best available historical evidence to
create the initial estimates of population immunity in

1985

1985
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2013. The level of measles and rubella control in 2013
represents relatively high control in most countries,
although the level of control remains highly variable,
with some countries performing relatively poorly
and continuing to experience a significant burden of
disease. When eradication represents an option, eco-
nomic analyses suggest that eradication represents
a better option than control,*%) and our results
suggest this is the case for measles and rubella.
Specifically, our results suggest that the world could
save over $10 billion dollars every year by erad-
icating measles and rubella instead of continuing
relatively high control. Achieving eradication will
require a global commitment to coordinate efforts
to achieve and maintain high population immunity
in all places at the same time, which will require
the investment of sufficient and sustained financial
resources.
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As in the case of modeling polio, retrospective
fitting allows us to match the patterns of incidence
including die out and importations. For example,
restricting the timing of importations to approximate
times and subpopulations with known importations
yields a different pattern of incidence than allow-
ing importations to occur at any time. In reality,
importations occur stochastically, and for prospec-
tive modeling we cannot predict when or where
future importations will occur. This suggests that for
prospective modeling, modeling the importations
stochastically may represent a necessary approach to
explore all of the possible futures.*®)

As measles and rubella incidence decline, fear
about the infectious diseases also decreases, and
any concerns about vaccine-associated risks become
more important. Evidence already suggests that
some individuals perceive the risks of measles and
rubella immunization as greater than the risks of
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measles (and rubella) infections, such that some
individuals may seek to free ride on high levels of
population immunity. Individuals who forgo measles
and rubella immunization for themselves and/or
their families put themselves and their communities
at risk. When outbreaks occur, perceptions about
the risks of the diseases change, leading to reactive
increases in immunization that increase population
immunity. This type of wavering can threaten efforts
to sustain elimination of transmission in an area and
support sustained global transmission that prohibits
regional elimination and global eradication efforts.
Elimination and eradication become more challeng-
ing over time because the population continues to
increase and susceptible individuals of increasingly
older ages may accumulate as transmission of the
wild viruses decrease. Delayed commitments to
elimination and eradication of measles and rubella
continue to lead to significant health and financial
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costs, most of which could be prevented and saved.
Thus, with respect to the dynamics of achieving
eradication, these dynamic factors combined with
the significant potential annual net savings suggest
that the world could recognize the greatest health
and economic benefits by mobilizing resources and
engaging in a committed intensive effort to rapidly
eradicate measles and rubella. Engaging in this effort
on the heels of polio eradication would most likely
benefit significantly from its investments in efforts to
identify and reach undervaccinated subpopulations
(e.g., extensive microplanning, performance moni-
toring, accountability models, etc.). Similar to polio
eradication, efforts to eradicate measles and rubella
will need to deal with identifying and immunizing
undervaccinated people, including those in insecure
and socially disrupted areas and those who may
not perceive that the benefits of vaccination exceed
the risks and costs. In addition, global measles and
rubella eradication will require global capacity to
manage any unexpected events that occur that would
otherwise lead to a delay in regional elimination and
global eradication efforts.

Our model makes many simplifying assump-
tions, although it includes the capacity to capture
sufficient heterogeneity in age mixing and with
respect to the potential for underimmunized indi-
viduals to preferentially interact. Other assumptions
about mixing would lead to input parameters that
may suggest a different behavior in the model and
that may offer an alternative and possibly improved
fit. We assume that true and unknown values for R,
seasonality characteristics, and preferential mixing
(«) exist for every area, and that some generic model
inputs related to the measles or rubella virus remain
constant across all countries. However, in reality,
disease transmission occurs stochastically and any
model represents a simplification.

We believe that the differential-equation-based
model described here will support the characteriza-
tion of population immunity and the exploration and
comparison of potential options for prospective pol-
icy analyses, similar to models developed for polio.
The model provides reasonable characterizations for
endemic measles and rubella transmission before and
after vaccination and for countries with continued
and eliminated endemic transmission. The process of
developing the model led us to identify and use input
values that may not represent a unique solution, and
other combinations of inputs may lead to similar or
better model fits. We suggest that while this model
may provide the best currently available estimates,
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further iteration could and should improve estimates.
Thus, we anticipate that this model will prove most
useful not by providing a current best estimate, but
as a living model used to evaluate and use the best
available evidence over time, explore key prospec-
tive policy questions, and identify key sources of
uncertainty that may impact the costs and benefits of
measles and rubella immunization over time.
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