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Measles elimination hinges on vaccination coverage remaining above 95% to retain sufficient community
protection. Recent declines in routine measles vaccinations due to the COVID-19 pandemic coupled with
prior models indicating the country was close to the 92% herd immunity benchmark are a cause for con-
cern. We evaluated population-level measles susceptibility in the US, including sensitivity analyses
accounting for pandemic-related impacts on immunization. We estimated the number of children aged
0–18 currently susceptible to measles and modeled susceptibility proportions in decreased vaccination
scenarios. Participants were respondents to the NIS-Teen survey between 2008 and 2017 that also had
provider-verified vaccination documentation. The exposure of interest was vaccination with a measles-
containing vaccine (MCV), and the age at which they were vaccinated for all doses given. Using age at
vaccination, we estimated age-based probabilities of vaccination and modeled population levels of
MCV immunization and immunity vs. susceptibility. Currently, 9,145,026 children (13.1%) are estimated
to be susceptible to measles. With pandemic level vaccination rates, 15,165,221 children (21.7%) will be
susceptible to measles if no attempt at catch-up is made, or 9,454,436 children (13.5%) if catch-up vac-
cinations mitigate the decline by 2–3%. Models based on increased vaccine hesitancy also show increased
susceptibility at national levels, with a 10% increase in hesitancy nationally resulting in 14,925,481 chil-
dren (21.37%) susceptible to measles, irrespective of pandemic vaccination levels. Current levels of
measles immunity remain below herd immunity thresholds. If pandemic-era reductions in childhood
immunization are not rectified, population-level immunity to measles is likely to decline further.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Measles vaccine coverage in the US is high: 90.8% of children
received at least one measles, mumps, and rubella (MMR) vaccine
by 24 months old [1]. Due to high vaccine coverage [2,3], in 2000,
the World Health Organization (WHO) declared measles elimi-
nated from the United States (US) [4].

Despite high MMR vaccine coverage, international travel in
areas of endemic measles still poses a risk of outbreaks in the US.
The US Centers for Disease Control and Prevention (CDC) reported
in 2019 the US experienced its highest number of measles cases
since 1992: 1,282, with 1,249 cases documented from January-
September 2019 [5]. 86% of cases were associated with tight-knit
communities with low vaccine acceptance, illustrating that while
national coverage remains high, sustained transmission can remain
in communities with low vaccination coverage due to vaccine hesi-
tance [6,7]. The effects of vaccine hesitancy are compounded by
additional barriers to vaccination, including poverty and lack of
health insurance [8,9]. The WHO specifies measles elimination as
the absence of endemic transmission for 12 or more months in a
region with a verified surveillance system. Although the outbreak
in 2019 was large, the US kept its measles elimination status when
the outbreak ended just short of 12 months of transmission [7].

Due to the COVID-19 pandemic, routine childhood vaccination
coverage in the US has been negatively impacted. Although these
declines and recovery vary by age, estimates range from 10 to
35% decreases, including measles-containing vaccines (MCV) [10–
14]. The highly contagious nature of measles, coupled with the
additive nature of each birth cohort’s unimmunized children
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adding to the susceptible pool without intervention, and similar
pandemic-era delays in MCV campaigns globally, means that larger
clusters of measles-susceptible children could reignite endemic
transmission in the US [15].

A 2016 modeling study estimated 1 in 8 US children under the
age of 18 are potentially susceptible to measles. This study consid-
ers vaccination coverage, which is consistently high nationally, and
addresses issues surrounding vaccination such as waning immu-
nity, vaccine efficacy, immunization timing, and loss of immunity
due to chemotherapies. While only 1 out of 10 children in the US
go unvaccinated, likely 1 out of 8 children are susceptible to
measles. This study also could not account for the impact of
COVID-19 pandemic-related drops in vaccination on measles sus-
ceptibility in the US [15]. To address this gap, we updated our prior
modeling study, accounting for drops and potential recovery of
childhood measles vaccination in the US during the COVID-19
pandemic.
2. Materials and methods

All analyses used public NIS-Teen datasets from 2008 to 2017.
NIS-Teen is a nationally representative survey of parents of adoles-
cents aged 13–17 living in the United States. In addition to routine
adolescent vaccinations, NIS-Teen also collects data on measles
containing vaccines (MCV) coverage. The CDC carries this out using
household and cell phone surveys for the general public and
mailed surveys for medical providers to verify patient vaccinations
[16]. As part of the provider verification process, age at receipt of
each MCV dose is assessed [17]. The CDC also completes a similar
NIS-Child survey, but given our interest in evaluating national sus-
ceptibility up to 18 years of age, the NIS-Teen survey was selected
as the datasets for the baseline model and sensitivity analyses.

Provider-verified data were used to compute age- and dose-
specific probabilities of receipt of MCV. All analyses were con-
ducted using SAS version 9.4 (Cary, NC), using PROC SURVEYFREQ
and weighting for complex survey analysis [17,18]. Only children
with provider-verified immunization data were included in this
analysis.

Estimates of measles-containing vaccine coverage were gener-
ated by taking the probabilities of the first and second dose admin-
istrations at each individual age, from 0 to 17 years. These age- and
dose-specific data were aggregated and birth cohorts representing
the years that surveyed children were born (1990–2005) were
gathered from the National Center for Health Statistics [19]. The
smallest birth cohort size (1997; n = 3,880,894) was used for all
years to calculate the most conservative, lowest whole number of
un- and under-vaccinated children [20].

Aggregated data was used to generate conditional probabilities
for each age and both MCV doses. First-dose probabilities were
incorporated into the model directly, while second-dose probabil-
ities were summed across the remaining ages after the first dose.
For example, a child aged 5 years old receiving their first dose
could only receive a second dose at age 5 or older. These summed
second dose probabilities were then added to the model as the
probability of a second dose, given the first was received. Measles,
mumps, and rubella vaccine (MMR), the most commonly given
MCV, has an estimated effectiveness of 93% (single dose) and 97%
(two doses) against measles [21]; these values were incorporated
into the model to account for susceptibility among vaccinated
children.

We assumed mothers were immune to measles, and passive
protection from maternally transferred anti-measles antibodies
lasted approximately 6 months after birth [22,23]. Because this
model increments age by years, we assumed that half of all chil-
dren under 1 year of age were immune to measles.
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Some cancer treatments have been shown to decrease antibody
titers below those that would confer immunity. Current literature
indicates this can occur in approximately 25% of the children
undergoing therapies [24,25]. We used American Cancer Society
estimates that 1 in 285 children under 19 years old will contract
cancer [26], prorated this estimate across the ages under study,
and assumed that 50% of children with cancer would undergo ther-
apies, and 25% of those children would lose functional immunity.

Three sensitivity analyses were performed to simulate 1) sus-
tained current pandemic conditions, 2) conditions 5 years post-
pandemic, and 3) conditions surrounding increased vaccine hesi-
tancy possibly arising after the implementation of the COVID-19
vaccination program. The baseline model and sensitivity analyses
were plotted as age (0 to 17 years) against the percentage of the
population considered immune.

Well-child visit rates have dropped substantially due to COVID-
19 beginning in spring 2020 [10–14], with related decreases in
administration of MMR vaccines to half of the documented rates
in the same month of the prior year in some pediatric clinics
[10,11], including MMR vaccinations [12]. To model this decrease
conservatively, we reduced the probabilities of receiving either
the first or second dose at each age, based on the baseline model,
proportionally, assuming that parents of younger children would
be more hesitant towards COVID-19 exposure than those of older
children [27]. For ages 0–5, 6–10, and 11–17, we estimated 10%,
7%, and 5% decreases in vaccination, respectively.

To model impacts over the next five years, we assumed that
those children born within that five-year window would not have
decreased vaccination rates; we thus returned the ages 0–5 vacci-
nation probabilities to their values in the baseline model as the
‘‘normal” schedule. Ages 6–10 remained at 7% decrease and ages
11–17 remained at 5% decreased to simulate only a partial attempt
at a catch-up campaign.

We assumed current vaccine hesitancy for MCVs to be
accounted for by the baseline model, in a category that indicates
how many children missed doses, for any reason. We assumed that
30% of the population would express hesitancy related to COVID-
19 vaccines [27]. To account for possible increased hesitancy
towards MCVs concurrent with increased hesitancy related to
COVID-19 vaccines, we modeled proportional decreases in select
age groups. We again assumed that parents of younger children
are more vaccine hesitant than those with older children, decreas-
ing vaccination probabilities by age (10%, 7%, 5%, and 3% decreases
for ages 0–2, 3–6, 7–13, and 14–17 years, respectively) [28,29].
3. Results

3.1. Baseline model results

Among birth cohorts 2000–2017 for ages 0–17, we estimated
approximately 9,145,026 children (13.1%) are susceptible to
measles, with 60,711,066 (86.9%) of children immune to measles.
Age-specific immunity increases as age groups increase, from
52.6% of children less than one year old, to 91.0% of children aged
17 years (Fig. 1).
3.2. Sensitivity analysis results

With assumptions simulating no sufficient recovery in MCV
uptake, we estimated that the number of susceptible children
would rise to 15,165,221 (21.7%) children, with declines in all
age-specific immunity levels compared to the baseline model.
Age-specific immunity was also decreased from age 1 year
onwards compared to the baseline. Percent immunity for any age
group did not reach 80% until 6-year-olds, the latest age recom-



Fig. 1. Percent of Children Immunized and Protected from Measles.
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mended for second MMR dose, and only reaching a high of 81.9%
by 15 years of age, where in the baseline model at least 80% immu-
nity occurs by 1-year of age (Fig. 2).

In the model assuming at least partial recovery in MCV uptake,
we estimated 9,45,436 children (13.5%) would be susceptible to
measles 5 years after pandemic end. Age-specific immunity for
ages 6 to 17-years old was lower than in the baseline model.
Immunity for ages 13 to 17-years old exceeded 90%, though the
highest age-specific immunity (90.5% for ages 14 and 15) did not
meet the herd immunity threshold (Fig. 3).

With the baseline model and assumptions for increased vaccine
hesitancy based around COVID-19 vaccine hesitancy spillover, we
estimated that 14,925,481 (21.4%) children would be susceptible.
Age-specific immunity again did not exceed 90% and did not sur-
pass 80% until age 6 (Fig. 4).
Fig. 2. Percent of Children Immunized and Protected f
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4. Discussion

This model updated measles susceptibility estimates in the US,
considering several COVID-19 pandemic and post-pandemic
effects on vaccine coverage [15]. Children in birth cohorts from
2000 to 2017 failed to meet the herd immunity threshold for
measles immunity of 92% [30]. This coverage estimate is based
on a wide variety of characteristics, including maternal antibodies
and cancer prevalence. Due to the previous successes of US vacci-
nation programs, outbreaks in recent years have largely been con-
fined to communities with recent international travel and low
vaccine coverage. Given the vaccination gaps illustrated in the
2019 US Measles outbreak, however, we can ill-afford complacency
with regard to vaccination rates.
rom Measles Based on Current Vaccination Rates.



Fig. 4. Percent of Children Immunized and Protected from Measles with Increased Vaccine Hesitancy.
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We also assessed age-specific immunity to measles; no individ-
ual age group was estimated to meet the 92% benchmark. These
are national-level estimates, which can mask clusters of unpro-
tected children. As seen in the 2019 outbreak, pockets of unvacci-
nated children remain a source of measles transmission [7]. Given
the decline of the national immunity levels, it is likely these com-
munities have grown in size. In the surrounding areas, individuals
may have a higher vaccination coverage, but may also have a
higher exposure rate. This increases the risk not only of outbreaks
in these unvaccinated communities, but in the wider area sur-
rounding them as well.

While the percentage of children who have received one dose
of MCV remains above 92%, numbers of functionally immune do
not. This illustrates the multipronged problem of immunization
coverage vs. functional immunity, including factors such as vac-
Fig. 3. Percent of Children Immunized and Prote
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cine effectiveness, number of doses, loss of immunity, and other
factors not covered by this model. Thus, when vaccination cover-
age dips slightly, it can result in gaps in immunity leading to
outbreaks.

We conducted sensitivity analyses based on reports of
decreased well-child and immunization visits across the United
States during the COVID-19 pandemic. Estimates of the approxi-
mate decrease in childhood vaccinations vary, with estimates in
reduction of vaccine coverage ranging from approximately 25% to
50% [10–14]. For current (2021) pandemic-level vaccination rates,
21.7% of all children aged 0–17 years would be susceptible to
measles. Results from these analyses re-emphasize the importance
of high vaccine coverage, and the reality that even a modest
decline could result in the re-emergence of measles as an endemic
virus.
cted from Measles, 5 Years Post-Pandemic.
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Small clusters of unvaccinated children have been at high risk
for measles each time an internationally-sourced outbreak occurs
[7]. These outbreaks occurred despite maintenance of population
immunity above the threshold range of 92%-95%. Further reduc-
tions in population immunity increase the possibility of larger,
longer measles outbreaks.

COVID-19 pandemic mitigation measures are likely responsible
for low measles transmission in the US in 2020–21 [6]. However, it
is imperative to focus efforts on recovering from pandemic-related
drops in vaccination coverage. Interruptions in childhood immu-
nization schedules globally mean an increased risk of measles out-
breaks globally [31]. Increases in international travel and
increasing numbers of pockets of susceptible children in the US
may lead to more and larger measles outbreaks as travel and dis-
tancing restrictions are lifted [32].

One sensitivity analysis shows a potential future in which
decreased vaccination rates are not addressed, and no attempt
for a ‘‘catch up” campaign is made. Such a scenario is unlikely
but illustrates a ‘‘floor” from which these catch-up rates can be
compared. If vaccination rates decrease across age groups even
by 10%, the percent of children functionally immune against
measles declines to 78.3% (compared to 86.9% immune in the base-
line model). In addition to this population-level decrease, age-
specific immunity also suffers, with no age group reaching greater
than 82% immunity. Measles attack rates are estimated to be 90%
among unvaccinated people living in close contact, meaning the
virus has a very high critical vaccination threshold required to
interrupt transmission in potential outbreaks [33].

A second sensitivity analysis estimates measles immunity in
post-pandemic years with a policy that ignores vaccination gaps
that began during the pandemic, and instead focuses solely on
ensuring that children born during and after the pandemic do
not fall behind on the immunization schedule. This analysis
reveals that while age-specific immunity for those children (aged
0 to 5 years) returned to rates seen in the baseline model, age-
specific rates for those children 6 and older remain decreased.
This decrease results in 86.5% immunity at the population level,
with only adolescents 13–17 reaching over 90% immunity. This
model also fails to achieve herd immunity threshold in all age
groups and overall. This method of attempting to close the gap
is not sufficient. By failing to address the gaps among those chil-
dren during the pandemic, clusters of school aged children will
remain unprotected and at risk for propagating outbreaks in
the community. This, coupled with the pandemic-related disrup-
tion for in-person schooling could also cause school tracking and
enforcement of vaccination requirements to become increasingly
difficult, illustrating the need for continued vigilance and moni-
toring to ensure appropriate catch-up vaccination. This high-
lights that strict enforcement of vaccine requirements by
schools and encouragement from pediatricians is vital to con-
ducting meaningful vaccine catch-up efforts.

A final sensitivity analysis investigated increased vaccine hesi-
tancy and a subsequent decline in numbers of children vaccinated
with MCV. According to Mayo Clinic, approximately 22% of eligible
people in the US have not had any COVID-19 vaccinations, with
77% partially vaccinated and only 66% considered fully vaccinated
[27]. Another Gallup poll shows approximately 11% of US adults
think that vaccines are more dangerous than helpful, with most
of those answers coming from adults with lower education levels,
older than 50, and parents with children under the age of 18 [34].
With this model, we illustrate the deadliness of vaccine hesitancy,
including possibilities of spillover hesitancy related to the current
COVID-19 pandemic and concerns about the development of the
COVID-19 vaccine.
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Hesitancy towards COVID-19 vaccines does not exist in a vac-
uum, and this model explores the potential effect of the COVID-
19 pandemic on hesitancy towards MCVs. Increased vaccine hesi-
tancy that results in 10% of each age group missing MCVs results
in coverage similar to the first sensitivity analysis with COVID-19
disruptions alone. Increased awareness and positive perceptions
resulting from established public health programs could possibly
result in rebound vaccination. Hesitancy towards the COVID-19
vaccines could also be increased due to extenuating circumstances
such as Emergency Use Authorization or novel technologies unfa-
miliar to laypeople. Without current evidence of these occurrences,
however, we felt that to model using the worst-case scenario is
more useful for establishing a baseline for vaccine recovery efforts.

This study has some limitations. First, the aggregated data used
to record the age at first and subsequent doses for MCVs was based
on survey responses via the CDC’s annual NIS-Teen Survey. This
dataset contains deidentified data aggregated without respect to
geographical area, resulting in variations across the country in
terms of vaccination rates and age-specific vaccination probabili-
ties. Estimates of population level immunity do not directly corre-
late with sustained transmission of measles in the US, but they can
serve as sentinels for potential sustained transmission. Addition-
ally this model used only those survey responses for which
provider-verification of immunizations could be obtained, possibly
excluding those children who are not regularly followed by a
pediatrician.

Maternal antibodies transferred via the placenta can provide a
transient period of immunity for infants. However, the exact age
at which this immunity wanes below protective levels is unclear
and may occur as early as 6 months or as late as 12 months. Given
this variability, we chose to model the effects of maternal antibod-
ies as a percentage of children under one year of age that were
functionally immune.

Diagnoses of cancer and subsequent immunity loss from sup-
pressive therapieswerebasedonpercentagesgivenby theAmerican
Cancer Society andwere not based in actual incidence for each study
year. This could result in more/fewer children with cancer, and as a
result, more/fewer children having undergone chemotherapies that
cause their vaccine conferred immunity to dip below protective
levels. Though the numbers for those treated with chemotherapies
and those that subsequently lost immunity were based on assump-
tions, given how small a proportion children with cancer make up,
estimates of immunity for the population would largely be unal-
tered unless those numbers fluctuated a great deal.

Finally, though lost immunity due to cancer and immunosup-
pressive therapies was added into the model to give a better repre-
sentation of functional immunity at a population level, there is
evidence to suggest that immunity conferred by the MMR vaccine,
can wane over time, potentially leaving more adults vulnerable
[35]. More research is needed to assess how waning immunity
functions within the scope of outbreak prevention and population
immunity for those that age out of pediatric vaccination schedules.
5. Conclusions

Highly infectious diseases like measles act as the proverbial
canary in the coal mine, identifying weaknesses in public health
infrastructure. Where childhood vaccination rates dip, measles will
often be the first pathogen to re-emerge. Our analyses illustrate a
reduction in measles immunity below herd immunity thresholds,
consistent across several different policy conditions. The COVID-
19 pandemic provides a chance to strengthen our vaccination poli-
cies, practices, and condemnation of misinformation.
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