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The basic reproduction number, R nought (Ry), is defined as the average number of secondary cases of an infectious
disease arising from a typical case in a totally susceptible population, and can be estimated in populations if pre-
existing immunity can be accounted for in the calculation. Ry determines the herd immunity threshold and therefore
the immunisation coverage required to achieve elimination of an infectious disease. As Ry increases, higher
immunisation coverage is required to achieve herd immunity. In July, 2010, a panel of experts convened by WHO
concluded that measles can and should be eradicated. Despite the existence of an effective vaccine, regions have had
varying success in measles control, in part because measles is one of the most contagious infections. For measles, R,
is often cited to be 1218, which means that each person with measles would, on average, infect 12-18 other people in
a totally susceptible population. We did a systematic review to find studies reporting rigorous estimates and
determinants of measles R,. Studies were included if they were a primary source of R, addressed pre-existing
immunity, and accounted for pre-existing immunity in their calculation of R,. A search of key databases was done in
January, 2015, and repeated in November, 2016, and yielded 10 883 unique citations. After screening for relevancy and
quality, 18 studies met inclusion criteria, providing 58 R, estimates. We calculated median measles R, values stratified
by key covariates. We found that Ry estimates vary more than the often cited range of 12-18. Our results highlight the
importance of countries calculating R, using locally derived data or, if this is not possible, using parameter estimates
from similar settings. Additional data and agreed review methods are needed to strengthen the evidence base for

measles elimination modelling.

Introduction

In the pre-vaccine era, measles was amongst the most
severe childhood illnesses, contributing to very high
morbidity and mortality, with complications including
pneumonia, diarrhoea, dysentery, and blindness.! The
introduction of the measles vaccine in the mid-1960s
substantially reduced mortality; however, regions have had
varying success in measles control, and morbidity and
mortality is still high worldwide despite the existence of an
effective vaccine.?” In July, 2010, WHO convened a panel of
experts that concluded that measles can and should be
eradicated.* As one of the most contagious infections,
however, measles elimination relies on exceptionally high
levels of immunity in the population.

Measles elimination programmes can benefit from
application of the epidemiological concept of the basic
reproduction number, R nought (Ro). Ry is defined as the
average number of secondary cases generated by a primary
case in a completely susceptible population.” Although R,
is sometimes referred to as if it is a fixed biological
characteristic, it is in fact an epidemiological summary
measure of biological and sociodemographical variables
providing a threshold parameter for the spread of disease,
without units. Determinants of Ryinclude the probability of
transmission between an infectious individual and a
susceptible individual, the type and frequency of contacts
between individuals, and the duration of infectivity:

R,=PBcD
where f is the probability of transmission, ¢ is the number

of contacts, and D is the duration of infectivity. The
effective reproduction number, R,, refers to the average
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number of people infected by each case in a population
that has some level of immunity and is dependent on and
related to Ry in its simplest form through the proportion
of the population that is immune. When R, is greater than
1, each infected individual transmits the disease to more
than one person, and a disease can propagate in a
population. If R, is less than 1, not every case will result in
a new infection in another individual, and transmission
will cease (small chains of transmission can occur,
however). The critical proportion of immune individuals
that is needed to interrupt transmission in a population,
also known as the herd-immunity threshold, can be used
as a target for immunisation programmes to stop the
spread of disease.® Generally, this is accepted to be the
solution of the following equation:

p=(1-1/R))

where p is the fraction of the population that is immune.
Considering the relationship between Ry and immunisation
coverage to achieve herd immunity (Eq 2, figure 1), accurate
estimates of Ry are necessary, as small differences in Ry
within the lower range can make a large difference to the
level of vaccine coverage needed to achieve herd immunity,
which is particularly pertinent to measles. Although Ry is
known to be context-dependent, public health researchers
frequently use the measles Ry range 12-18 reported by
Anderson and May’® The primary objectives of this
systematic review were to summarise measles Ryestimates
and identify key covariates of Ry to improve understanding
of the herd immunity threshold and immunisation
coverage required for measles elimination.
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Figure 1: Measles basic reproduction number (R,), herd immunity, and coverage
As R, increases, higher immunisation coverage is needed to achieve herd immunity. Blue zone indicates the R,

estimate of 12-18.
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Methods

Search strategy and selection criteria

Two of the authors (FMG, GL) used a participants,
interventions, comparisons, outcomes (PICO) strategy to
identify key words to generate a highly sensitive search
strategy in consultation with a librarian, with review by a
second librarian. On Jan 29, 2015, and July 24, 2015, the
search strategy was applied in MEDLINE, Embase, and
Global Health databases (appendix pp 1-7). The search
was restricted to articles written in English. We included
non-research articles such as letters, commentaries, and
conference abstracts. Duplicates were removed before
applying selection criteria. Inclusion criteria were
publications that were a primary source of Ry and
addressed pre-existing immunity and accounted for it in
their calculation of Ry. Studies were excluded if they were
not about measles, if they reported R, instead of Ry, if
they used simulated data to calculate Ry, if they were not
a primary source of the reported R, estimate, if there
were insufficient data to ensure inclusion criteria were
met, if the report was not written in English, or if the
publication was inaccessible.

We applied four levels of screening to identify
publications reporting a primary estimate of Ry before
the quality appraisal. The first level of screening was
completed by GL or FMG and involved searching the
titles and abstracts for the term “measles” and at least
one of the following: “reproduction number”,
“reproductive number”, “outbreak”, “elimination”,
“surveillance”, “transmission”, “modeling”, “imported
cases”, or “importations”. The second level of screening
was completed by GL and involved searching the full text
for the terms “reproductive number” or “reproduction
number”. The third level of screening was completed by
FMG and GL in parallel and involved reading the full
text. Discrepancies were resolved through discussion
and consultation with NSC. While reading the full-text
publications, references identified as potentially relevant
were retrieved and subject to the third level of screening.

The fourth level of screening was conducted by JH, who
screened the full text of the articles that passed the third
level of screening.

We repeated the search on Nov 28, 2016, limiting
the search to papers that were published between
Jan 1, 2015, and Nov 28, 2016. We compared the results to
the outcome of the search completed on July 24, 2015, to
identify and remove duplicates. We subjected the resulting
publications to the four levels of screening, but modified
level 1 screening such that FMG screened titles and
abstracts and selected any that were likely to report Ry on
the basis of experience with the previous screening strategy,
rather than using key term criteria. Results for the initial
and updated search are reported together.

Data abstraction and quality assessment

Data abstraction was completed in parallel by SB and
FMG, and the results were reviewed by JH. Abstracted
variables included study period, vaccine era (pre-era or
post-era), setting, type of data, method of calculation,
population immunity, and R, values or range.
Corresponding authors were contacted if required to
clarify details in their publications. The variability in
study methods presented a challenge when selecting a
quality-appraisal tool. We selected the STROBE reporting
checklist as the basis for our quality appraisal and
annotated the checklist with examples relevant to our
subject matter and supplementary questions from the
Meta Quality Appraisal Tool (MetaQAT; appendix
pp 8-12).°MetaQAT questions about potential bias served
as prompts to assess the internal and external validity of
the studies. Because of the relatively small number
of studies reporting Ry, the variability of the methods
used, and a lack of consensus on best methods in the
research field, if the quality of reporting was low but the
article was not methodologically flawed, it was included.
The quality assessment was completed by SB and FMG
in parallel and is reported in table 1. Discrepancies were
resolved through discussion and consultation with JH,
NSC, and SLD.

Principle summary measures and synthesis

The high level of heterogeneity between the studies in
terms of setting and methodology meant that performing
a meta-analysis on the combined R, values would not
have Dbeen informative and would have limited
applicability. The median, however, was used to obtain
the midpoint of reported R values stratified by covariates
including type of data used to estimate Ry, measles
vaccine eras, WHO region, country development status,
population density, and birth rate. Country economies
were categorised as least developed or developing if they
met the UN classification criteria for least developed
countries” or if they did not meet the criteria but were
different from the remaining developed countries in
terms of human developement index and gross
domestic product (eg, Kenya, India, and Cameroon).
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and Vivancos
etal (2012)*

Years representedby ~ Vaccine  Setting Typeof data Method of R, calculation R, range
data era*
Patersonetal 1838,1882 Pre Two ships, sailing Surveillance R, was determined using the maximum likelihood of the entire outbreak 7-1-10-9
(2013)* from Belfast and (the product of the probabilities for each generation), p(infection) =1-(1-(r,/P))
Plymouth to Sydney, 9 and Reed-Frost stochastic model to determine when susceptible people would
Australia become infectious between time t and t + 1; used 1000 simulations
Beckeretal 1861 Pre Hagelloch, Germany ~ Outbreak R, =B xS0/y, where B is infection rate, SO is susceptibles at the start of the 103-113
1998)" epidemic, y is removal rate
Merler et al 1901-2009 Pre Italy Serological ~ R,=P/y, where B is transmission rate, y is infectious period; estimated from a 130
(2014)* survey dynamical system model; accounted for the reduction in susceptibles: B(1-€)
(1-fv), where € is birth rate, v=fraction of newborns vaccinated with vaccine
efficacy f; accounted for the vaccinated in the transmission rate, and then used
this transmission rate to calculate R,
Metcalfetal ~ 1907-30 Pre Copenhagen, Surveillance R =1/(muxA)=birth rate/mean age of infection 83
(2009)= Denmark
Anderson 1900s (1912-79) Preand England, Wales, Unknown R,=N/Nt where N is size or density of host population and Nt is y/B (immune 12:5-18
and May post North America capita rate divided by transmission coefficient); alternatively, R,=1+L/A,** where
(1982y L s life expectancy, A is average age of infection; Eq 15 (used for 1956 and 1970
estimates)
Olsen et al 1928-68 Pre Copenhagen, Surveillance R =1+ (L/A), where Lis average life expectancy and A is average age at infection ~ 15-4-17-0
(1988)* Denmark
Hookeretal  1939-65 Pre Ontario, Canada Surveillance  From their model, R, = x SO/y, but they report B/y only, so SO=1, which is 100%  27-0
(2011)* of the population
Edmundset ~ 1970-90? Pre Select European Serology and R, was determined using age distribution and total population, using an 7-1-293
al (2000)” countries surveillance  eigenvector to determine the age distribution of the susceptible population
Wallingaetal 1956-65,1983-? Preand  Western Europe Serology and R, =r(K); next-generation method, using different mixing matrices and age 1-43-770-38
(2001)* post surveillance  structure; took into account the fraction susceptible by age
Heetal 1950-? Preand UK Surveillance  R,=p-bar x IP, where B-bar is the mean transmission rate and IP is the length of 21.0-57-0
(2010)* post the infectious period
Szusz et al 1969-2006 Pre and Niger, Senegal, Kenya, Serologyand R,=G/(A-D), where G is inverse of per capita birth rate, A is age of infection, 3.7-203-3
(2010)* post Tanzania, Zaire, surveillance  and D is average duration of maternal antibodies
Uganda, Cameroon,
Zambia, and India
Broutinetal 1983-86 and Post Niakhar, Senegal Surveillance R =G/A, where G is 1/per capita birth rate 4-6
(2005)* 1987-2000
Mossong etal 1996 Post Luxembourg Outbreak R, was estimated using final number of cases, number of susceptible people 6-2-77
(2000)* before epidemic, and total community size
Wallingaetal 1999-2000; additional ~ Post Netherlands Serology and R =Nt/St, where Nt is population size, St is number of susceptible people; 230
(2003)* data 1976 onwards surveillance  used the geometric mean <Nt/St>, which is equivalent to R =1/Sc if the
population mixing is homogeneous
Grais et al 2003-04 Post Niamey, Niger Surveillance  Determined R, and then determined R, using (1-immune/N)R, =R, 4.7-157
(2006)*
van Boven 2006 Post North Rhine- Outbreak R,=Rp/(1-pVE), where pVE is the fraction immune; determined Rp first in the 221-32-1
etal (2010)* Westphalia, Germany population that includes some immune individuals, then take out the fraction
immune and get R; of the 1250 students, there was a considerable fraction
where the vaccination status was unknown, so estimated these from the
epidemic data; used Bayesian methods to determine this, and get a value for R,
Glasseretal 2008 Post California, USA Survey R, was determined using next-generation matrices with school-specific contact ~ 10-7,18-1
(2016)* rates to determine R, for each school, and is a weighted average; R, was
estimated for a well mixed population assumption (10-7) and for a structured
population (18-1)
Plans (2012)7 2012 Post Merseyside, England  Outbreak According to Plans,” Grais et al** estimated R, from the estimates of R derived by ~ 6-2-9-5

van Boven et al;”* R, =R/(1-VE), where VE is vaccine effectiveness

R,=basic reproduction number. R =effective reproduction number. *Vaccine era was determined for each study individually, as year of measles vaccine introduction varied slightly country to country.

Table 1: Summary of reviewed studies

Measles vaccine era was determined for each study
individually as year of measles vaccine introduction
varied slightly between countries. Population density was
determined using World Bank data and official
government websites or calculated using surface area
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and population estimates. Studies were grouped by

population density using a cutpoint of 1000 people

per km2 (1000 people per km2was deemed high density, ~ForWorld Bank population data
and <1000 people per km2was deemed low density) seehttp//dataworldbankorg/
based on the distribution of the population densities in "@7ENPOPINSTpage=6
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16080 abstracts retrieved from Embase, MEDLINE,
and Global Health databases

—>| 5197 duplicates excluded

v

10883 reports reviewed

9771 failed level 1 screening because they did
not contain “measles” and at least one of
the following terms: “reproduct*
number”, “outbreak”, “elimination”,
“surveillance”, “transmission”, “modeling”,
“imported cases”, or “importations”

A

1112 studies searched for reference to
“reproduct* number"””

993 failed level 2 screening because they did

not contain “reproductive number” or
> “reproduction number”, textbook
chapter unlikely to be primary data, or
were non-English or inaccessible

A

119 reports reviewed

2 studies by

manual |
search

103 failed level 3 screening because not a
primary source of R,, did not address
pre-existing immunity, largely simulated
data, orR,, not R,

A

21 studies met quality appraisal

3 failed level 4 screening for not having a
true calculation of R,

A

18 studies selected for inclusion
3 observational studies
14 observational or modelling studies
1 retrospective closed cohort study

Figure 2: Flowchart
“Reproduction*” indicates a word containing “reproduct-" and any suffix.
R,=basic reproduction number. R =effective reproduction number.

the studies. Studies were grouped by birth rate using a
cutpoint of 20 births per 1000 population (<20 births per
1000 population or >20 births per 1000 population).
Studies were categorised as using surveillance or survey
data (more than one location), combined seroprevalence
with or without surveillance data, or outbreak data (one
location). Pooled estimates are reported with the number
of publications and the number of R, estimates. Excel

spreadsheets were used to manage records and data
throughout the review. This review conforms to PRISMA
guidelines.

Results

We identified 16080 studies, of which 5197 were
duplicates, leaving 10883 unique reports (figure 2).
1112 reports passed the level 1 screening, and 119 reports
passed level 2 screening. 19 reports passed level 3
screening. Reasons for exclusion included reporting of R,
and not Ry, simulated data in the case of modelling
studies, and insufficient data for abstraction. We retrieved
two additional reports by hand-searching references, both
of which passed level 3 screening, bringing the total to
21 reports. Full-text screening of the 21 reports by a third
author with expertise in mathematical infectious disease
modelling identified three of the studies as not reporting
a true Ry. Thus we included 18 studies in this systematic
review (table 1) No studies were excluded on the
basis of poor quality.

The study countries ranged from developed to least
developed and included countries in North America,
Europe, Africa, and Asia. Study periods ranged from
1838 to 2012. Seven studies used data collected before the
introduction of a measles vaccine programme, seven studies
used data from the measles vaccine era, and four studies
used data from both eras. The study that reported ship
travel log data from 1838 and 1882 for sea voyages from the
UK to Australia is distinct from the others in its data
source.” The 18 studies reported 58 R, estimates, ranging
from 1-43 to 770- 38 (figure 3, figure 4). Ten estimates were
contained within the often cited range of 12-18; 16 estimates
were above the 12-18 range; 27 estimates were below the
range, and five estimates were reported by Anderson and
May’® and comprised the range (figure 3).

One study reported 20 Ry values and an average R, based
on settings within England during the same period.” We
used the average R, for this study in the covariate analysis.
Another study reported 11 R, values for India. For the
covariate analysis, the 11 values were pooled into two
categories: urban or peri-urban and rural. Yet another study
reported five R, estimates,” but two of these estimates were
extreme values deemed feasible by the authors. These
two values, 1-43 and 770-38, are featured in table 1 and
figure 3, but were excluded from the analyses by covariates
because they were hypothetical. One study reported
six Ry values,” three of which were country-specific and
based on a default matrix, and three of which were based
on pooled European parameters and default, diagonal, and
proportionate mixing matrices. Since much of the covariate
analysis relied on additional country-level data (eg, birth
rate), the three country-specific Ry values were used in the
covariate analysis rather than the pooled estimates. For
another study, we abstracted five R, estimates, three of
which were Britain pre-1968 and were averaged to 15-9 for
the covariate analysis, resulting in three Ry estimates of
15-9,12-8,and 125’
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R, estimates by method of calculation

Studies included in this literature review used diverse
methods to calculate R,, ranging from sophisticated
statistical methods to very simple calculations using
easily obtained demographical parameters (table 1).
Although the method can affect the resulting value of R,
different methods that produce similar values of R, can
be quite informative. The same two measles outbreaks
were analysed in more than one of the studies reviewed.
R, estimates for a measles outbreak in Niamey, Niger

124

223 Anderson and May (1982)” measles R, range

10

Number of estimates reported
(2]
]

were calculated in two studies.”* One study reported R, 5

9-6 using the equation R,=G/(A-D), where G is the

inverse per capita birth rate, A is the age of infection in 04— , —— !:l' —
i ; F R N R R N R S I D S IR IR D N

years, and D is the average duration of maternal NN 5'/(0(0-\’/%\,’\9\/0\/\}\/\(’0'\/&\/0'\/”9\/”9‘\/’{0’\’/&'\?’0'»’% A 0 @0

antibodies.” First determining an effective reproductive YN T T TR AT AN ST oSS WS P

value, R, and then accounting for the fraction of the
population conferring immunity, the other study
determined R, for this same population to be
4.7-15-7 (median 10-2),* which includes the R, value
as determined by the other study.” Two studies both
determined an R, estimate for a measles outbreak
in Niakhar, Senegal, reporting R, 4-9 and R, 4- 6, respect-
ively.*” The only difference in the method of calculation
was that one ignored the effects of maternal antibodies.”

RO estimates by covariates

Stratifying R, estimates by the type of data used yielded
median R, values of 13.2 and 16-1 for surveillance data
and seroprevalence data with or without surveillance
data, respectively, and 9-9 for outbreak data (table 2).
Focusing on studies using pre-measles vaccine data, R,
ranged from 6-1 to 27-0, with a median of 11-1. For
studies using measles vaccine-era data, R, values ranged
from 3-7 to 203-3, with a median R, of 15-7 The studies
contained within each era, however, were highly hetero-
geneous in terms of setting, study period, and methods
of estimation. Stratifying measles R, estimates by
developed and least developed or developing countries,
median measles R, was 12-9 in developed countries and
15-9 in least developed countries. As the least developed
or developing country estimate contained only vaccine-
era estimates that could have affected the R,, we stratified
country-development status by vaccine era. During the
vaccine era the median measles R, in developed countries
was 11-7; by contrast, median measles R, in least
developed or developing countries during the vaccine era
was 15-9. Stratifying measles R, estimates by WHO
region, the measles R, median values were 15-3 in the
Americas, 12-9 in Europe, 12-8 in Africa, and 16-4 in
southeast Asia. In view of the relation between R, and the
number of contacts in a population, we stratified measles
R, estimates from WHO regions by population density.
In Europe, Africa, and southeast Asia, there was a mix
of high-density and low-density settings, and for each
region the median measles R, was highest in the
high-density settings. An overall comparison of high and
low population-density settings yielded medians of
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Figure 3: Reported R, estimates
The 18 studies identified reported 58 R, estimates. R,=basic reproduction number.

12-6 and 15-9 in low-density and high-density settings,
respectively. Stratifying by birth rate, median measles R,
was 10-4 in low birth-rate settings and 12-9 in high
birth-rate settings.

Discussion

R, is defined as the number of secondary cases of an
infectious disease arising from a typical case in a totally
susceptible population; however, it can be estimated in
populations with pre-existing immunity if immunity can
be accounted for in the calculation. Our summary of
published measles R, estimates reveals a much wider range
of values than the often cited 12-18 range.”* Although we
provide median estimates of measles R, for summary
purposes, the data show that there are multiple setting-
specific determinants of R, and therefore calculation of a
local R, estimate is preferable to a reported average. Pooled
estimates by key covariates highlight this point and provide
insight into the relation between these covariates and R,.
Thus, similar to reviews of R, for other pathogens,** our
data highlight that R, is not an intrinsic value characteristic
ofa given pathogen, butrather describes the transmissibility
of that pathogen within the specific population and setting
under study. R, depends on sociodemographically
dependent variables and the biology of the infectious agent.
The number of contacts, for example, can depend on popu-
lation density, birth rate, cultural practices, or assumptions
about contact rates when parameterising models. These
covariates are often similar within a region but can vary
across regions, underscoring the argument that R, is
context-dependent. In addition, estimates of R, can be
biased because of the data used to determine the final size
of an outbreak and the average age of infection (eg,
surveillance, serosurveys) and the quality of those data. The
scientific literature we reviewed suggested that the likely
determinants of R, include contact patterns (cultural
practices, school calendars, public infrastructure), birth
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Range of R, estimates
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Figure 4: Measles R, estimates by geographical location and time
Excludes feasible estimates of 1-43 and 770-38 from Wallinga et al (2001).** For data from Szusz et al (2010), we
plotted one range for India and one range for Africa. R,=basic reproduction number.
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rate, disease control measures including hygiene (infection
prevention and control), waning immunity, nutrition,
surveillance (data quality, asymptomatic or mild cases), and
population density. Our covariate analyses attempted to
address some of these determinants.

Median measles R, was higher in the vaccine era than the
pre-vaccine era. This was unexpected given that vaccination
should reduce the size of the susceptible population, which
can reduce R,. One possible explanation might be that all
the studies in the pre-vaccine era were from developed
European and North American countries, whereas most
studies in the vaccine era were from least developed or
developing countries in Asia and Africa. When vaccine era
R, estimates were stratified by UN development status, the
vaccine-era median measles R, was higher in the least
developed or developing countries compared with
developed countries. Thus, the high R, in the vaccine era
might reflect skewing of the median R, due to a high
proportion of studies from least developed or developing
country settings, where birth rate, population density, and
measles burden all tend to be higher. Our finding could
also be explained by poor data quality in either study
setting. Findings from stratification of R, by birth rate or
population density were more intuitive. High birth rate or
high population density were associated with high R,. In
fact, the outcomes of one study showed a positive
relationship between population density and R, for India
and for included African countries.” In the case of birth
rate and population density, our stratifications divided
roughly into European and North American versus Indian
and African estimates. Whether birth rate and population
density are key determinants of measles R, that vary by
region and country development status merits further
study. Population size, independent of density and birth
rate, might be another consideration.” Additional covariates
that are likely to vary with region and degree of development

include contact patterns as dictated by social determinants
including cultural practices, nutrition, climate and
seasonality, infection control measures including social
distancing and quarantine, and, in post-elimination
settings, the effect of waning immunity and importations.
Median measles R, also varied with the type of data used to
generate the estimate. Differences in R, by data source
could be affected by the quality of surveillance data, which
would be of particular concern in resource poor settings.”**
Several of the reviewed studies included serological survey
data, which has well known limitations, in particular,
sampling bias (eg, healthy worker or sick populations,
which could overestimate or underestimate population
immunity, and thereby overestimate or underestimate R,),
but these were unlikely sources of bias in the reviewed
studies.

RO in the literature

Variations in R, estimates are not unique to measles.
Although dengue virus is vector borne and therefore has
different transmission dynamics than measles, a broad
range of R, estimates have been reported for dengue,
ranging from 0-5 to 103 on the basis of 12 publications,
and study authors acknowledge that some of those
differences might be attributable to different methods of
R, estimation,”an issue that is underscored in another
summary of 2009 HIN1 R, values.” If R is to be used to
inform public health officers when setting vaccine
coverage targets, then standardised methods of calculation
and reporting are required; however, despite the dramatic
increase in the number of publications with R, estimates
since 2000,° standardised methods have not been
established. A plethora of R, calculation methods exist in
the statistical and mathematical modelling literature,
and the resulting R, values vary depending on the method
and model assumptions. On the basis of the different
R, values reported in this systematic review for the same
outbreaks but by different authors using different
methods,®** it may be prudent to apply multiple esti-
mation methods to the same data and compare the
resulting R, values until a gold standard method is
established. Methods for R, calculations are not without
limitations.*** For example, using case-count time-
series data can result in an R, estimate that best represents
the population presenting most cases and might be a poor
estimate if extrapolated to other populations.®
Furthermore, using different age-specific contact pattern
matrices can yield substantially different R, estimates.” A
best move forward in determining R, across different
outbreaks might therefore be to always employ one or
two very simple methods. Furthermore, it would be
prudent to extend epidemic or outbreak studies to include
one or two more complex methods that can consider age-
related data, temporal data, or contact network structure
so comparisons across methods can be made. As a result,
R, values of the same pathogen can be compared across
epidemics, and a range of R, will be determined for one
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outbreak. The resulting ranges can then be used to inform
vaccination coverage targets, data acquisition, and best
modelling practices.

The variable quality and application of R, calculations has
been recognised globally. As a result, WHO has appointed
modellers onto advisory committees to quantify and critique
this variability (ie, the Immunization and Vaccines-Related
Implementation Research Advisory Commiittee [IVIR-AC])."
Moving forward, these recommendations, and the quality
assurance guidelines provided by GRADE,” should be
considered in all modelling studies and R, calculations of
measles outbreaks so that public health decision making is
best informed.

At the study level, data quality was a potential weakness
in all studies reviewed (table 1), in particular those using
multiple secondary sources of data. The measles R,
synthesis across studies should be interpreted with the
following limitations in mind. We restricted our search to
articles written in English because of resource limitations,
and this might have excluded relevant, high-quality studies
and might have resulted in a selection of published articles
weighted towards English language speaking countries.
We also limited our systematic review to published
literature held in MEDLINE, Embase, and Global Health
databases, which are wunlikely to capture many
governmental or agency reports unless they are published
in an indexed journal. The sensitive search strategy,
however, produced a comprehensive search of these
databases. For stratification by WHO region, only one
published article and one country were included in the
southeast Asia region. If method of estimation can affect
R, values, then the estimates presented for southeast Asia
might be skewed or might not be balanced by a diversity of
estimation methods as was the case for Europe and, to a
lesser extent, Africa. Population density seemed like an
obvious covariate given the centrality of contact for measles
transmission; however, country-level density data do not
always reflect how density ranges from rural to urban
communities within the same country. Additionally,
reliability of R, across studies could be affected by the
types, specificity, and sensitivity of diagnostic assays and
algorithms used to measure burden or susceptibility. To
our knowledge, no validated quality assessment tool exists
for conduct or reporting of modelling studies, although
some best-practice standards exist.** The limited number
of systematic reviews on R, meant that there were limited
validated approaches for synthesising measures of R,.
Given the growth in infectious disease dynamics data
being generated by models,** reporting and quality
appraisal guidelines are needed. Finally, methods of R,
calculation varied amongst the studies.

Measles R, estimates are highly relevant to measles
elimination efforts and can be used to estimate the level
of vaccination coverage needed to prevent endemic
transmission. Our results highlight the importance of
country-specific R, estimates based on national estimates
given the variation in reported measles R, values. In
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Range Median (number of
publications, number
of estimates)

Data sources
Surveillance*101315:1619212426 4-6-44-4 132(8,12)
Seroprevalence, with or without 3.7-2033 16-1 (5, 24)
surveillance™7»
Outbreak™?%7 6-2-32-1 9:9(4,8)
Measles vaccine era
Pre-vaccine programme’* 5% 6-1-27-0 111(8,14)
Vaccine programme’**? 37-2033  157(9,29)
UN development status
Developed/21315-1522232526 61-45-4 12:9 (13, 24)
Pre-vaccine era*135 6-1-18-0 12:5(5,9)
Vaccine era’?#*% 6-2-321 11.7 (6, 10)
Least developedt
Vaccine era®? 37-2033  159(3,19)
WHO region
Americas”®? 10-7-27-0 153 (3, 4)
Europe»isiisnaszsa 61-454  12:9(11,20)
Africar? 46-2033  12:8(3,11)
South-east Asia® 3.7-26-3 16-4(1,8)
Population density (post-1900)
<1000 people per km?7216171326 - 3.7.203.3 12-6 (10, 20)
Americas™*? 10-7-27-0 153(3,4)
Europer sz 61347 115 (6, 10)
Africa®? 46-2033  12:8(2,5)
Southeast Asia® 3.7-21-4 67(1,4)
21000 people per km? 131519202427 4.7-68-8 15-9 (6,19)
Americas
Europess19252/ 6-2-57.0 12:4 (4, 6)
Africa®* 4.7-68-8 157(2,7)
Southeast Asia® 10-0-26-3 16-4(1,6)
Birth rate
<20 births per 1000 6-1-34-7 104 (8,14)
people17192223252627
>20 births per 1000 37-2033  12:9(6,24)
peoplet oz
R,=basic reproduction number. *Includes one school entry survey. fLeast
developed countries by UN classification criteria,® plus Kenya, India, Cameroon.
Table 2: Measles R, range and median by covariate

some cases, country-level data might not be ideal if
settings within the country vary widely in terms of R,
covariates, although resources and data quality can limit
the extent to which extension to sub-national level is
appropriate. In that situation, a two-stage process might
be to follow up regular national-level R, calculations with
targeted calculations in locations or groups suspected to
have immunity gaps. To calculate local R, estimates for
accurate vaccination coverage targets, countries need
high-quality surveillance data and high-quality census
data to either provide denominator values or, if R,
estimates are to be extrapolated from a similar setting,
inform which settings are most similar in terms of key R,

For IVIR-AC see http://www.
who.int/immunization/research/

committees/ivir_ac/en/
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covariates.” In the absence of comprehensive,
setting-specific R, estimates, mathematical modelling of
R, can offer primary or complementary evidence to
study measles transmission dynamics;*** however,
parameterising models with setting-specific data or data
from similar contexts is crucial. When global and
regional coverage targets are reviewed, they might need
adapting at country level to take account of the local
context and the most locally appropriate estimate of R, on
which to base coverage targets. The observation that
about half of the R, estimates from our systematic review
were less than the 12-18 range supports the argument
that accurate R, values are necessary because small
differences in R, at the low end of the range can give very
different estimates of coverage required for achieving
elimination. We certainly would not, however, wish the
variation in R, estimates to be interpreted as indicating
that measles coverage targets should be relaxed. Obser-
vations from the field indicate inconsistencies in occur-
rence of outbreaks and reported coverage, but it is
difficult to separate out the effects of variation in coverage
data quality, age-specific vaccine effectiveness, and
potential local variation in R,, all of which contribute to
the population herd immunity threshold. One constant is
that coverage always needs to be higher than the herd
immunity threshold to adjust for vaccine effectiveness. In
addition to  high-quality coverage  monitoring,
surveillance, and census data, countries would need the
knowledge base, tools, and expert support to generate R,
estimates. Resources to estimate reproduction numbers
have emerged in recent years,“*¥ but one could argue
that consideration of R, during elimination efforts is
undervalued. In addition to informing levels of
vaccination required for elimination, R, can be used in
evaluating the effectiveness of an intervention to alter
disease dynamics or to anticipate the size and duration of
an outbreak, thereby informing public health
preparedness and action.®* WHO recommendations on
lines of evidence to verify measles elimination
are somewhat flexible to accommodate differing existing
surveillance systems.” These recommendations could
include R, to inform elimination efforts and as a form of
evidence of changing transmission dynamics.” Given the
variability of R, values generated using different methods
of calculation, one of the most reasonable applications of
R, could be using the same methods to monitor a
population’s progress towards or maintenance of
elimination.  Alternatively, the related effective
reproduction number might be a more intuitive measure
than the basic reproduction number, and similar to R,
approaches to calculating R, exist. For example, in
countries having achieved measles elimination but
without a completely immune population, an estimate of
potential transmission from imported cases would be of
interest.” If R, is less than 1, not every case will result in a
new infection in another individual, and transmission
will cease even if there are small chains of transmission.

Conclusion

R, describes transmissibility within a population and is
highly dependent on that population and the method of
calculation. We present evidence that depending on the
context, measles R, may be different than the frequently
cited range of 12-18. Context-specific estimates of R, are
needed to determine the feasibility of achieving local
measles elimination.
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