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ABSTRACT
Canada eliminated measles in 1998. We conducted a sero-epidemiology study to estimate population
immunity to measles in the province of Ontario, Canada and to identify groups at higher risk of outbreaks.
We used a previously developed modified enzyme immunoassay to test 1,199 residual sera from patients
aged 1–39 years. We re-tested negative and equivocal sera using a plaque reduction neutralization assay.We
interpreted our results in the context of Ontario’s immunization program and vaccine coverage data. Of
1,199 sera, 1035 (86.3%, 95% confidence interval (CI) 84.4, 88.2) were above the measles threshold for
protection, 70 (5.8%, 95% CI 4.5, 7.2) were equivocal and 94 (7.8%, 95% CI 6.3, 9.4) were negative. The
proportion of positive sera was highest for those 1–5 years, with 180/199 (90.5%, 95% CI 86.4, 94.5) positive
sera, and lowest for those age 12–19 years, at 158/199 (79.4%, 95% CI 73.8, 85.0). Adjusted for age, females
weremore likely thanmales to have antibody titers above the threshold of protection (odds ratio = 1.60, 95%
CI 1.14, 2.24). Most of the study cohort were eligible for two measles vaccine doses, and vaccine uptake in
Ontario is >90% for school-aged cohorts. We observed a higher than expected proportion of sera with
antibody levels below the threshold of protection, suggesting that immunity in some Ontario age-groups
may bewaning, despite high vaccine coverage. Alternatively, the traditional measles correlates of protection
may not be an appropriate measure of population protection in measles-eliminated settings.
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Introduction

Measles poses a major public health challenge as it is one
of the most infectious diseases known,1 requiring higher
population immunity to achieve control than most other
pathogens. In Canada, endemic transmission of measles
was eliminated in 1998,2 meaning that chains of transmis-
sion due to importation since then have terminated within
<12 months.3 To sustain measles elimination, a sufficient
proportion of the population must be protected, either
through previous infection or vaccine-induced immunity.
This proportion is termed the “herd immunity
threshold”.4,5 Herd immunity can protect those who are
susceptible, including infants too young to be vaccinated,
individuals with medical conditions that preclude measles
vaccination, or those who choose not to be vaccinated.1

However, if population immunity falls below this thresh-
old, measles importations may lead to sustained endemic
transmission.

Since measles is very transmissible, with a basic reproduction
number (R0) of approximately 12–18,6 and two-dose measles
vaccine effectiveness is approximately 95%, immunization cover-
age targets are usually at least 95% in children.7,8 Measles vaccina-
tion is usually administered using the measles-mumps-rubella
(MMR) vaccine, with a varicella antigen sometimes included
(MMRV). Maintaining this high level of immunity is
a challenge, making it important to identify susceptible cohorts
and evaluate immunization programs.5,9 This can be difficult in
Canada, where each of the 10 provinces and three territories
determines its own schedule for administering vaccinations.10,11

There is no national vaccine registry, and each province and
territory maintains its own immunization information system.12

These vary considerably and often focus on specific age groups,
such as school-aged children,13 rather than the entire population.
The Canadian population is very heterogeneous between and
within provinces. Foreign-born individuals, who may have differ-
ent measles immunity levels than those born in Canada,14,15

constitute over 20% of the population of Canada, rising above

CONTACT Shelly Bolotin shelly.bolotin@oahpp.ca Scientist, Public Health Ontario, 480 University Ave., Suite 300, Toronto, ON M5G 1V2, Canada

HUMAN VACCINES & IMMUNOTHERAPEUTICS
2019, VOL. 15, NO. 12, 2856–2864
https://doi.org/10.1080/21645515.2019.1619402

© 2019 Crown Copyright. Published with license by Taylor & Francis Group, LLC.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

http://orcid.org/0000-0002-5377-2528
http://orcid.org/0000-0001-6967-794X
http://orcid.org/0000-0002-6708-3731
http://orcid.org/0000-0002-8239-0094
http://orcid.org/0000-0003-0735-0452
http://orcid.org/0000-0003-3251-958X
http://orcid.org/0000-0002-6761-8783
https://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2019.1619402&domain=pdf&date_stamp=2019-11-22


50% in some metropolitan areas.16 However, since many new-
comers to Canada arrive as adults, a large proportion of the
population is not included in coverage data. Furthermore, as
there may be either primary or secondary vaccine failure,17 vac-
cine coverage data may not reflect a population’s current immune
status.

One way to address these challenges is through sero-
epidemiology, which assesses population immunity by per-
forming epidemiological analyses of cross-sectional antibody
prevalence surveys.5,18 Sero-epidemiology is a particularly
useful tool for vaccine-preventable diseases to enable evalua-
tion of immunization programs, including optimal timing, the
number of doses administered, vaccine coverage and vaccine
failure. The objective of our study was to use sero-
epidemiology to estimate population immunity to measles in
Ontario, Canada (Canada’s most populous province), and
determine which groups may be at higher risk of measles
outbreaks.

Results

We included 1,199 sera in our study, half (600 or 50.0%) of which
were from individuals 20–39 years (Table 1). The remainder were
evenly distributed among the three younger age-groups. The
proportion of sera from males and females was similar in each
age-group (Table 1). Of the 1,199 sera tested using the BioPlex
platform, 954 were positive. We tested the remaining 245 (20.4%)
samples, which were equivocal (n = 210) or negative (n = 35)
using BioPlex, by plaque reduction neutralization test (PRNT) to
confirm their immunity status. Of these, 81, 70 and 94 sera were
significantly above the threshold of protection, equivocal or below
the threshold using PRNT, respectively (Table 2). Taking PRNT
results over BioPlex results when available, 1035 sera overall
(86.3%, 95% confidence interval (CI) 84.4, 88.2) had antibody
titers above the threshold of protection, 70 sera (5.8%, 95% CI
4.5, 7.2) had equivocal antibody levels, and 94 sera (7.8%, 95% CI
6.3, 9.4) had a level of antibody significantly below the threshold of
protection (Table 3). In persons under 20 years, the proportion of
sera with antibody levels above the threshold of protection

decreased linearly for each age-group (Cochran–Armitage test
for trend two-sided p-value = .002) (Figure 1). We found the
highest proportion of positive sera in individuals aged 1–5 years,
with 90.5% (95% CI 86.4, 94.5) samples above the threshold of
protection. In comparison, the proportion of sera with antibody
levels above the threshold of protection decreased in those age
6–11 years to 84.1% (95% CI 79.0, 89.1) (Chi2 p = .37), and in
those age 12–19 years to 79.4% (95%CI 73.8, 85.0) (Chi2 p = .003).

In adults aged 20–39 years, the proportion of positive sera was
higher than in some of the younger age-groups, with 88.0% (95%
CI 85.4, 90.6) of samples above the threshold of protection. When
comparing to the youngest age-group, this difference did not reach
statistical significance (Chi2 p = .17). Sera from the youngest and
oldest age-groups had the lowest proportion of equivocal sera.
Age-specific trends in geometric mean titer (GMT) values calcu-
lated using the BioPlex results were similar in pattern, with sub-
stantially different values for each age-group (Figure 1). The GMT
decreased from 5.15 antibody units (AU)/mL (95% CI 4.10, 6.47)
in children 1–5 years to 2.82 AU/mL (95% CI 2.32, 3.42) in
children 6–11 years (Tukey’s pairwise ANOVA p < .0001). There
was a further decrease to 2.06 AU/mL (95%CI 1.71, 2.48) in those
12–19 years compared to those 1–5 years (Tukey’s pairwise
ANOVA p < .0001). In adults age 20–39, the GMT values were
higher, at 3.64 AU/mL (95% CI 3.23, 4.10); however, this differ-
encewas still statistically significant compared to the youngest age-
group (Tukey’s pairwise ANOVA p = .02). When observing the
distribution of titers grouped by reactivity band (Figure 2), the
highest proportion of antibody levels in all age-groups was within
the protective range. However, the peak proportions in each age-
group shifted slightly downwards as age increased.While for those
aged 1–5 years, reactivity band 20 had the highest proportion of
samples, this peak frequency decreased to reactivity categories 15
and 14 in those aged 6–11 years and 12–19 years, respectively,
suggesting less robust humoral immunity. Sera from individuals
aged 20–39 years exhibited a bimodal peak at reactivity categories
12–14 and 20.

When grouping positive and equivocal sera to investigate
the proportion of individuals exposed to either measles vacci-
nation or infection, the differences in proportion between
age-groups were greatly reduced, with 187/199 (94.0%, 95%
CI 90.7, 97.3) of sera from individuals aged 1–5 years, 187/201
(93.0%, 95% CI 89.5, 96.6) of sera from individuals aged 6–11
years, and 558/600 (93.0%, 95% CI 91.0, 95.0) of sera from
individuals aged 20–39 years either equivocal or positive. The
exception was sera from individuals aged 12–19 years, which
had lower proportions classified as positive or equivocal, at
173/199 (86.9%, 95% CI 82.3, 91.6)

The proportion of sera with antibody titers above the
threshold of protection varied by sex (Figure 3). Overall, it
was higher in females, with 530/595 (89.1%, 95% CI 86.6,
91.6) samples above the threshold of protection, compared
to 505/604 (83.6%, 95% CI 80.7, 86.6) sera from males (Chi2

p = .006). This difference was most pronounced in the young-
est age-group, in which 94/97 sera (96.9%, 95% CI 93.5, 100.0)
from females were positive, compared to only 86/102 sera
(84.3%, 95% CI 77.3, 91.4) in males. Children aged 12–19
years was the only age-group in which the proportion of
positive sera from females was not higher than from males
(both 79.4%). When controlling for age, we found that

Table 1. Characteristics of study sera.

Age-group (years)

Sex

TotalFemale n (%) Male n (%)

1–5 97 (48.7) 102 (51.3) 199
6–11 98 (48.8) 103 (51.2) 201
12–19 97 (48.7) 102 (51.3) 199
20–39 303 (50.5) 297 (49.5) 600
Total 595 (49.6) 604 (50.4) 1,199

Table 2. BioPlex and PRNT test results. We first tested all sera using BioPlex,
and then re-tested sera that with equivocal or negative BioPlex results using
PRNT, taking PRNT results over BioPlex when available.

BioPlex status

PRNT status

Total
Positive

n
Equivocal

n
Negative

n
Did not
test n

Positive n (%) 0 0 0 954 (100) 954 (100)
Equivocal n (%) 81 (38.6) 67 (31.9) 62 (29.5) 0 210 (100)
Negative n (%) 0 3 (8.6) 32 (91.4) 0 35 (100)
Total 81 (6.8) 70 (5.8) 94 (7.8) 954 (79.6) 1,199 (100)
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females were still more likely to have antibody levels above the
measles threshold for protection compared to males (odds
ratio = 1.60, 95% CI 1.14, 2.24).

Discussion

We have characterized population immunity to measles in
residents of Ontario aged 1–39 years, a mostly-vaccinated
population in an elimination setting. In Canada, the first
measles vaccine was licensed in 19632 and, in 1983, an
MMR immunization program was introduced for infants,
with administration at 12 months of age.19 A second dose of
routine MMR was added to the program in 1996, and a large
catch-up campaign provided a second measles vaccine dose to
all school-aged children. The sera in our study were derived
from individuals eligible for two doses of measles-containing
vaccine, as per Ontario’s routine childhood immunization
schedule or the 1996 measles catch-up campaign, apart from
sera from individuals born in 1975 − 1976 and 2011–2013
(Table 4). Since the second dose of measles-containing vac-
cine is administered at age 4–6 years, it is possible that
although eligible, some children born in 2008–2010 have yet
to receive their second vaccine dose.

We observed a lower than expected proportion of sera above
the measles threshold of protection, particularly in older chil-
dren and teens. Sera from individuals 1–5 years of age had higher

immunity levels and GMTs than older age groups, presumably
due to recent vaccination with a first or second dose of vaccine.
Older age-groups had a lower proportion of sera above the
threshold of protection, and lower GMTs. Of most concern
was the 12–19-year age-group. In this cohort, only 79.4% of
sera were above the threshold of protection, and a further 7.5%
were equivocal. Although we know that vaccination coverage in
this group is very high, ranging from 90.4% to 96.7% for two
doses of measles-containing vaccine,13,21,22 many in this cohort
were born into an elimination setting and are unlikely to have
been exposed tomeasles antigens apart from during vaccination,
which may result in waning immunity.24,25 Mixture modeling
has been advocated as a useful tool to interpret the underlying
“mixture” of immunity distributions within certain age groups,
by categorizing serological test results into varying distributions
(e.g., naturally infected individuals, vaccinated individuals, vac-
cinated individuals with antibody decay, susceptible individuals)
that best reflect the different levels of reactivity observed within
the population.18 In the absence of such an analytic approach,
a further indication of waning immunity in this study is the low
GMTs in this group, with many individual sera titers only
slightly above the threshold of protection. In the oldest age-
group in our study (20–39 years), 88.0% of sera were positive,
substantially higher than the levels in older children and teens.
The proportion of samples with antibody titers well above the
threshold of protection in this group, and two peaks in reactivity

Figure 1. Measles antibody prevalence by age-group, Ontario 2013–2014. Figure 1 shows the proportion of sera that were above, equivocal or below the
threshold of protection for measles virus antibody as well as BioPlex geometric mean titer (GMT) values for each age-group, along with GMT 95% confidence
intervals (95% CI).

Table 3. Number and proportion of sera that were above, equivocal or below the threshold of protection for measles virus antibody by age-group, Ontario
2013–2014.

Age- group (years) Samples tested n

Sera above threshold Equivocal sera Sera below threshold

n % (95% CI) n % (95% CI) n % (95% CI)

1–5 199 180 90.5 (86.4, 94.5) 7 3.5 (1.0, 6.1) 12 6.0 (2.7, 9.3)
6–11 201 169 84.1 (79.0–89.1) 18 9.0 (5.0, 12.9) 14 7.0 (3.5, 10.5)
12–19 199 158 79.4 (73.8, 85.0) 15 7.5 (3.9, 11.2) 26 13.1 (8.4, 17.8)
20–39 600 528 88.0 (85.4, 90.6) 30 5.0 (3.3, 6.7) 42 7.0 (5.0, 9.0)
Total 1199 1035 86.3 (84.4, 88.2) 70 5.8 (4.5, 7.2) 94 7.8 (6.3, 9.4)
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Figure 3. Measles seroprevalence of males and females by age-group, Ontario 2013–14, shown with 95% confidence interval (CI).

Figure 2. Distribution of measles antibody levels in each age-group as measured by BioPlex, Ontario 2013–14. The antibody titer distributions for each age-group are
shown. To display the antibody titers we used reactivity categories, which are generated by dividing the log-transformed antibody titers into 20 bands of equal
width. We then graphed the resulting range of titers. The vertical-dotted lines mark the equivocal range of ≥0.13 AU/mL and <1.10 AU/mL. Sera to the left of this
zone are below the laboratory determined threshold of protection, while sera to the right are above it.
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categories, one between reactivity categories 12–14, and one at
the maximum reactivity category of 20 suggest a population with
mixed vaccine- and infection-induced immunity.25

We observed higher population immunity in females com-
pared to males. Although this has been reported by other
post-vaccination,25,26 the significance of this is unclear in
relation to our study. In the 20–39 years age-group this
difference is possibly related to pre- or post-natal MMR
vaccine for rubella-susceptible women, or a higher proportion
of female health-care workers submitting sera for immunity
screening, who are more likely to be vaccinated. Interestingly,
we did not see this phenomenon in those aged 12–19 years. It
is possible that the sex difference in immunity would have
been diminished had our sample size been larger.

Our results are concordant with recent findings from other
jurisdictions that have eliminated measles. Gidding and col-
leagues used residual sera to perform a serosurvey in Australia
in 2012–13, and found that the proportion of sera above the
threshold of protection was lowest in older children and teens,
who also had the largest proportions of equivocal sera.27

Seagle et al. performed a longitudinal cohort study in the
United States (US) and found that antibody titers of vaccinees
declined by 6.3–9.7% per year after their second dose of
MMR. However, despite this decline only a small proportion
of seropositive participants became seronegative by the end of
the 12-year follow-up period.17 Interestingly, another US
study, which used sera from individuals recruited into
a study in 2009–10, found higher seroprevalence estimates
than those reported in our study, with the lowest proportion
of sera above the threshold of positivity in adults aged 30–39
years.28 It is possible that this difference is due to varying
testing algorithms and/or measles thresholds of protection
between the studies, or a different population composition
in the US, for example, relating to place of birth or socio-
economic status, than that of our study.

The results of our study suggest that antibody titers to
measles may be waning in Ontario residents. If this is the
case, the lack of large measles outbreaks in Ontario is some-
what surprising. There are several possible explanations for
our results. If some age-groups are experiencing waning
immunity, this raises concerns for future measles control.
However, it is possible that despite waning antibody titers,

at least some of these individuals may be protected from
measles by cellular responses or other immune mechanisms
if exposed.25,29 The lack of large measles outbreaks in Ontario
and high vaccine coverage estimates support this hypothesis.
However, coverage estimates are not available for the oldest
individuals in our cohort or foreign-born individuals who
arrived in adulthood. Furthermore, although the risk of
measles in Ontario is highest for those who are un-
immunized, cases occasionally occur among even two-dose
recipients.30 Even if those with lower antibody titers are still
protected from measles, inadequate humoral immunity in
women of child-bearing age is still a concern. Since infants
are protected from measles through transplacental antibody
transfer, lower titers in these women will result in lower titers
(and therefore increased susceptibility) in their infants, which
is particularly important during their first year of life prior to
MMR immunization.31

A second possible explanation is that the sera used in our
study are not representative of the general population. This
may particularly be true for pediatric sera. This would explain
the contrast between the lower than expected level of popula-
tion immunity in the younger age-groups of our study and the
high measles vaccine coverage in Ontario. Residual sera are
routinely used for serosurveys in other jurisdictions, and have
been shown by others to be comparable to results from sera
collected from individuals recruited into a study for some
infectious diseases, including measles.32 A comparison
between these methods in the Canadian context would be
useful to clarify this issue.

Another possibility is that despite low antibody levels in
our study sample, immunity is sufficiently high in Ontarians
who are older or foreign-born, and are more likely to have
robust measles immunity levels through previous infection.
These individuals may contribute to a sufficient level of herd-
immunity to avoid chains of measles transmission upon
measles importation from abroad.33 This could explain why,
despite repeated importations, Ontario has not experienced
sustained transmission or large outbreaks. Ontario is an inter-
national travel hub and travelers arriving from measles-
endemic countries at international airports in Toronto and
Ottawa (Ontario’s largest cities) frequently expose Ontario
residents to measles through importation of virus.33

Table 4. Vaccine program eligibility and assessment of vaccine coverage for birth cohorts included in our study. percentage range indicates the minimum and
maximum values for two-dose coverage estimate data from included birth-years.

Age- group
(years)

Birth cohort
(years) Vaccine eligibility19

Ontario vaccine coverage
estimates (%)

≥1-dose20 2-dose13,20–22

1–5 2009–2013 One or two doses, depending on age (the first dose of measles vaccine is administered at 12 months
of age. The administration schedule for the second dose of measles vaccine was changed from 18
months to 4–6 years in 2011)

92.6* 91.2%**

6–11 2003–2008 Two doses N/A 88.3–94.0
12–19 1995–2002 Two doses N/A 90.4–96.7
20–39 1975–1994 One or two doses, depending on age (a second dose of measles vaccine was added in 1996, with

a catch-up for all school-aged children. All but the two oldest birth years (1975 and 1976) would be
eligible for two doses)

N/A 94.2–95.1***

*- Available for individuals two years of age in 2013 through the childhood National Immunization Coverage Survey of the Public Health Agency of Canada
** – Available for individuals seven years of age in 2016–2017
***-2 dose coverage estimates are available by birth year for those born between 1991 and 1994. Estimates of complete-for-age (the proportion of individuals who
have received either: two doses or one dose and who are not yet eligible for a subsequent dose due to vaccine scheduling) are available for all Ontario students
born 1987 to 1997 in the 2004–5 school year. The complete-for-age estimate for this cohort was 86.5%.23
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However, the majority of international travelers remain in
large cities, which have a high-proportion of foreign-born
residents, to tour or visit family and friends rather than to
travel to other Ontario regions. Nearly half of Toronto’s
residents and one quarter of Ottawa’s residents are foreign-
born, with large groups of immigrants from measles endemic
countries such as India, China, and Philippines.34 It is possible
that these travel patterns contribute to the lack of large
measles outbreaks.

The last possibility is that population immunity data con-
tradict coverage data and disease incidence data because the
currently accepted correlate of protection, determined several
decades ago in a measles-endemic setting,35 is not optimal and
may need to be re-evaluated in measles-eliminated settings,
particularly when conducting serosurveys.27 In the context of
waning vaccine-mediated humoral immunity, other immune
parameters (i.e., – either cell-mediated immunity25 or anti-
body avidity36,37) may prove to be useful measures to estimate
individual or population-level protection, either in combina-
tion or instead of an absolute humoral correlate of protection.
Furthermore, as has been suggested by others, perhaps lower
population immunity may be acceptable in elimination set-
tings provided that immunity is high in some age-groups,
specifically school-aged children, who have the largest role
in transmission.38

The use of PRNT as a reference method for all sera that tested
negative or equivocal using the BioPlex is a strength of our study.
This approach differs from that of many other sero-epidemiology
networks, including most European,39–41 Australian,41 and US28

serosurveys, which use solely an EIA to test sera. Although this
approach is sufficient in some settings, we believe it is not optimal
in settings where many individuals exhibit lower titers, clustered
around the threshold of protection.42,43 We therefore chose to
incorporate PRNT into our testing to ensure that we obtained
sensitive and accurate test results from our serum collection, that
likely representedmostly vaccinated individuals in ameasles elim-
ination setting, and may therefore exhibit lower antibody titers.25

Since PRNT is labor intensive and not feasible to perform in every
laboratory setting, we believe that our testing algorithm, which
mixes EIA and PRNT testing, maximizes the sensitivity of our
results but still remains efficient and cost-effective. Interestingly,
while 32/35 (91.4%) sera that were negative by BioPlex remained
negative when tested using PRNT, 81/210 (38.6%) of the sera that
were equivocal by BioPlex were positive using PRNT, raising the
proportion of our sera with antibodies above the threshold of
protection by approximately 7% compared to BioPlex results
alone, thus demonstrating the utility of PRNT reference testing
in our setting.

There are several limitations to our study. We did not
characterize measles population immunity in those age 40
years and older. Although we assumed that people born
before 1970 (corresponding to those 43 years and older in
our study) are likely immune through previous infection,
estimates of immunity that included those >40 years would
have been optimal. Since residual sera lack associated data,
it was not possible to determine individual vaccination
status or to ascertain whether individuals were foreign-
born and may have come from jurisdictions with different
measles epidemiology and/or vaccine schedules. The age-

groups for the sera used in our study were originally chosen
to enable comparisons to another Ontario serosurvey with
a different sample source.44 These broad age-groups did not
allow us to differentiate between cohorts with varying vac-
cination eligibility. For example, the 1–5 years age-group
includes children eligible for either one or two doses or
measles vaccine (Table 4). As described above, there may
be selection bias in this kind of sampling. Residual sera may
be derived from populations being screened for immunity,
such as health-care workers and prenatal women, who may
be healthier than the general population. Conversely, there
may be a selection bias towards populations with co-
morbidities, who may exhibit suppressed immune
responses, or different reasons for laboratory testing. This
is particularly true for pediatric sera, since healthy children
seldom have blood drawn. Lastly, the relatively small sample
size, which limits our ability to generate estimates standar-
dized to the population of Ontario, and the fact that serum
samples originally submitted for measles immunity testing
were not removed from eligibility for our study, are also
limitations.

Our findings underscore the importance of maintaining
high vaccine coverage, disease surveillance and ongoing ser-
osurveillance to avoid outbreaks and sustain elimination.

Methods

Population and sample source

We used anonymized residual sera from Ontario for this
study. Ontario is Canada’s largest province, and its population
of nearly 14.2 million residents comprised 39% of Canada’s
population in 2017.45 Sera were collected between
November 2013 and May 2014 from a large private diagnostic
laboratory, which conducts much of the physician-requested
outpatient testing in the province, as well as testing of hospi-
talized patients. Any serum sample with a minimum volume
of 2 mL, collected in a serum separator tube, and processed
within 48 h was eligible for archiving. Information provided
with the serum included age group, sex, and region in Ontario
where the sample was collected. We used sera from indivi-
duals aged 1–39 years, as we assumed most of those born
before 1970 (aged over 43 years of age at the time these sera
were collected) would have immunity through previous infec-
tion, consistent with advice outlined in Canada’s national
measles control guidelines.10 We used sera from approxi-
mately equal proportions of males and females, in four age-
groups (1–5 years, 6–11 years, 12–19 years and 20–39 years),
collected in these specific age-groups to enable comparison to
another serum sources. We aimed to include samples from
throughout Ontario.

Sample size calculations

Sample size calculations indicate that for 200 sera, the preci-
sion of immunity estimates would be ±3.4% if immunity was
95%, ±5.4% if immunity was 85%, and ±6.5 if immunity was
75%, with a type I error rate of α = 0.05. For 600 sera the
precision of estimates would be ±1.9%, ±3.0%, or ±3.6% for
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immunity of 95%, 85% or 75%, respectively. Sample size
calculations were performed using PASS 13 sample size soft-
ware (Kaysville, Utah, US).

Laboratory methods

We tested all sera using the BioPlex 2200 MMRV IgG assay (Bio-
Rad Laboratories), which is a microsphere-based enzyme immu-
noassay (EIA). Sera with negative (<0.13 AU/mL) or equivocal
(≥0.13 and <1.10 AU/mL) results using the BioPlex assay were
tested using PRNT, which is the gold-standard reference test for
measles antibody, according to methods previously described by
others.42 Sera with levels of 112–192 mIU/mL using PRNT were
considered equivocal. Titers above this range were considered
above the threshold for protection,35 and all those below were
considered to be susceptible, as per a previously published in-
house validation using the World Health Organization (WHO)
3rd Anti-Measles International Standard.43

Epidemiological analysis

We performed descriptive analyses to investigate the proportion
of sera that had a concentration of anti-measles antibodies above
the threshold of protection (i.e.,- seropositive in the BioPlex assay
or with PRNT titer>192 mIU/mL).43 We calculated the propor-
tion of sera classified as positive, negative and equivocal by age-
group, and by age-group and sex. In addition, we also calculated
proportions with positive and equivocal sera combined, because
although equivocal sera have antibody titers below the threshold
of protection, these sera contain detectable antibody titers that
suggest measles exposure or more likely, vaccination. To generate
95% Wald CIs for proportions we assumed a binomial approx-
imation, unless the cell count was less than five, in which case we
used exact methods. We used chi-squared testing to investigate
differences in proportions between groups and Cochran-
Armitage tests to determine whether there was a trend in immu-
nity by age-group. We performed all statistical analysis using SAS
version 9.3 (The SAS Institute, Cary, NC, US) software.

We used logistic regression analysis to investigate differences in
measles immunity between males and females, adjusting for age
group. Immunity statuswas defined as immune (above the thresh-
old of protection) or non-immune (either negative or equivocal).

To generate GMTs we used BioPlex results only expressed as
AU/mL. We took this approach because using the 3rd Anti-
Measles international standard for our laboratory validation yields
titers that are approximately two-fold higher for EIAs compared
to PRNT,46 preventing us from reporting BioPlex titers in mIU/
mL with confidence. We therefore focused on BioPlex results
alone, as this was the only method used to test every sample.
The BioPlex platform rounds all test results to one decimal point,
resulting in test values of 0 AU/mL for any titer <0.05 AU/mL.We
therefore replaced any antibody results of 0 AU/mL with random
values that were <0.05 using a beta distribution, with parameters
of ∝ = 5 and β = 1. We then divided the log10-transformed
antibody titers into 20 bands of equal width (referred to as
reactivity categories), and graphed the resulting range of titers.18

To interpret our findings, we triangulated our epidemiolo-
gical analyses with data from other Ontario sources on

vaccine program eligibility and immunization coverage.13,19–
23 The routine surveillance of immunization coverage in
Ontario is focused on school pupils, using immunization
information collected at the local level, with centralized ana-
lysis at the provincial level. Some changes in methodology,
including age groups of focus, have occurred over time. More
recently, the analysis and reporting of immunization coverage
have focussed on the key milestone ages of 7 and 17 years-of-
age, in accordance with Canadian recommendations.
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