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As a result of widespread vaccination coverage
among children, vaccine-preventable childhood
diseases that once caused substantial disease
burden and mortality in the United States are
now rare occurrences. Measles, for example,
once infected 4 million and killed 4000 people
each year, mostly young children.1 Thanks to
high measles vaccine coverage over several
decades, endemic measles was eliminated in the
United States as of 2000.2 Overall, the current
routine childhood immunization schedule is
estimated to prevent 42 000 deaths and 20
million cases of disease and to save $14 billion in
direct medical costs per US birth cohort.3

Despite these successes, controversy over
the safety of childhood immunizations has
resulted in an increasing number of parents
being hesitant regarding vaccines or even re-
fusing to have their children vaccinated.4---7

A recent national poll8 showed that 31% of
parents are concerned about vaccine safety,
and 1 in 4 believe that vaccines are linked to
autism. Among parents whose opinions about
vaccines have changed recently, 60% report
that their opinion has become less favorable.8

Even parents who do decide to vaccinate their
children express serious safety concerns.8

One manifestation of parents’ hesitancy re-
garding vaccines is rising rates of exemptions
from school entry immunization mandates.
Historically, high rates of adherence to the
recommended immunization schedule have
been achieved in part through these state-level
mandates. In California, the focus of this study,
school entry immunizations have been man-
dated since 1977.9 To enroll a child in kin-
dergarten, parents in California must provide
documentation of immunization against 10
vaccine-preventable diseases10 or file a per-
sonal belief exemption (PBE) from the immu-
nization requirements.11 California is one of 20
states that allow personal belief or philosoph-
ical exemptions.12

Under California’s immunization law, a par-
ent may file an exemption from one or more
mandated immunizations by filing a letter or
affidavit stating that the immunization is con-
trary to the parent’s beliefs.11 (It is important to
note that children with PBEs may be partially
or even fully vaccinated.) A 2-sentence affidavit
is preprinted on the official California School
Immunization Record (Figure A, available as
a supplement to the online version of this
article at http://www.ajph.org).

Although rising PBE rates at the state level
are a concern (the rate in California climbed
from approximately 0.5% in 1996 to 1.5% in
200713), a potentially more pressing problem
is the aggregation of intentionally unvaccinated
children within social and spatial units such as
schools. Pockets of unvaccinated children
threaten herd immunity, the protection created
when most members of a population are
vaccinated or otherwise immune.14 Herd

immunity against vaccine-preventable child-
hood diseases is particularly important for
the protection of vulnerable individuals, includ-
ing infants too young to be vaccinated and people
with compromised immune function or medical
conditions that contraindicate vaccination.

Even among fully vaccinated children, there
is a slight risk of infection. For example,
a single dose of the measles---mumps---rubella
(MMR) vaccine is estimated to confer immu-
nity in 95% to 98% of children, and 2 doses
confer immunity in 99% of children.15 Main-
taining herd immunity requires high rates
of vaccine coverage: 80% to 95% of the
population, depending on the disease.16,17 Al-
though coverage exceeds this threshold for
most diseases in most states, the aggregation
of intentionally unvaccinated children in
a small number of schools may lead to local
coverage rates that are much lower, creating
outbreak opportunities.18

Objectives. Personal belief exemptions (PBEs) from mandated school entry

vaccinations have increased in California over the past decade. Infectious

disease outbreaks in the state may be associated with the aggregation of

intentionally unvaccinated children within schools. We sought to quantify the

exposure of California kindergartners to children with PBEs at school.

Methods.We used cross-sectional California Department of Public Health data

on 3 kindergarten cohorts to define and calculate multiple measures of exposure

to children with exemptions, including interaction and aggregation indices, for

the state as a whole (2008–2010) and by county (2010).

Results. In 2010, the PBE rate in California was 2.3 per 100 students, and the

school PBE rate for the average kindergartner with a PBE was 15.6 per 100. More

than 7000 kindergartners in California attend schools with PBE rates greater than

20 per 100, including 2700 kindergartners with PBEs. Exposure measures vary

considerably across counties.

Conclusions. Our results suggest increasing levels of exposure among

kindergarten students in California to other kindergartners with PBEs. Our data

provide a concrete set of metrics through which public health and education

officials can identify high-risk areas as targets for policy and programmatic

interventions. (Am J Public Health. 2012;102:e59–e67. doi:10.2105/AJPH.2012.

300821)
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Recent outbreaks of vaccine-preventable
diseases in California and elsewhere suggest
that vaccine refusal and the density of children
with PBEs are already playing a role in vaccine-
preventable childhood disease epidemiology in
the United States.4,19---22 For example, an out-
break of measles in San Diego, CA, in 2008
started with an intentionally unvaccinated child
who contracted measles during travel in
Europe.23 The child attended a school with
a high PBE rate—11% of enrolled children had
a PBE on file for the MMR vaccine—and 2
additional children from the school contracted
measles.4 This example and others of localized
disease outbreaks despite adequate population-
level herd immunity demonstrate the impor-
tance of heterogeneity in vaccination cover-
age.24---26

Despite concerns about spatial patterns of
vaccine refusal, to our knowledge, no studies to
date have quantified school-aged children’s
exposure to students with PBEs with respect to
both the prevalence and aggregation of PBEs
within schools. Thus, we sought to calculate
statewide kindergarten PBE prevalence rates in
California from 2008 to 2010 and across
counties in 2010, to quantify children’s expo-
sure to kindergartners with PBEs within
schools, and to identify counties in California
that are vulnerable to disease outbreaks, mea-
sured according to enrollments at schools with
high PBE rates.

METHODS

We used publicly available data from the
California Department of Public Health for 3
school years: 2008---2009, 2009---2010, and
2010---2011 (hereafter referred to as 2008,
2009, and 2010, respectively, given that data
are reported by schools during the fall of the
academic year). In the fall, each California
school offering kindergarten provides data to
the California Department of Public Health
including total kindergarten enrollment in the
current school year and the number of kin-
dergartners in each of the following vaccination
categories: up to date on mandated vaccines,
conditional acceptance, permanent medical
exemption, or PBE for one or more mandated
immunizations.

Conditional acceptance is offered to stu-
dents who are not up to date on mandated

vaccinations but plan to complete the required
schedule in the near future. In this study, we
defined adherents as all kindergartners who
had not filed a PBE. The adherent category
therefore included children who were up to
date, those with conditional acceptance, and
those with permanent medical exemptions. The
average school-level prevalence of conditional
acceptance increased from 6.8% in 2008 to
7.6% in 2010. The average school-level prev-
alence of permanent medical exemptions was
0.2% in all 3 years. The pooled 3-year data set
included more than 7000 public and private
schools and approximately 500 000 kinder-
gartners in each of the 3 years (Table 1 ).

Measures

We used measures of prevalence, exposure,
and vulnerability to describe PBE patterns in

the 3 kindergarten cohorts. Lacking a direct
measure of intentional undervaccination in this
population, we used PBEs as a proxy, ac-
knowledging that children with a PBE may
have received some or all of the mandated
immunizations.
Prevalence measures. We defined crude PBE

prevalence as the number of kindergartners who
had one or more PBEs on file. We calculated
the PBE rate per 100 as the crude PBE
prevalence divided by the total number of
kindergartners and multiplied by 100. The
prevalence measures allowed us to track the
number and proportion of PBEs over time and
by county.
Exposure measures. We used the interaction

and aggregation indices, 2 measures of expo-
sure adopted from the residential racial segre-
gation literature, to quantify the likelihood that

TABLE 1—Exposure to Students With Personal Belief Exemptions From Mandated

School Entry Vaccinations: California Kindergartners, 2008–2010

Characteristic or Measure Fall 2008 Fall 2009 Fall 2010

% Change,

2008–2010

Schools, no. 7173 7174 7163 –0.2

Kindergartners, no. 496 027 502 286 505 015 1.8

Prevalence

Crude PBE counta 9201 9916 11 503 25.0

PBE rateb per 100 1.9 2.0 2.3 22.8

Exposure

Interaction indexc 1.6 1.7 2.0 25.0

Aggregation indexd 14.7 14.6 15.6 6.1

Vulnerability, no. (%)

Schools with crude PBE counta > 20 26 (0.4) 29 (0.4) 35 (0.5) 34.6

Schools with PBE rateb per 100 > 20 159 (2.2) 163 (2.3) 187 (2.6) 17.6

Kindergartners enrolled in schools with crude PBE

counta > 20

1937 (0.4) 2675 (0.5) 3675 (0.7) 89.7

Kindergartners enrolled in schools with PBE rateb

per 100 > 20

5322 (1.1) 5728 (1.1) 7251 (1.4) 36.2

Kindergartners with PBEs enrolled in schools with

crude PBE counta > 20

887 (9.6) 1055 (10.6) 1416 (12.3) 59.6

Kindergartners with PBEs enrolled in schools with

PBE rateb per 100 > 20

2044 (22.2) 2170 (21.9) 2715 (23.6) 32.8

Note. PBE = personal belief exemption. Values reflect school-level data from the California Department of Public Health.
Schools with fewer than 10 kindergartners were not included in the department’s data set and were excluded from our
analyses. Exemptions are reported in December of each school year.
aNumber of kindergartners with one or more PBEs on file.
bNumber of kindergartners with one or more PBEs per 100 kindergartners per year.
cAverage school-level PBE rate among adherent kindergartners (those without a PBE).
dAverage school-level PBE rate among kindergartners with PBEs.
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TABLE 2—County-Level Measures of Exposure to Students With Personal Belief Exemptions From Mandated

School Entry Vaccinations: California Kindergartners, Fall 2010

County PBE Measure, Prevalence County PBE Measure, Exposure County Ranke in State, Prevalence County Ranke in State, Exposure

County

No. of

Schools

No. of

Kindergartners

Crude PBE

Counta
PBE Rateb

per 100, %

Interaction

Index,c%

Aggregation

Index,d%

Crude PBE

Counta
PBE Rateb

per 100

Interaction

Indexc
Aggregation

Indexe

Nevada 19 758 132 17.4 11.8 44.2 22 1 2 2

Trinity 6 116 20 17.2 13.8 33.6 44 2 1 7

Siskiyou 15 452 52 11.5 8.2 36.8 34 3 4 4

Tuolumne 12 435 43 9.9 9.4 14.4 35 4 3 22

Humboldt 38 1458 142 9.7 6.9 36.2 21 5 6 6

Santa Cruz 55 3416 326 9.5 6.5 38.8 10 6 9 3

El Dorado 40 2512 191 7.6 6.8 16.9 17 7 7 14

Sierra 1 28 2 7.1 7.1 7.1 55 8 5 44

Del Norte 9 309 22 7.1 6.5 14.6 42 9 8 21

Marin 65 3270 231 7.1 5.9 22.2 13 10 11 10

Sutter 28 1729 120 6.9 4.0 46.3 26 11 18 1

Mendocino 21 1087 70 6.4 4.4 36.8 32 12 16 5

Plumas 4 162 10 6.2 6.0 8.9 49 13 10 39

Shasta 44 2078 125 6.0 5.4 15.7 24 14 12 15

Sonoma 106 5915 354 6.0 4.3 32.0 8 15 17 8

Calaveras 11 394 22 5.6 5.0 15.5 42 16 13 17

San Luis Obispo 51 2659 132 5.0 4.7 10.6 22 17 14 33

Butte 49 2497 120 4.8 4.4 12.4 26 18 15 27

Placer 84 5289 226 4.3 3.9 11.7 15 19 19 28

Amador 6 311 12 3.9 3.7 7.4 46 20 20 43

Tehama 18 915 35 3.8 3.6 8.8 37 21 21 40

Stanislaus 112 8321 274 3.3 2.7 20.9 12 22 27 11

Santa Barbara 96 5901 189 3.2 2.7 17.9 18 23 25 13

Sacramento 280 19 216 614 3.2 2.8 14.6 4 24 23 20

San Diego 562 41 492 1296 3.1 2.8 12.9 2 25 24 24

Mariposa 7 293 9 3.1 3.0 5.2 50 26 22 51

Ventura 182 11 830 350 3.0 2.5 18.4 9 27 29 12

Yolo 39 2423 69 2.8 2.6 11.4 33 28 28 29

Mono 4 145 4 2.8 2.7 4.3 52 29 26 53

Lake 12 751 20 2.7 2.5 10.1 44 30 30 34

Orange 571 41 113 1078 2.6 2.4 11.3 3 31 31 31

Napa 31 1700 41 2.4 2.1 14.0 36 32 33 23

Yuba 21 1214 28 2.3 2.2 8.7 39 33 32 41

Contra Costa 204 13 868 289 2.1 1.9 10.0 11 34 35 36

San Mateo 154 9110 186 2.0 1.8 15.1 19 35 36 19

Inyo 4 199 4 2.0 2.0 3.9 52 36 34 55

Riverside 354 31 953 586 1.8 1.7 10.1 5 37 38 35

Santa Clara 356 25 314 452 1.8 1.6 12.8 7 38 39 25

Modoc 3 114 2 1.8 1.7 5.9 55 39 37 49

San Bernardino 387 31 718 556 1.8 1.5 15.2 6 40 40 18

Kern 163 14 406 229 1.6 1.4 10.9 14 41 41 32

Los Angeles 1699 122 736 1898 1.5 1.4 12.8 1 42 42 26

Solano 71 5183 71 1.4 1.3 4.0 31 43 44 54

Colusa 6 369 5 1.4 1.3 2.6 51 44 43 56

Continued
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kindergartners would encounter students with
PBEs at school.27 These measures are often
used to assess the exposure of a racial minority
population to a majority population, but they
are not specific to race or place of residence
and can be generalized to the measurement of
exposure of any subpopulation to another
mutually exclusive subpopulation.27

Conceptually, the interaction index mea-
sures between-group contact. We defined the
interaction index as the probability that kin-
dergartners without exemptions (adherent
children) would encounter kindergartners with
PBEs (exempted children) at school. We cal-
culated the index as the proportion of exempted
kindergartners in each school weighted by the
school’s proportion of adherent children,
summed across all schools:

ð1Þ Interaction index ¼
XN
i¼1

�ai
A

��xi
ki

�� �
�100

where ai is the number of adherent kinder-
gartners in school i, A is the total number of
adherent kindergartners, xi is the number of
exempted kindergartners in school i, ki is the
total kindergarten enrollment in school i, and N
is the number of schools in the area for which

the index is being calculated (i.e., the state or
county).

The maximum value for the interaction
index is the proportion of exempted kinder-
gartners in the population, and the index can
be interpreted as the average school PBE rate
among adherent students. A higher interac-
tion index indicates that adherent kindergart-
ners are more likely to encounter exempted
kindergartners. Although adherents are for
the most part vaccinated (some may have
medical exemptions or be awaiting a scheduled
immunization), they are still at risk (albeit a small
risk) for contracting a vaccine-preventable dis-
ease. The interaction index is therefore
a measure of disease risk for the adherent
population.

The related aggregation index, also taken
from the residential racial segregation litera-
ture, captures the extent of within-group
contact.27 The index, which measured the
probability that a kindergartner with a PBE
would encounter another such student at
school, was calculated as the proportion of
exempted kindergartners in each school
weighted by the school’s proportion of all
exempted kindergartners, summed across all
schools:

ð2Þ Aggregation index ¼
XN
i¼1

�xi
X

��xi
ki

�� �
�100

where xi is the number of exempted kinder-
gartners in school i, X is the total number of
exempted kindergartners, ki is the total kin-
dergarten enrollment in school i, and N is the
number of schools in the area for which the
index is being calculated.

The index runs from asymptotically near
0 to 100 and can be interpreted as the
average school PBE rate for exempted kin-
dergartners. A high aggregation index indi-
cates that exempted kindergartners are likely
to attend school with other such students.
Because exempted kindergartners are less
likely to be vaccinated than adherent kinder-
gartners, the risk of an outbreak is greater
under conditions of high aggregation.
Vulnerability measures. Finally, we defined

the criteria for high-PBE schools (through
threshold values for crude PBE counts and PBE
rates) and calculated kindergarten enrollments
in these vulnerable schools over time and
across counties. We defined a high crude PBE
threshold as 20 exempted kindergartners in
a single school and a high PBE rate as 20

TABLE 2—Continued

San Benito 12 855 11 1.3 1.2 6.4 47 45 45 47

Kings 35 2612 33 1.3 1.1 15.7 38 46 48 16

Alameda 286 17 721 216 1.2 1.2 6.4 16 47 46 48

San Francisco 130 6516 78 1.2 0.9 22.6 29 48 53 9

Fresno 202 15 689 184 1.2 1.1 8.1 20 49 47 42

Monterey 81 6585 75 1.1 1.0 9.5 30 50 49 37

San Joaquin 166 10 997 124 1.1 1.0 9.1 25 51 50 38

Madera 31 2280 25 1.1 1.0 11.3 40 52 52 30

Lassen 8 292 3 1.0 1.0 5.2 54 53 51 50

Tulare 101 8323 80 1.0 0.9 6.5 28 54 54 46

Merced 57 4478 24 0.5 0.5 6.7 41 55 55 45

Imperial 42 2880 11 0.4 0.4 2.5 47 56 56 57

Glenn 9 464 1 0.2 0.2 4.8 57 57 57 52

Alpine 1 13 0 0.0 0.0 0.0 58 58 58 58

Note. PBE = personal belief exemption. Values reflect school-level data from the California Department of Public Health. Schools with fewer than 10 kindergartners are not included in the
department’s data set and were excluded from our analyses. Exemptions are reported in December of each school year.
aNumber of kindergartners with ‡ 1 PBE on file.
bNumber of kindergartners with ‡ 1 PBE/100 kindergartners per year.
cAverage school-level PBE rate among adherent kindergartners (those without a PBE).
dAverage school-level PBE rate among kindergartners with PBEs.
eRankings range from 1 (highest exposure) to 58 (lowest exposure). Tied statistics are assigned the same rank.
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exempted kindergartners per 100 kindergart-
ners. These thresholds were intended to be
conservative measures of epidemiologically
significant exposures to exempted kindergart-
ners in the case of measles, which has an
established threshold for immunization cover-
age of 87% to 98% to maintain herd immu-
nity.28---30 Given that threshold, a PBE rate of
20% would be worrisome, even if as many as
half of exempted kindergartners had in fact
received a measles vaccination. We focused on
measles because of the 2008 outbreak in
California and the considerable media atten-
tion given to the purported link between the
MMR vaccine and autism that has contributed
to hesitancy among parents to have their
children vaccinated.

We used these thresholds to calculate the
number and proportion of high-PBE schools,
the number and proportion of all kindergart-
ners attending high-PBE schools, and the
number and proportion of exempted kinder-
gartners attending high-PBE schools. These
measures offered a simple way to quantify the
extent of disease outbreak risk due to com-
promised herd immunity.

Data Analysis

We first calculated all of the prevalence,
exposure, and vulnerability measures for the
state of California for the 3 school years
beginning in fall 2008, fall 2009, and fall
2010 to evaluate trends over time. We next
calculated prevalence, exposure, and vulnera-
bility by county for 2010 to identify counties at
particular risk for a vaccine-preventable dis-
ease outbreak.

We do not provide confidence intervals for
these descriptive measures because our analy-
sis was conducted on the full population of
California schools with 10 or more kinder-
gartners. Stata version 11.0 (StataCorp LP,
College Station, Tex) was used to calculate all
measures.

RESULTS

The results of our statewide and county-
level analyses were as follows.

Statewide Trends, 2008–2010

Prevalence. State-level results for 2008 to
2010 are shown in Table 1. Crude PBE counts

rose from 9201 in 2008 to 11 503 in 2010,
a 25% increase. The PBE rate per 100 kin-
dergartners also increased, from 1.9 to 2.3.
Exposure. The interaction index tracked the

PBE rate closely, increasing from 1.6 to 2.0
over the 2-year period. In other words, the
average adherent kindergartner in California in
2010 was enrolled in a school where the
kindergarten PBE rate was 2 per 100. The
aggregation index increased from 14.7 to 15.6
over the study period, meaning that exempted
kindergartners were in schools with, on aver-
age, a PBE rate of 15.6 per 100 in 2010, or
about 1 exempted kindergartner per 100
higher than in 2008.
Vulnerability. Table 1 shows increases in

vulnerability measures at the state level. In
2008, only 26 (0.4%) schools in the state had
more than 20 students with PBEs in the
kindergarten cohort; this number had in-
creased to 35 (0.5%) by 2010. The number of
schools with high PBE rates also increased,
from 159 (2.2%) in 2008 to 187 (2.6%) in
2010.

The number of students attending high-PBE
schools increased faster than the number of
high-PBE schools. The number of kindergart-
ners attending schools in which there were
more than 20 exempted kindergartners almost
doubled (from 1937 in 2008 to 3675 in
2010). Enrollment at schools with high PBE
rates also rose, from 5322 to 7251, a 36%
increase. By 2010, 1.4% of all California
kindergartners were enrolled in schools where
the kindergarten PBE rate exceeded 20 per
100.

Kindergartners with PBEs—who may be at
elevated risk for contracting a vaccine-pre-
ventable disease as a result of their exposure to
intentionally unvaccinated children—also had
increased exposures to other kindergartners
with PBEs within their schools. The number of
exempted kindergartners enrolled in schools
with more than 20 exempted kindergartners
rose from 887 in 2008 to 1416 in 2010,
a 60% increase. The number of exempted
kindergartners enrolled in schools with high
PBE rates increased by 33%, to 2715. Almost
one quarter of exempted kindergartners in
2010 were enrolled in schools with high PBE
rates.

Statewide, these results suggest a trend to-
ward a higher prevalence of PBEs, continued

exposure to exempted kindergartners within
schools, and rising numbers of kindergartners,
both adherent and exempted, attending high-
PBE schools.

County-Level Measures

California’s large population is distributed
across 58 heterogeneous counties. Table 2
presents county-level PBE prevalence and
exposure statistics for 2010; these data high-
light the between-county variability in the
distribution of PBEs. Counties are ranked from
1 (highest prevalence or exposure) to 58
(lowest prevalence or exposure), with the table
sorted according to PBE rate per 100 students.
(Table A, available as a supplement to the
online version of this article at http://www.
ajph.org, provides the same data sorted alpha-
betically by county.)
Prevalence. Crude PBE counts ranged from

0 in Alpine County to 1898 in Los Angeles
County. Nevada County had the highest PBE
rate in the state (17.4).
Exposure. The interaction index was highest

in Trinity County, where the average adherent
kindergartner was enrolled in a school with
a PBE rate of 13.8 per 100. The aggregation
index was highest in Sutter County (46.3). This
index highlights the differences between
counties in exposures of exempted kindergart-
ners to other such students, even in the case of
counties with similar crude PBE counts and
PBE rates. For example, Sutter County’s ag-
gregation index of 46.3 suggests that the
probability that a kindergartner with a PBE in
that county will encounter another such stu-
dent at school is 46%. By contrast, El Dorado
County, with a comparable number of schools
and kindergartners, crude PBE counts, and
PBE rate, has a much lower aggregation index
(16.9). This indicates that the exempted kin-
dergartners in El Dorado are more evenly
distributed across schools, whereas they are
aggregated in fewer schools in Sutter County.
Vulnerability. Table 3 ranks counties

according to the same vulnerability measures
shown in Table 1 and lists the top 10 counties
with respect to each measure. The lists high-
light the contrast between large counties (e.g.,
Los Angeles and San Diego), with large num-
bers of high-PBE schools and large enrollments
in high-PBE schools, and smaller counties (e.g.,
Nevada, Trinity, Sutter), with large proportions
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of high-PBE schools and large proportions of
students enrolled at such schools.

Table 3 also allows an assessment of PBE-
associated risk exposures across the state. For
example, even in San Diego, a populous county
with almost 1300 exempted kindergartners,
only 6 schools had a crude PBE count above
20 in the 2010 kindergarten cohort. These 6
schools enrolled 704 kindergartners overall,
of whom189 had PBEs. The table also shows the
5 counties where more than half of exempted
kindergartners are enrolled in schools
with PBE rates in excess of 20 per 100: Sutter,
Mendocino, Nevada, Humboldt, and Santa
Cruz. Taken together, the county-level re-
sults shown in Tables 2 and 3 highlight the

heterogeneity of California’s counties along
multiple dimensions of PBE exposure and
provide concrete metrics for identifying areas
of particular PBE exposure risk.

DISCUSSION

Our results show growing levels of exposure
among kindergarten students in California to
other kindergartners with PBEs. Overall, the
prevalence of PBEs rose from 2008 to 2010,
with an increasing number of parents filing
exemptions. We also found evidence of an
uneven distribution of exempted children
within schools, as shown by rising interaction
and aggregation indices. If the interaction index

and aggregation indices were equal to the PBE
rate, this would imply that exempted kinder-
gartners were uniformly distributed across
schools. However, this was not the case in
California; the aggregation index was higher
than the PBE rate and increased over time,
suggesting that exempted children are increas-
ingly being exposed to other exempted children
at school.

Statewide, the number of high-PBE schools
is low but growing. More than 7000 kinder-
gartners, including 2700 exempted kinder-
gartners, are enrolled in schools with high PBE
rates. Both the number and proportion of
kindergartners enrolled in high-PBE schools
are increasing over time. These patterns are

TABLE 3—Top 10 Counties on Vulnerability Measures of Exposure to Personal Belief Exemptions From

Mandated School Entry Vaccinations: California, Fall 2010

Schools With Crude

PBE Counta > 20

Schools With PBE

Rateb > 20

Kindergarteners

Enrolled in Schools

With Crude PBE Counta > 20

Kindergarteners

Enrolled in Schools

With PBE Rateb > 20

Kindergarteners With

PBEs Enrolled in Schools

With Crude PBE Counta > 20

Kindergarteners

With PBEs Enrolled in

Schools With PBE Rateb > 20

County No. or % County No. or % County No. or % County No. or % County No. or % County No. or %

Rank by number

1. San Diego 6 1. Los Angeles 25 1. San Diego 704 1. Los Angeles 1050 1. Los Angeles 191 1. Los Angeles 369

2. Los Angeles 5 2. San Diego 16 2. Los Angeles 584 2. San Diego 933 2. San Diego 189 2. San Diego 285

3. Sacramento 4 3. Orange 14 3. Sacramento 475 3. Sacramento 561 3. Sacramento 159 3. Sacramento 185

4. Sonoma 3 4. Ventura 11 4. Riverside 457 4. Riverside 468 4. Riverside 123 4. Santa Cruz 170

5. (tie) Santa Cruz 2 5. (tie) Santa Cruz 10 5. Stanislaus 197 5. Orange 414 5. Santa Cruz 119 5. Sonoma 160

5. (tie) Stanislaus 2 5. (tie) Sonoma 10 6. Orange 197 6. Ventura 380 6. San Bernardino 98 6. Riverside 131

5. (tie) Orange 2 7. Marin 8 7. Santa Cruz 175 7. Sonoma 314 7. Stanislaus 93 7. Orange 125

5. (tie) Riverside 2 8. (tie) Nevada 7 8. San Bernardino 164 8. Santa Cruz 295 8. Sonoma 87 8. Ventura 121

5. (tie) Santa Clara 2 8. (tie) Sacramento 7 9. Sutter 144 9. Stanislaus 228 9. Sutter 85 9. San Bernardino 108

10. 7-way tiec 1 10. Humboldt 6 10. Santa Clara 132 10. Marin 223 10. Santa Clara 58 10. Stanislaus 105

Rank by percentage

1. Nevada 5.3 1. Nevada 36.8 1. Sutter 8.3 1. Nevada 19.9 1. Sutter 70.8 1. Sutter 79.2

2. Santa Cruz 3.6 2. Trinity 33.3 2. Nevada 6.5 2. Trinity 18.1 2. San Francisco 42.3 2. Mendocino 68.6

3. Sutter 3.6 3. Siskiyou 26.7 3. Santa Cruz 5.1 3. Siskiyou 13.1 3. Santa Cruz 36.5 3. Nevada 62.1

4. Sonoma 2.8 4. Mendocino 19.0 4. Humboldt 4.1 4. Humboldt 13.0 4. Stanislaus 33.9 4. Humboldt 62.0

5. Humboldt 2.6 5. Santa Cruz 18.2 5. Sacramento 2.5 5. Mendocino 10.1 5. Nevada 31.1 5. Santa Cruz 52.1

6. Stanislaus 1.8 6. Tuolumne 16.7 6. Stanislaus 2.4 6. Sutter 9.8 6. Sacramento 25.9 6. Trinity 50.0

7. Sacramento 1.4 7. Humboldt 15.8 7. Sonoma 2.1 7. Santa Cruz 8.6 7. Sonoma 24.6 7. Kings 48.5

8. San Diego 1.1 8. Marin 12.3 8. San Diego 1.7 8. Marin 6.8 8. Humboldt 23.2 8. Siskiyou 48.1

9. San Francisco 0.8 9. Tehama 11.1 9. Riverside 1.4 9. Tuolumne 6.2 9. Riverside 21.0 9. Sonoma 45.2

10. Kern 0.6 10. Del Norte 11.1 10. San Francisco 1.1 10. Butte 5.9 10. San Bernardino 17.6 10. San Francisco 42.3

Note. PBE = personal belief exemption. Each list shows the 10 counties with the highest values for the vulnerability measure indicated. Tied statistics are assigned the same rank.
aNumber of kindergartners with ‡ 1 PBE on file.
bNumber of kindergartners with ‡ 1 PBE/100 kindergartners per year.
c7 counties each with 1 school with crude PBE count > 20: Humboldt, Kern, Nevada, San Francisco, Stanislaus, Sutter, and Ventura.
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consistent with a high risk of epidemic outbreaks
in poorly protected subpopulations, similar to
the 2008 measles outbreak in San Diego.

Parents continue to have concerns about
vaccines despite extensive, rigorous evidence on
safety and efficacy.5,8 Patterns of PBEs in Cal-
ifornia offer one clue about how attitudes and
beliefs about vaccines spreadwithin social groups.
The high aggregation index across the state and
particularly within some counties shows that
intentionally unvaccinated children are often
grouped within schools. Norms around vaccina-
tion and securing exemptions are likely to be
shared in these communities, diffusing through
parents’ social networks before and after the
kindergarten enrollment process. Shared beliefs
about vaccination and preferences for seeking
exemptions may also incline parents toward
selecting certain schools or neighborhoods.

At the same time, it is critical to recognize
that a rising interaction index implies not only
increased epidemiological exposure of adher-
ent children to potentially undervaccinated
children but increased social exposure as well.
As social exposure to exempted children in-
creases, adherent parents may find exemptions
both more acceptable and more desirable.
Understanding these diffusion and selection
processes under different PBE exposure sce-
narios is important for the design of future
interventions and warrants further study.

Our analysis of multiple measures of PBE
exposure offers public health and education
officials a concrete set of metrics with which
to identify high-risk areas as targets for specific
interventions. For example, in Figure 1 we
mapped crude PBE counts (a) and the aggre-
gation index (b) by county in 2010. A com-
parison of the 2 panels highlights the fact that
higher crude PBE counts are found in the
northern and southern population centers,
whereas aggregation is highest in the San
Francisco Bay area and the rural counties in the
northwest and north central regions of the
state. Interventions designed to address PBE
exposure risks would probably vary for these
2 groups of counties. By contrast, some
counties rank high on multiple PBE measures.
Santa Cruz County, for example, ranks in the
top 10 for all of the prevalence, exposure, and
vulnerability measures shown in Tables 2 and
3 and would be a likely target for any in-
tervention focused on reducing PBE rates.

Limitations

Our study has several important limitations.
First, our analysis assumed that high PBE rates
and high-PBE schools are associated with
vaccine-preventable disease outbreak risk be-
cause kindergartners with PBEs are unvacci-
nated. To test this assumption, the California
Department of Public Health conducted a pilot
study in 2010 to evaluate the correlation
between having a PBE and not being vacci-
nated. The results suggest that as many as 30%
to 50% of exempted kindergartners have re-
ceived 1 or more doses of at least 1 vaccine.31

Kindergartners with PBEs may be vaccinated
for a variety of reasons; for example, parents
may seek an exemption for only some of the
mandated vaccines, or school officials may
encourage parents whose children are not up to
date or who lack vaccination documentation to
sign a PBE waiver rather than enroll them with
a conditional acceptance, which requires fur-
ther follow-up by the school.

For the purposes of this study, we used
conservative thresholds of 20 crude PBEs and
a PBE rate of 20 to identify high-PBE schools. In
future work, we plan to use findings from the
California Department of Public Health pilot
study to conduct sensitivity analyses and bound
our exposure measures under different vaccina-
tion scenarios among exempted kindergartners.

Second, our data set was limited to schools
with at least 10 kindergartners. Schools with
kindergarten enrollments of fewer than 10

students are not included in the California
Department of Public Health’s publicly avail-
able data. If schools with fewer than 10
kindergartners are more likely to have high
PBE rates, then our estimates of prevalence
and exposure may be too small. Comparisons
with the annual kindergarten assessment re-
sults of the California Department of Health
Services Immunization Branch for 2008 to
201032---34 indicate that our analyses excluded
approximately 1000 schools each year (13%
of schools) but only 5000 students (1% of the
total kindergarten enrollment). The PBE rates
we calculated were within 0.06 per 100 of the
rates reported in the kindergarten assessment
results, suggesting that any potential bias in our
state- and county-level results is probably very
small.

Finally, we were necessarily limited in our
ability to closely link PBE exposures to epide-
miological risk. Infectious disease transmission
is a complex process. In the case of school-
children, exposure to vaccine-preventable dis-
eases is affected not only by the prevalence and
aggregation of potentially unvaccinated chil-
dren within schools but also by school size,
class size, the social mixing of vaccinated
and unvaccinated children, and the transmis-
sibility of each specific disease. With that
broader context of vaccine-preventable dis-
ease outbreak risk, our intention here was to
provide an analysis of rates of and trends in
PBEs and engender further investigation.

FIGURE 1—County-level prevalence and concentration of personal belief exemptions (PBEs)

from mandated school entry vaccinations: California kindergartners, fall 2010.
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Conclusions

The return of endemic measles to European
countries that had previously eliminated the
disease should serve as a cautionary tale in the
United States about the dangers of sustained
suboptimal rates of vaccination coverage in
subpopulations.35 Measles is a clear example of
a vaccine-preventable disease that can spread
through clusters of unvaccinated children, even
when population-level coverage seems ade-
quate. In 2011 there were 215 identified
measles cases in the United States, the highest
number since 1996.36,37 Notable outbreaks of
other vaccine-preventable diseases have oc-
curred over the past few years as well.38,39

Survey data and qualitative research point to
substantial (and growing) parental concerns about
vaccine safety and efficacy.4---7 Our results indicate
a growing number of parents who choose to
enroll their children in school with PBEs. Rising
PBE prevalence and the continued aggregation of
children with exemptions in a small number of
schools create pockets of vulnerable schoolchil-
dren who are at risk for future outbreaks.

Herd immunity against vaccine-preventable
childhood diseases is both a public good and
a national asset. Although current rates of immu-
nization coverage are adequate at the national
level, there is increasing evidence that herd
immunity in smaller localities such as states,
counties, and schools has already been compro-
mised by parents opting out of vaccine mandates.

Maintaining parental choice about child
health, including the decision to opt out of
vaccine mandates, is important. At the same
time, new strategies are needed for health
promotion campaigns, vaccine counseling
practices, and exemption policies that will
alleviate parental concerns, limit the spread of
incorrect information about vaccine safety and
efficacy, and ultimately minimize exemptions.
Our analysis of PBE exposures in California
kindergartens is one example of the kinds of
tools that can assist policymakers in identifying
vulnerable areas requiring focused vaccine
promotion interventions. j
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