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Abstract

BACKGROUND—Child immunizations are one of the most successful public health 

interventions of the past century. Still, parental vaccine hesitancy is widespread and increasing. 

One manifestation of this are rising rates of nonmedical or “personal beliefs” exemptions (PBEs) 

from school-entry immunization mandates. Exemptions have been shown to be associated with 

increased risk of disease outbreak, but the strength of this association depends critically on the true 

vaccination status of exempted children, which has not been assessed.

OBJECTIVE—To estimate the true measles-mumps-rubella (MMR) vaccination status of 

children with PBEs.

METHODS—We use administrative data collected by the California Department of Public Health 

in 2009 and imputation to estimate the MMR vaccination status of children with PBEs under 

varying scenarios.

RESULTS—Results from 2009 surveillance data indicate MMR1/MMR2 coverage of 18–47% 

among children with PBEs at typical schools and 11–34% among children with PBEs at schools 

with high PBE rates. Imputation scenarios point to much higher coverage (64–92% for MMR1 and 
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25–58% for MMR2 at typical schools; 49–90% for MMR1 and 16–63% for MMR2 at high PBE 

schools) but still below levels needed to maintain herd immunity against measles.

CONCLUSIONS—These coverage estimates suggest that prior analyses of the relative risk of 

measles associated with vaccine refusal underestimate that risk by an order of magnitude of 2–10 

times.
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INTRODUCTION1

Following more than a decade of low measles incidence in the United States, reported cases 

increased from 37 in 2004 to 668 in 2014 [1, 2]. The “Disneyland” outbreak in late 2014 

spread from southern California to 7 states and 2 countries [3]; by April 2015, 169 cases 

from 5 outbreaks had been recorded [4]. These recent outbreaks suggest that herd immunity 

against measles is compromised in the United States.

Assessing herd immunity and outbreak risk requires accurate immunization surveillance 

data. The prevalence of nonmedical exemptions (NMEs) from state-mandated 

immunizations is commonly used as a measure of modifiable gaps in immunization 

coverage for school-aged children. News coverage of the Disneyland outbreak used NME 

rates to report “vaccine coverage” or “undervaccination” [5–12]. Published studies 

investigating parental vaccine refusal and its relationship to outbreak risk use exemptions as 

a primary outcome measure [13, 14] or as a proxy for vaccination rates [15–21].

While higher exemption rates have been shown to be associated with disease outbreak [15, 

16, 22–25], the strength of this association theoretically depends on the true vaccination 

status of exempted children. Prior studies correlating exemption prevalence or clustering 

with outbreaks assume that exempted children are unvaccinated. If these children are in 

reality partially or fully vaccinated, then the relative risk associated with vaccine refusal is 

underestimated due to overestimation of the denominator for incidence estimates among 

unvaccinated children [24, 25]. At the same time, school-level practices for recording 

student immunization histories or encouraging parents to claim an exemption when medical 

records cannot be located may overstate the relative risk associated with NMEs, as 

exempted children in both scenarios may have received more vaccine doses than school 

immunization records show. NME rates can therefore misestimate outbreak risk in both 

directions.

Only 2 prior studies have attempted to assess the vaccination status of exempted children. 

The first, based on parental report, found that among exempted children in 4 states, 22% 

were fully vaccinated, 7% had medical contraindication, 17% had received no vaccines, and 

1Abbreviations: MMR Measles, mumps, rubella; CDPH California Department of Public Health; CSIR California School 
Immunization Record; KRS Kindergarten Retrospective Survey; NME Non-medical exemption; PBE Personal beliefs exemption; 
CDC Centers for Disease Control and Prevention; OOB Out-of-bag.
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53% were partially vaccinated [26]. The second, based on data from the Arkansas 

Department of Health on exemption request types, found that 71% of exemption requests 

were for all vaccines, 9% were for 2+ vaccines, and 20% were for a single vaccine [27]. 

Neither of these studies, however, reviewed children’s medical records to confirm 

vaccination status.

The purpose of this study therefore is to provide estimates of the true vaccination status of 

children with NMEs. We focus specifically on measles vaccination in California for 3 

reasons: the recent widespread measles outbreaks in California and elsewhere [3, 4]; the 

high herd immunity threshold of measles (up to 88–95% of the population needs to receive 2 

doses of the Measles-Mumps-Rubella (MMR) vaccine to maintain herd immunity [28, 29]); 

and the controversy surrounding the purported link between the MMR vaccine and autism, 

which has remained a persistent driver of parental vaccine refusal [30]. Using data routinely 

collected by the California Department of Public Health (CDPH), we use imputation 

methods to estimate the MMR coverage status of California kindergarteners with NMEs. We 

hypothesize that the majority of children with exemptions are at least partially vaccinated 

with MMR. We further hypothesize that exempted children at schools with higher 

exemption rates have received fewer doses of MMR than exempted children at schools with 

average exemption rates; this hypothesis is motivated by the assumption that schools with 

higher exemption rates reflect a parent population that has stronger anti-vaccine convictions 

and does not vaccinate, while schools with lower exemption rates reflect a parent population 

that may at least partially or fully vaccinate their children but exempt due to convenience.

MATERIALS AND METHODS

Data and measures

To enroll a child in kindergarten, parents in California must provide evidence of 

immunization, file a medical exemption (requiring health care provider documentation) or 

file a non-medical exemption (called a “personal beliefs exemption” or PBE in California) 

[31, 32]. Prior to 2014, a PBE was obtained by signing an affidavit on the California School 

Immunization Record (CSIR). During kindergarten registration, school staff (usually a 

registrar, health clerk, or nurse) transfer immunization histories from medical records 

provided by parents to the CSIR.

We use data from the Kindergarten Retrospective Survey (KRS) and the Selective Review 

(SR), conducted by the California Department of Public Health (CDPH) Immunization 

Branch to monitor immunization and exemption tracking. The KRS provides estimates of 

kindergarten immunization coverage from a stratified random sample of 2–3% of the more 

than 8,000 schools in the state with kindergartens. Local health departments visit schools in 

person and record data from the CSIR of every sixth student, including dates of receipt for 

each required vaccine dose and limited demographic data. Given rising rates of PBEs in 

California, the CDPH added two additional student samples to the 2009 KRS (KRS09): (1) 

All kindergarteners with PBEs from the stratified random sample of 256 schools; and (2) all 

children with PBEs from the 50 schools with the highest number of kindergarten PBEs in 

the state. The SR, conducted on the same sample of schools as the KRS, validates school-

level reporting of immunization coverage and assesses school policies and procedures for 
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tracking exemptions over the course of the school year and in the case of an infectious 

disease outbreak (see Table 1 for SR questions on school immunization tracking policies and 

procedures). This study was approved by the Institutional Review Board of the University of 

Pennsylvania.

Analytic approach

To estimate MMR coverage, we use immunization dates recorded on the CSIR by school 

staff and collected in the KRS. As noted above, these data are obtained directly from the 

student’s medical records provided by the parents, and are not obtained from the California 

state immunization registry. Many exempted kindergarteners in the KRS dataset have no 

dates recorded for some or all state-mandated vaccine doses; in fact, the modal number of 

reported vaccine doses among exempt kindergarteners is 0, in contrast to up-to-date 

kindergarteners who have 18–19 doses reported. A missing date on the CSIR may indicate 

that the child has truly not received that vaccine dose, or that the child has received the dose 

but the date of immunization was not recorded on the CSIR. This could occur primarily for 2 

reasons: (1) the parent did not provide any vaccine records to the school when seeking an 

exemption (although provision of existing vaccine records is required under California’s 

exemption law); or (2) the vaccine records provided by the parent were incomplete for some 

immunizations. Coverage estimates based on the KRS09 are therefore likely an unrealistic 

lower bound of MMR coverage among exempted students.

To address this high degree of missingness, we employ a stratified multiple imputation 

scheme. We divide exempted kindergarteners into 2 groups: those with 1 or more vaccine 

doses noted in the CSIR (“partial”), and those with no vaccine doses recorded on the CSIR 

(“blank”). We begin the imputation process with the partial stratum by creating an indicator 

variable for the status of each MMR dose where 1 = vaccination date recorded on the CSIR, 

otherwise missing. To successfully impute, we convert missing MMR status indicators to 0 

(where 0 = no vaccine dose received) for some children using the following algorithm:

1. If the CSIR indicated that a California Immunization Record (CIR), a California 

state immunization form (IZ), or a CDPH immunization form was presented, we 

assume that a blank MMR date indicates that the child did not receive the vaccine.

2. If the exempted kindergartener received any other vaccine dose at 12–17 months 

old (for MMR1) or at 45–65 months old (for MMR2), we assume the child is 

unvaccinated for MMR. For example, if a child’s status for MMR1 is unrecorded 

and the child received another vaccine dose at 12 months old, we convert the blank 

MMR1 status indicator to 0 (no vaccine dose received). This assumption is 

informed by the CDC/ACIP recommended immunization schedule, which includes 

a first dose of MMR at 12–15 months and a second dose at 4–6 years [33], as well 

as other doses at the same ages.

3. Because all kindergarteners observed in the dataset only have MMR2 

immunization conditional on MMR1 immunization, we further assume that a 

kindergartener unvaccinated for MMR1 is unvaccinated for MMR2.
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Having converted some MMR1 and MMR2 status indicators to 0 (unvaccinated), we then 

perform a multiple imputation over all children with partial records using missForest, a 

nonparametric imputation scheme that predicts missing values by training a random forest 

on the observed values in the dataset [34, 35]. missForest is a good alternative to other 

parametric imputation schemes (such as MICE) as it does not require any assumptions about 

the distribution of variables; and is appropriate for high-dimensional data with mixed 

(continuous and categorical) data [34, 35]. The imputation algorithm includes additional 

child-level factors including the status of other vaccine doses, race/ethnicity, and type of 

immunization record provided to complete the CSIR; and school-level factors including 

number of PBEs, number of missing vaccination doses among exempted children, school 

immunization and surveillance policies, and proportion of students eligible for free or 

reduced-price lunch as a proxy for school-level socioeconomic status (see Table 1 for the 

complete list of factors). The imputation procedure predicts MMR1 and MMR2 vaccination 

status for each child with a partial record; reports “out of bag” (OOB) error, the probability 

that the random forest model misclassified a child; corrects for imputation error through a 

permutation approach; and accounts for binomial variability by resampling the observed and 

imputed values [35]. We repeat the imputation process and non-parametrically sample a 

large number of imputation sets to create robust 95% confidence intervals.

To address the remaining exempt kindergarteners with no recorded vaccine doses, we 

construct 3 scenarios in which we assume that these kindergarteners’ MMR1 and MMR2 

status is the same as 1) the least-vaccinated partially-recorded exempt kindergartener; 2) the 

mode of the partially-recorded exempt kindergarteners; or 3) the most-vaccinated partially-

recorded kindergartener at that child’s school. If an exempt kindergartener with unrecorded 

MMR1 and MMR2 doses does not attend school with a partially-recorded exempt 

kindergartener, we take the kindergartener to be unvaccinated in the first scenario and 

vaccinated in the second and third scenarios. The first and third scenarios provide upper and 

lower bounds respectively on the coverage of unrecorded kindergarteners and the second 

scenario provides a reasonable median estimate. To obtain an estimate of MMR1 and 

MMR2 coverage across all exempted individuals, we combine the results of the imputation 

with the results of the scenario analyses above and report it with accompanying 95% 

confidence intervals and by subsample. For policy relevance, we also calculate school-level 

MMR coverage rates for 3 groups of children: those with 0, 1 and 2 doses of MMR vaccine. 

All statistical analyses were conducted in R version 3.02 (The R Foundation for Statistical 

Computing).

RESULTS

The KRS09 stratified random sample included 2,659 students from the every-sixth-student 

sample (including 15 kindergarteners with PBEs) plus an additional 247 kindergarteners 

with PBEs from 103 schools in the sample with at least 1 PBE. The KRS09 high-PBE 

sample included 1,107 kindergarteners with PBEs from 50 schools (Table 2). Some key 

differences emerge across the 2 subsamples: The average school-level PBE rate for 

exempted children in the random sample of schools is 10%; in the high-PBE schools, it is 

49%. In other words, the average exempted kindergartener in California who attended a 

high-PBE school in 2008–09 was in a kindergarten cohort in which half the students had an 
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exemption from school-mandated vaccines; the comparable exempted child at a typical 

school in California was in a school environment where only 1 in 10 kindergarteners was 

exempted. For both subsamples, around half of exempted students reported no vaccine doses 

on the CSIR. Twice as many exempted children from randomly-selected schools produced 

California Immunization Records at the time of kindergarten enrollment compared to 

exempted children from high-PBE schools (31% vs. 16%). Reported dose-specific coverage 

of mandated vaccines ranged from a low of 1% for Varicella 2 to a high of 54% for DTaP2. 

MMR1 and MMR2 coverage rates for exempted children were 47% and 18% in the random 

sample and 34% and 11% respectively in the high-PBE sample.

MMR1 and MMR2 coverage rates estimated from the imputation scenarios are shown in 

Table 3. As hypothesized, MMR coverage rates for exempted students vary by school 

subsample. Imputed MMR1 coverage in the random sample ranges from 64% (minimum 

scenario) to 92% (maximum scenario); the comparable range in the high-PBE sample is 48–

90%. For MMR2, coverage is much lower: only 25–58% of exempted children in the 

random sample and 16–63% of students at high-PBE schools are estimated to have received 

MMR2. Across both vaccine doses and samples, the minimum and maximum imputation 

scenarios increase coverage estimates by about 10 and 50 percentage points, respectively, 

compared to the KRS. In the bottom panel of Table 3, MMR1 and MMR2 coverage rates for 

all children in the random sample are near 100% in all imputation scenarios, just slightly 

higher than that observed in the KRS. MMR1 coverage rates are only below 95% in the 

high-PBE schools in the minimum coverage scenario; however, MMR2 coverage rates for 

all students at high-PBE schools range from 75–89%, only reaching herd immunity 

threshold in the maximum coverage imputation scenario.

School-level MMR2 coverage rates are presented in Figure 1, stratified by school type, 

number of MMR doses the child received, and scenario. Each bar represents a different risk 

pool for measles infection, with those who have received 0 doses most susceptible, and 

those who have received 2 doses least susceptible. The 88–95% herd immunity threshold is 

shown for comparison. Kindergarteners in the random sample who are reported in the KRS 

as receiving 0 MMR doses attend schools where on average 89% of the kindergarten cohort 

has received MMR2. The minimum and maximum imputation scenarios report 88% and 

91% MMR2 coverage respectively. Kindergarteners with 1 or 2 doses of MMR2 experience 

kindergarten MMR2 coverages rates of 93–99%, within the herd immunity threshold. At the 

high-PBE schools, the picture is much riskier. For children with no doses of MMR, school-

level MMR coverage rates observed in the KRS are as low as 53%; imputation scenarios 

increase this to only 55–82%, well below the herd immunity threshold. For children with 1 

dose of MMR, MMR2 coverage is slightly higher, and for those with 2 doses, coverage is 

around 80–90%, but still below the herd immunity threshold.

DISCUSSION

In this analysis we used surveillance data from the California Department of Public Health 

to report the MMR vaccination status of kindergarteners with personal beliefs exemptions 

(PBEs) from school-entry vaccine mandates. Due to substantial proportions of missing data 

on vaccination status, we imputed vaccination status under varying scenarios. While MMR1 
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and MMR2 coverage rates for exempted children were very low in the surveillance data, 

credible imputation scenarios suggest that coverage is in reality 10–50 percentage points 

higher. However, even with substantially higher coverage, MMR2 coverage for exempted 

children remains below herd immunity thresholds, and overall kindergarten cohort coverage 

is also low at schools with high exemption rates, and for children with no MMR doses. 

These results highlight that many students and schools are vulnerable to a measles outbreak 

were the virus to be introduced. Another important finding is the substantial variation in 

coverage and risk between schools with typical vs. high PBE rates; these stark differences 

emphasize the strong clustering of exempted and undervaccinated students at the school and 

community level [13–15, 17].

The recent history of measles outbreaks in California and elsewhere across the US [3, 4, 36–

41] indicates that herd immunity against the disease is compromised. Given measles 

epidemiology, MMR coverage of schoolchildren is a key driver of outbreak risk. In the 

wake of recent outbreaks, school exemption rates have been used as the best proxy for 

vaccine coverage; however, missing data makes this at best a noisy proxy. The imputation 

methods used here can help to construct more realistic estimates of coverage and outbreak 

risk, and to identify epidemiologic “hot spots.”

Our results offer both good and bad news: while our imputation results suggest that MMR1 

and MMR2 coverage rates for exempted children are likely higher than those observed in 

surveillance data, they also highlight the fact that measles outbreaks can still take hold and 

spread in communities where vaccine coverage is actually higher than reported in 

surveillance data. Prior studies have found a 22–35 times increased risk of measles 

associated with vaccine refusal [24, 25]; these analyses assumed that exempted children 

were unvaccinated. Using our low estimate that 50% of exempted children in typical schools 

have received at least 1 MMR dose, the denominators in those original relative risk analyses 

are too large by a factor of 2 (assuming that half of the exempted children are actually 

vaccinated and should therefore not be in the denominator); the revised relative risks are 

therefore 44–70 times higher. Our high estimate of 90% coverage with imputation suggests 

that the denominators are too large by a factor of 10 (assuming 90% of the exempted 

children should be removed from the denominator of the risk calculation); the relative risk 

associated with vaccine refusal in this scenario is therefore 220–350 times higher.

The gap between reported coverage and our imputation scenarios also suggests that 

immunization recording and tracking procedures at schools could be improved. In its 

reporting of kindergarten vaccination coverage, the CDC acknowledges not being able to 

distinguish exempted children from up-to-date children, and recommends more routinized 

and standardized collection of these data [42–45]. The exemption law in effect in California 

at the time of data collection (2009) did require parents to provide immunization records 

even when requesting an exemption; however, compliance with this requirement is clearly 

spotty. California’s new PBE law, which went into effect in January 2014, reinforces this 

requirement with new regulations and forms that should improve reporting [46]. For 

example, parents must indicate the specific vaccine(s) for which they are requesting an 

exemption. The new law also requires a health care provider signature on the exemption 

application, which should reduce exemptions that parents obtain out of “convenience” vs. 
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“conviction” (as was the case in Washington State following a similar regulatory change); 

however, the smaller number of children who do obtain exemptions going forward may be 

on average less vaccinated than exempted children in prior years [13]. Furthermore, the 

epidemiology of exemptions is likely to change when California implements a recently-

passed law eliminating personal beliefs exemptions entirely [47].

It is important to note some limitations to our imputation methods. Results are sensitive to 

the assumptions driving the imputation algorithm. For example, we assumed that missing 

vaccination dates for any student presenting an immunization record at the time of 

kindergarten registration could be interpreted as the child not having received that vaccine. 

A second set of assumptions concerns documented receipt of other vaccines at the time 

when MMR1 or MMR2 was due. However, we have placed realistic bounds on our analyses 

with minimum and maximum coverage scenarios based on the vaccination histories of other 

exempted children at the same school; given the social patterning of vaccine behavior, we 

are confident that this is a reasonable assumption. Our coverage estimates have very wide 

ranges and should be interpreted with caution. Coverage estimates are particularly unstable 

in schools with lower enrollments where the addition or subtraction of one exempt or 

vaccinated student can change coverage estimates dramatically. Finally, with the unique 

sampling scheme of the KRS09, we were not able to combine the random and the high-PBE 

samples of schools in one set of estimates; future iterations of the KRS will permit this, and 

will elucidate any implications of new state exemption legislation for patterns of vaccine 

coverage.

Conclusion

Estimates of the true vaccination status of children with nonmedical exemptions are critical 

for surveillance and outbreak risk analysis. Our imputation scenarios suggest that MMR1 

and MMR2 coverage among exempted kindergarteners in California is 10–50% higher than 

reported in surveillance data, but remains below herd immunity thresholds, particularly in 

schools with high exemption rates. At the same time, recent measles outbreaks in California 

have been able to spread despite these higher coverage rates. Going forward, surveillance 

and targeting efforts that account for high rates of missingness in routinely-collected data are 

needed, particularly as new exemption legislation rolls out in California and elsewhere.
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Figure 1. 
Average school-level MMR2 coverage rate experienced by kindergarteners with 0, 1, or 2 

doses of measles-containing vaccine, and by school type (random or high-PBE sample). 

Coverage estimates are provided from observed data in the KRS, and from minimum and 

maximum coverage imputation scenarios. Imputations are conducted with the missForest 

procedure. 95% confidence intervals are shown for each estimate. The herd immunity 

threshold of 88–95% is shown in the horizontal gray bar. MMR2 second dose of measles, 

mumps, rubella vaccine; KRS 2009 California Department of Public Health Kindergarten 

Retrospective Survey; Min Imputation and risk estimate under the minimum scenario where 

exempted children are as vaccinated as the least vaccinated kindergartener at their school; 

Max Imputation and risk estimate under the maximum scenario where exempted children 

are as vaccinated as the most vaccinated kindergartener at their school.
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Table 2

Selected Characteristics of Samples of Kindergarteners With Personal Beliefs Exemptions, California 

Department of Public Health Kindergarten Retrospective Survey and Selective Review, 2009 (N=1,368)

Random sample of schools High-PBE schools

Variable Mean (SD) or proportion Mean (SD) or proportion

School-level variables

K enrollment 77.9 (42.5) 70.9 (34.8)

PBE rate 0.10 0.49

School offers PBE* 0.14 0.75

School type

Public school 0.82 0.29

Public charter school 0.03 0.48

Private school 0.14 0.23

Child-level variables

Number of vaccine doses reported 5.5 (5.6) 5.1 (6.4)

No vaccine doses recorded 0.44 0.53

Source of vaccine records:

Not stated 0.52 0.71

California Immunization Record 0.31 0.16

Other records 0.17 0.13

Mandated dose recorded on CSIR:

DTaP 1 0.54 0.45

DTaP 2 0.51 0.42

DTaP 3 0.36 0.39

DTaP 4 0.41 0.33

DTaP 5 0.15 0.13

Hepatitis B 1 0.03 0.33

Hepatitis B 2 0.03 0.29

Hepatitis B 3 0.03 0.26

Hib 1 0.48 0.30

Hib 2 0.42 0.27

Hib 3 0.38 0.24

Hib 4 0.36 0.11

MMR 1 0.47 0.34

MMR 2 0.18 0.11

Polio 1 0.52 0.39

Polio 2 0.50 0.37

Polio 3 0.45 0.32

Polio 4 0.19 0.14

Polio 5 0.01 0.01

Varicella 1 0.03 0.26

Varicella 2 0.01 0.04
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Random sample of schools High-PBE schools

Variable Mean (SD) or proportion Mean (SD) or proportion

N 262 1106

DTaP Diphtheria, tetanus, pertussis; Hib Hemophilus influenza B; MMR Measles, mumps, rubella. PBE personal beliefs exemption; CSIR 
California School Immunization Record.
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