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Summary
Background Of the eight large (>50 cases) US postelimination outbreaks, the first and last occurred in Ohio. Ohio’s
vaccination registry is incomplete. Community-level immunity gaps threaten more than two decades of measles
elimination in the US. We developed a statistical model, VaxEstim, to rapidly estimate the early-phase vaccination
coverage and immunity gap in the exposed population during the 2022 Central Ohio outbreak.

MethodsWe used reconstructed daily incidence (from publicly available data) and assumptions about the distribution
of the serial interval, or the time between symptom onset in successive measles cases, to estimate the effective
reproduction number (i.e., the average number of secondary infections caused by an infected individual in a partially
immune population). We estimated early-phase measles vaccination coverage by comparing the effective
reproduction number to the basic reproduction number (i.e., the average number of secondary infections caused
by an infected individual in a fully susceptible population) while accounting for vaccine effectiveness. Finally, we
estimated the early-phase immunity gap as the difference between the estimated critical vaccination threshold and
vaccination coverage.

Findings VaxEstim estimated the early-phase vaccination coverage as 53% (95% credible interval, 21%–77%), the
critical vaccination threshold as 93%, and the immunity gap as 42% (95% credible interval, 18%–74%).

Interpretation This study estimates a significant immunity gap in the exposed population during the early phase of
the 2022 Central Ohio measles outbreak, suggesting a robust public health response is needed to identify the sus-
ceptible community and develop community-specific strategies to close the immunity gap.
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Introduction
Measles is a highly contagious virus that can cause lethal
disease.1 Although there is no specific antiviral treat-
ment, it is vaccine-preventable.2 Transmission occurs via
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person-to-person contact or airborne spread of aero-
solized droplets up to two hours after an infected indi-
vidual occupies a confined space.3 The prodromal stage
typically begins one to seven days after infection and
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Research in context

Evidence before this study
To explore evidence before this study, we searched PubMed,
Embase, Google Scholar, WHO, and CDC with the terms
‘‘measles’’ and “vaccination coverage,” or “immunity gap,” or
“modeling/modelling,” or “elimination,” or “outbreak,” or
“United States,” or “Ohio,” or “Columbus.” Despite high
vaccination coverage in the United States, most large
postelimination measles outbreaks were associated with
community-level immunity gaps. However, few studies
assessed the vaccination coverage and immunity gap in an
exposed population at the onset of a postelimination measles
outbreak. Methods used to estimate vaccination coverage in
previous large postelimination measles outbreaks in the
United States were time-consuming, resource-intensive, and
may have been inaccurate, even when vaccination records
were complete. While a 2017–2020 study suggested measles
underimmunization in the Columbus area, its participants
were too young to estimate the two-dose vaccination
coverage required to protect against large measles outbreaks.

Added value of this study
To our knowledge, VaxEstim is the first rapid assessment tool
to estimate the vaccination coverage and immunity gap in an
exposed population during an outbreak. VaxEstim requires
minimal population-level data and may provide more specific
estimates than direct methods used in previous large US
postelimination outbreaks. VaxEstim is particularly useful
when vaccination coverage data are not readily available, such
as in Ohio, where registry data is incomplete.

Implications of all the available evidence
The critical component of measles elimination is high
vaccination coverage. This study’s estimate of a significant
measles immunity gap at the onset of the 2022 Central Ohio
measles outbreak and previous evidence of
underimmunization in the Columbus area indicate that a
more robust public health response may be necessary to
increase vaccination coverage in the susceptible Central Ohio
community and to protect more than two decades of measles
elimination in the United States.
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presents with symptoms that mimic the common cold,3

which can lead to underreporting and misdiagnosis. A
characteristic rash, which starts on the face and spreads
toward the extremities, typically develops seven to 21
days after infection.3 Infants and young children are
most likely to experience complications, including
pneumonia and encephalitis, and lifelong disability,
such as brain damage, blindness, and hearing loss.4

Most deaths occur in children under five years.4 Mea-
sles infects over 90% of susceptible individuals exposed
to an infected person within four days of rash onset.3 All
suspected or confirmed United States (US) measles
cases require immediate notification to the Centers for
Disease Control and Prevention (CDC).5

Measles elimination is the absence of endemic
transmission in a defined geographical area for at least
12 months in the presence of adequate surveillance.6

Measles is eligible for elimination because it is
vaccine-preventable, humans are the only natural
hosts,1 and it has no known carrier state.3 The critical
component of elimination is population immunity
acquired by high vaccination coverage with two doses
of measles-containing vaccine; high coverage with one
dose is inadequate to protect against large outbreaks.7

In the US, routine immunization with a two-dose se-
ries of measles, mumps, and rubella (MMR) at ages
12–15 months and four to six years is recommended
for measles prevention.3 MMR vaccine effectiveness
(E) is 93% after the first dose and 97% after the second
dose in children 12 months or older.8 The US achieved
measles elimination in 2000.1 In 2012, all six World
Health Organization (WHO) Regions committed to
achieving measles elimination, and five Regions set an
elimination target date of 2020.7 By 2016, the Amer-
icas briefly became the only Region to eliminate
measles.9

Between 2017 and 2019, a global measles resurgence
increased the risk of international measles importation
into eliminated countries.10 The Americas Region lost its
measles elimination status in 2018 when Venezuela
reestablished endemic transmission. The United
Kingdom and several other European Region countries
lost their elimination status in 2019, and a prolonged
outbreak threatened measles elimination in the US.10

The COVID-19 pandemic presented new challenges to
measles elimination. A record-high of approximately 40
million children worldwide missed a measles-
containing vaccine dose in 2021, and measles caused
an estimated nine million cases and 128,000 deaths —

an increase from seven and a half million cases and
60,700 deaths in 2020.4,11

Columbus Public Health declared the 2022 Central
Ohio measles outbreak on November 9 and imple-
mented control measures after four unimmunized
children with no travel history from a local daycare
center were diagnosed with measles.12 By November 22,
ten daycares and two schools confirmed a total of 21
measles cases.13 At a November 30 press conference, the
health commissioner for Columbus Public Health
announced that, with the support of the CDC, they had
linked the outbreak to one of four unrelated interna-
tionally imported measles cases in Columbus over the
summer.14 The first imported case occurred on June 16
112,15; however, the dates of the other three summer
cases were not publicly disclosed. Columbus Public
Health reported an additional 85 outbreak-related cases
www.thelancet.com Vol 23 July, 2023
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between October 22 and December 24.16 While Ohio
accounted for most measles cases reported in the US in
2022,17 vaccination coverage data are incomplete
because Ohio state law does not require measles vacci-
nation reporting.18 We developed a statistical model,
VaxEstim, to estimate measles vaccination coverage and
the immunity gap in the exposed population during the
early phase of the 2022 Central Ohio measles outbreak.
Methods
This study was determined not to constitute human
subjects research by the Nationwide Children’s Hospital
Institutional Review Board. We followed the Strength-
ening the Reporting of Observational Studies in Epide-
miology (STROBE) checklist for cross-sectional studies.
We completed all analyses in Microsoft Excel version
2208 (Microsoft Corporation, Redmond, Washington)
and EpiEstim R package version 2.4 (R Foundation for
Statistical Computing, Vienna, Austria).

Data sources
We derived all study data from publicly available sources.
We obtained daily measles case incidence classified by
the date of rash onset from the Measles Public Report by
the City of Columbus (Supplementary Fig. S1) sourced
from the Ohio Disease Reporting System and published
on January 23, 2023 (with a disclaimer that all data are
preliminary and subject to change), press releases by the
City of Columbus and Ohio Department of Health, and a
Freedom of Information Act request from the CDC.15,16,19

We used historical estimates from scientific literature
for the distribution of the measles serial interval (SI),
defined as the time between symptom onset in succes-
sive cases; basic reproduction number (R0), defined as
the average number of secondary infections caused by an
infected individual in a completely susceptible popula-
tion, and E. The prior distribution is an estimate of the
effective reproduction number before the outbreak.

For our base analysis, we selected a measles SI with a
gamma distribution, a mean of 11.1 days, a standard
deviation of 2.47 days, and a 95% confidence interval of
6–18 days, derived from US household studies.20,21

Recent studies highlight the importance of using
regionally derived R0 estimates.22,23 Therefore, we
selected an R0 median of 15.3 derived from the WHO
Americas region for our base analysis.22 We used the E
of 97% associated with the two-dose measles vaccination
coverage required to protect against large outbreaks.8

For the prior distribution, we chose a neutral mean of
1 and a standard deviation of 5 to reflect a large un-
certainty around the mean.

Statistical analysis
Primary outcomes
We used our VaxEstim model (Fig. 1) to estimate the
vaccination coverage and immunity gap in the exposed
www.thelancet.com Vol 23 July, 2023
population at the onset of the 2022 Central Ohio mea-
sles outbreak.

Secondary outcomes
We used EpiEstim (Fig. 1) to estimate average daily Rt

values during the outbreak. In a partially immune
population, the effective reproduction number at time
t (Rt) is observed instead of R0.24 When Rt <1, sus-
tained transmission eventually halts because the
average number of secondary infections is less than
one.24

Reconstructed incidence
The first identified case in a chain of transmission is the
index case. Postelimination index cases must be inter-
nationally imported. In the US, these cases are defined
as infections resulting from exposure to measles outside
the US seven to 21 days before rash onset, a rash
developing within 21 days of entering the US, and no
known exposure to measles in the US; all other measles
cases are defined as US-acquired.5

We used the internationally imported case on June
16 to determine plausible summer index cases
(Supplementary Fig. S2). An unknown chain of trans-
mission occurred between the summer index case and
the first reported US-acquired case. We reconstructed
the minimum incidence required to sustain this chain
of transmission by assuming an 18-day (i.e., the longest
possible) serial interval between cases. We considered
cases separated by a duration within the 95% SI confi-
dence interval (six to 18 days) linked and those outside
the interval unlinked and attributable to an earlier un-
identified case.

The initial October 22, 24, and 26 US-acquired cases
were considered unlinked due to their separation by
two and four days. We assumed these cases were
linked to an earlier unidentified common ancestor on
October 8, separated by 14, 16, and 18 days respec-
tively. We assigned previous US-acquired cases at 18-
day intervals from October 8 to June 22. Finally, we
linked the June 22 and 16 cases due to their six-day
separation. All reported cases between October 26
and December 24 were considered linked. Plausible
summer index cases occurred between June 16 and
September 20.

EpiEstim
We used the recommended Cori et al. EpiEstim
Bayesian approach to estimate real-time Rt (Fig. 1).24,25

The model assumes that the incidence of the disease
of interest (It) follows a Poisson process, and the past
incidence (It-s) is weighted by the infectivity profile (ws).
Specifically, we derived It from our reconstructed inci-
dence data and approximated ws by the measles SI dis-
tribution.26 In particular, the mean and 95% credible
intervals for Rt were obtained from the gamma posterior
distribution.
3
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Fig. 1: VaxEstim model description.
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Rt estimation models are generally sensitive to
incidence data; however, a salient feature of Epi-
Estim is its ability to provide robust Rt estimates
amid constant underreporting.27 Underreporting
occurred in this outbreak, as evidenced by its un-
known index case. We selected September 20 (the
latest plausible summer index case) for our base
analysis to minimize errors introduced by fluctua-
tions in underreporting.

In EpiEstim, Rt is the average transmissibility over a
time window (τ) ending at time t. We selected an
optimal τ of 14 days for the reconstructed incidence
time series by balancing the statistical noise associated
with small τ values against the smoothing effect asso-
ciated with large τ values (Supplementary Fig. S3).25

EpiEstim uses the following established criteria to
determine the optimal time to begin Rt measurement:
1) one τ elapsed, 2) one SI elapsed, and 3) 12 cases
occurred.25 We used EpiEstim to calculate daily Rt
values until the last recorded outbreak case on
December 24.

VaxEstim
To estimate early-phase vaccination coverage (Vt) in the
exposed population at time t during an outbreak, we
used the initial EpiEstim Rt value — when immunity
was assumed to be primarily conferred by pre-outbreak
vaccination — in the following formula:28

Vt = 1−Rt/R0

E

Notably, late-phase Vt estimation is unreliable
because control measures (such as contact tracing,
quarantines, post-exposure prophylaxis, and increased
vaccination coverage) affect Rt estimates.5

We calculated the critical vaccination threshold (Vc)
required to protect a population from sustained
www.thelancet.com Vol 23 July, 2023
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transmission through vaccination alone using the
following formula:29

Vc = 1−1/R0

Finally, we compared Vt to Vc to estimate the im-
munity gap during the early phase of the 2022 Central
Ohio measles outbreak.

Immunity Gap = Vc−Vt

Role of Funding Source
The funders had no role in the study design; collection,
analysis, and interpretation of data; writing of the report;
or the decision to submit the paper for publication.
Results
Primary outcomes
Based on a September 20 index case, the optimal time to
begin estimating Rt was November 3, 2022 (day 45). All Rt

estimates occurred over a 14-day τ. The initial mean Rt was
7.44 (95% credible interval, 3.85–12.20). At the median
WHO Americas Region R0 of 15.3, the critical vaccination
threshold to prevent large outbreaks was 93%, and Vax-
Estim estimated an early-phase vaccination coverage of
53% (95% credible interval, 21%–77%) and an immunity
gap of 42% (95% credible interval, 18%–74%) (Fig. 2).

Secondary outcomes
After the initial Rt estimate on November 3, Rt steadily
declined, reaching 1.04 on November 19. An Rt rebound
Fig. 2: 2022 Central Ohio measles outbreak c
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occurred between November 21 and November 27 and
peaked at 1.77. Following this rebound, Rt continued to
decline and fell below 1 on December 8 (Fig. 3).

Sensitivity analyses
Sensitivity analyses varying several of our model’s as-
sumptions did not change the statistical significance of
our findings. Since the index case for this outbreak was
unknown, we examined the impact of different summer
index cases on vaccination coverage and the immunity
gap (Supplementary Table S1 and Supplementary
Fig. S4). We also assessed the vaccination coverage and
immunity gap during the early phase of the outbreak
over an R0 range from 10.7 to 27.0 derived from WHO
Americas Region studies (Supplementary Fig. S5).22,23

Finally, we examined the vaccination coverage and im-
munity gap for the 95% credible interval around the SI
mean (Supplementary Fig. S6).

Discussion
This study suggests a significant immunity gap existed in
the exposed population in the early phase of the 2022
Central Ohio measles outbreak. The results were robust
for plausible summer index cases between June 16 and
September 20. VaxEstim can rapidly estimate early-phase
vaccination coverage during an outbreak using Epi-
Estim’s initial incidence-based Rt estimate. EpiEstim’s
branching process model requires fewer population as-
sumptions than traditional compartmental models and is
well suited to the initial stages of an outbreak when the
exposed population is challenging to characterize. We
used the latest plausible summer index case for our base
ases and effective reproduction number.
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Fig. 3: 2022 Central Ohio measles outbreak immunity gap for plausible summer index cases.
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analysis to minimize EpiEstim errors associated with
fluctuations in underreporting. Notably, the 14-day τ Rt

rebound on November 21 suggested increased case
reporting occurred between November 7 and 21. At a
November 30 press conference, the health commis-
sioner for Columbus Public Health attributed increased
case reporting to increased public awareness and contact
tracing,14 which likely followed the November 9 outbreak
declaration. Based on this data, we considered the early
phase of the outbreak to end on November 7.

Despite high national and state measles vaccination
coverage,30 larger and longer postelimination measles
outbreaks in the US have been associated with
community-level immunity gaps,10 underscoring the
importance of rapid assessment of community-specific
vaccination coverage at the onset of an outbreak.
While, EpiEstim’s initial Rt measurements generate
wide credible intervals, direct vaccination coverage es-
timates of previous large (>50 cases) postelimination
outbreaks in the US are time-consuming and may be
less specific to the exposed population. For example, a
2014 Holmes County, Ohio, measles outbreak was the
largest in the US since 1992 and lasted four months.31

Researchers acknowledged that their 14% vaccination
coverage assessment underestimated measles vaccina-
tion coverage in the exposed population due to a review
of vaccination records limited to outbreak-affected
households.31 A larger 2018–2019 New York City mea-
sles outbreak in Brooklyn threatened measles elimina-
tion in the US after sustaining endemic transmission
for almost 12 months.10 Researchers used data from the
Citywide Immunization Registry for children aged
12–59 months in the Williamsburg area of Brooklyn to
estimate a baseline vaccination coverage of 79.5% in the
exposed population. However, this data was not repre-
sentative of the 649 outbreak cases, of which 43.4%
(272) occurred in individuals 60 months and older and
27.1% (176) occurred outside the Williamsburg area.

Five of the seven previous large postelimination
outbreaks in the US were associated with community-
level underimmunization in close-knit communities
that shared concerns about vaccine safety. Of 383 re-
ported measles cases in nine counties during the 2014
Holmes County, Ohio measles outbreak, 99.2%
occurred in the Amish community.31 While the Amish
community’s persistently low vaccination coverage has
been associated with limited access to healthcare, a
study found that the primary barrier to immunization
amongst Holmes County Amish parents was their
concern over the adverse effects of vaccines.32 Of 649
measles cases reported during the 2018–2019 New York
City outbreak, 93.4% occurred in Orthodox Jewish
www.thelancet.com Vol 23 July, 2023
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communities in two Brooklyn neighborhoods.33 Addi-
tional large postelimination outbreaks occurred in the
New York Orthodox Jewish community in 2013 and
2018–2019.10,34 Vaccine hesitancy in this community was
associated with targeted misinformation campaigns by
antivaccination groups, and mothers specifically
expressed concerns about vaccine safety and autism.33

Of 75 cases reported during the 2017 Hennepin
County measles outbreak, 81.3% were of Somali
descent.35 Vaccination coverage by the age of two years
in Minnesota-born Somali children declined from
91.1% in 2004 to 42% in 2017 after misinformation
about MMR and autism became entrenched within
Minnesota’s Somali community.35,36 Antivaccination
movement leaders have actively undermined efforts to
increase vaccination coverage by the Minnesota
Department of Health since 2011.35,37 During the 2022
Central Ohio measles outbreak, the health commis-
sioner for Columbus Public Health noted there had not
been “a significant increase” in MMR vaccination three
weeks into the outbreak,14 and vaccine hesitancy and
refusal, predating the COVID-19 pandemic, drove the
outbreak.38

While the Ohio Department of Health maintains the
Impact Statewide Immunization Information System
(ImpactSIIS), vaccine providers are not required to
report MMR vaccinations to the state registry, rendering
Ohio’s vaccination coverage data incomplete. Addition-
ally, Ohio state law permits vaccination exemptions for
medical, religious, and philosophical reasons.39 An
extensive Columbus area pediatric primary care network
study documented an average one-dose measles vacci-
nation rate in children aged 16 months of 72.0% be-
tween March 2017 and March 2020 and 62.4% between
June and August 2020.40 While this study suggested
measles underimmunization in the Columbus area, its
participants were too young to estimate the two-dose
vaccination coverage required to protect against large
measles outbreaks. Public Health Departments may
require additional resources to identify the susceptible
population and conduct a root cause evaluation of the
reasons for underimmunization at the onset of the 2022
Central Ohio measles outbreak. Understanding the
characteristics of a susceptible population can inform
community-specific strategies to close immunity gaps,
including direct measures of vaccination coverage that
health departments can use to track the outcome of
vaccination campaigns. Transmission occurred rapidly
in daycare and school settings during the 2022 Central
Ohio measles outbreak. Cases occurred exclusively in
children under age 18 years, 94.1% (80) were under six
years, and 29.4% (25) were too young to receive a
routine first dose of measles-containing vaccine.16 This
data suggests that measles vaccination coverage and
exemption rates among kindergarten-aged children in
affected Central Ohio areas may provide helpful infor-
mation about the community-specific immunity gap.
www.thelancet.com Vol 23 July, 2023
Limitations
Despite our study’s contributions toward examining the
2022 Central Ohio measles outbreak, we identified
several limitations. First, while real-time Rt estimation
models can provide timely and specific results, they have
constraints. Rt estimates are sensitive to incidence data,
and errors in EpiEstim calculations can occur if under-
reporting is not constant. Additionally, Rt estimates can
also vary based on SI and τ selection. Second, Rt and Vt

credible intervals capture stochasticity in the epidemic
process; however, they do not account for other sources
of uncertainty, such as imperfect observations or super
spreading. Third, critical vaccination thresholds assume
homogenous mixing. If preferential mixing in an
underimmunized community occurred during this
outbreak, the critical vaccination threshold required for
herd immunity could be higher, and the estimated im-
munity gap could be wider. Finally, our model assumes
immunity was primarily conferred by immunization
prior to the outbreak. If significant population immunity
was attributed to past infection, the predicted immunity
gap could be narrower, and if substantial post-outbreak
vaccination occurred by November 3, the estimated im-
munity gap could be wider.

Conclusions
Our study developed VaxEstim, a rapid assessment tool
that can estimate the vaccination coverage and immunity
gap at the onset of an outbreak with sparse population
data. Our findings of a robust immunity gap in the
exposed population at the onset of the 2022 Central Ohio
measles outbreak and evidence of longstanding measles
underimmunization in the Columbus area suggest that
barriers to vaccination exist. Additional research is
needed to define the susceptible population, identify the
root causes of underimmunization, and inform
community-specific approaches to close immunity gaps.
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