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Because of increased numbers of recorded pertussis cases in the
United States, this study sought to understand the role of non-
medical vaccine exemptions and waning immunity may have had on
the resurgence of pertussis in the United States at the community
level. We used geospatial scan statistics, SaTScan, version 9.4, to
analyze nonmedical vaccine exemptions of children entering kinder-
garten in 2011 and 2012 and reported pertussis cases in 2012 for
children in age groups 5 years and younger and 10 to 14 years. Eight
statistically significant clusters of nonmedical vaccine exemptions in
kindergarteners and 11 statistically significant clusters of pertussis
cases in children and adolescents were identified and geospatially
linked. Forty-five percent of the counties in the study had high rates
of nonmedical vaccine exemptions. The proportion of kindergar-
teners with nonmedical vaccine exemptions was 2.8 times larger in
the identified exemption clusters. In addition, 31 counties had
geographic clusters of high rates of pertussis in children ages 10 to
14 years old, consistent with waning immunity. Our findings are
consistent with the view that geographic clusters of nonmedical
vaccine exemptions and waning immunity may have been factors
contributing to community-level pertussis outbreaks.

vaccination | nonmedical vaccine exemptions | pertussis |
waning immunity | spatial scan statistics

accines represent one of the greatest achievements in

medicine and public health. Vaccine programs in the United
States have significantly decreased the number of cases of vac-
cine preventable diseases over the past century (1-4). The
Centers for Disease Control and Prevention (CDC) has esti-
mated that childhood vaccines have prevented 322 million ill-
nesses, 21 million hospitalizations, and 732,000 deaths among
children born in the United States between 1994 and 2013 (5)
and effectively controlled many previously fatal childhood dis-
eases (5). However, starting in the early 2000s, the number of
reported pertussis cases in the United States, caused by Borda-
tella pertussis, has increased significantly (6, 7). In 2012, there
were 48,277 cases of pertussis reported in the United States (8).
This is the highest number of reported pertussis cases in the
United States since 1955 (6).

Several studies have suggested reasons for the resurgence of
pertussis in the United States, including waning immunity from
the acellular pertussis vaccine that replaced whole cell vaccine
(9-18); medical advancements that have allowed more effective
diagnosis and reporting of pertussis cases (19, 20); asymptomatic
transmission of B. pertussis from individuals vaccinated with the
acellular pertussis vaccine (21, 22); evolving variant strains of B.
pertussis circulating that are less protected by the vaccine (23—
25); and a decrease in vaccine coverage that has compromised
herd/community immunity (1, 26-35). It is clear that the rise in
reported pertussis cases in the United States is a multifaceted
problem not fully captured in national or state-level data. One
approach to understanding the rise in reported pertussis cases
in the United States is the identification of statistically signifi-
cant geographic clusters of events, such as pertussis outbreaks
and clusters of nonmedical vaccine exemptions (27, 28, 36). The
aim of this investigation was to identify statistically significant

Www.pnas.org/cgi/doi/10.,1073/pnas.1700240114

geographic clusters of high rates of pertussis cases and geo-
graphic clusters of high rates of nonmedical vaccine exemptions
at the county level to gain a better understanding of the roles
that waning immunity and nonmedical vaccine exemptions may
have had on the resurgence of pertussis in the United States
in 2012.

Results

In 2012, the overall national incidence rate for pertussis in the
United States was 15.4 per 100,000 people (8). There were
19 states that had an overall incidence rate of pertussis higher than
15.4 per 100,000 people (8). Of the 19 states, only five had the
detailed county-level data needed for this investigation; Arizona
(17.2 per 100,000 people), New Jersey (15.7 per 100,000 people),
Oregon (23.2 per 100,000 people), Utah (55.7 per 100,000 peo-
ple), and Washington (71.3 per 100,000 people) (8). The county
level data were collected from each state’s Department of Public
Health. The state of Utah reported both the immunization data
and pertussis cases at the health district level. In Utah, a health
district can be a single county such as the Davis County health
district or a group of counties such as the Bear River health dis-
trict, which serves three counties.

To conduct the geospatial analysis, we used the spatial scan
statistic, analyzing thousands of collections of contiguous coun-
ties as potential clusters (37). This method identifies localized,
statistically significant (P < 0.05) geographic clusters of events
adjusting for multiple testing (27, 28, 36-38). We evaluated po-
tential clusters between a 0- and 200-km radius by using the free
software program SaTScan, version 9.4 (38).

To determine statistically significant geographic clusters of
nonmedical vaccine exemptions, we used the reported counts of
nonmedical vaccine exemptions at the county level for students
entering kindergarten during the 2011-2012 and 2012-2013

Significance

Pertussis has been on the rise in the United States, and, in 2012,
the United States had the highest number of reported pertussis
(whooping cough) cases since 1955. This study provides evi-
dence of spatial clustering of nonmedical vaccine exemptions
in kindergarteners and spatial clustering of pertussis cases in
children age groups 5 years and younger and 10 to 14 years at
the community level. The results suggest that states should
reconsider allowing nonmedical vaccine exemptions. The data
also suggest a need for the creation of a longer-acting pertussis
vaccine or improved regimen and a revised vaccination sched-
ule for the current acellular pertussis vaccine.
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Table 1. Spatial clusters of nonmedical vaccine exemptions for kindergarteners during the 2011-2012/2012-2103 academic years

Exemption Observed Expected Relative
cluster State County/Health district exemptions exemptions risk P value
1 Oregon Lane, Linn, Marion, Polk, Coos, Deschutes, 5,271 2,503 2.50 <0.0001
Yamhill, Jackson, Clackamas, Josephine,
Benton, Lincoln, Tillamook, Multnomah,
Douglas, Washington, Curry, Jefferson,
and Klamath
2 Arizona Maricopa, Pinal, and Yavapai 5,149 3,689 1.55 <0.0001
3 Utah Central Utah, Utah County, Southwest, 1,213 848 1.46 <0.0001
and Southeastern
4 Washington San Juan, Island, Whatcom, Clallam, Skagit, 240 151 1.59 <0.0001
and Jefferson
5 Washington Pend Oreille, Stevens, Ferry, Spokane, 278 185 1.51 <0.0001
Lincoln,
Okanogan, and Whitman
6 Oregon Baker, Union, Grant, and Wallowa 75 38 1.99 <0.0001
7 Utah Summit and Wasatch 93 54 1.72 0.0003
8 Arizona Navajo, Apache, and Coconino 290 226 1.29 0.0068

academic years. To determine statistically significant geographic
clusters of pertussis cases in 2012 for the two different age groups
(5 years and younger and 10 to 14 years), we used the reported
pertussis cases at the county level.

The distribution of statistically significant geographic clusters
of nonmedical vaccine exemptions is presented in Table 1, and
the distribution of statistically significant geographic clusters of
pertussis cases by age group is presented in Table 2. The geo-
spatial analysis of the geographic clusters of nonmedical vaccine
exemptions and geographic clusters of pertussis cases for children
ages 5 years and younger is presented in Fig. 1. Kindergarten

vaccination status inside and outside of identified exemption and
pertussis clusters for the age group 5 years and younger is pre-
sented in Table 3.

The data indicate that 45% of the counties in the study had
high rates of nonmedical vaccine exemptions in kindergarteners.
In the identified exemption clusters, 4.9% of the kindergarteners
had nonmedical vaccine exemptions and 1.8% of kindergar-
teners with nonmedical vaccine exemptions lived outside of the
exemption clusters. The proportion of kindergarteners with non-
medical vaccine exemptions was 2.8 times larger in the identified
exemption clusters. In addition, 31 counties had geographic

Table 2. Spatial clusters of pertussis cases for children ages 5 years and younger and children ages 10 to 14 years old, 2012

Pertussis cluster State County/Health district Observed cases Expected cases Relative risk P value

Children ages 5 years and younger, 2012

www.manaraa.com

1 Washington AND Oregon WA-Kitsap, Mason, Cowlitz, Clark, Pierce, 1,044 537 2.80 <0.0001
Thurston, Lewis King, Kittitas, Snohomish,
Yakima, Grays Harbor, Island, Pacific,
Jefferson, Wahkiakum, Chelan, Skagit,
Klickitat, Clallam, Grant, San Juan, Douglas,
and Whatcom OR-Columbia, Clastop,
Multnomah, Hood River, and Washington
2 Washington AND Oregon WA-Whitman, Columbia, Adams, Spokane, 139 74 1.93 <0.0001
Asotin, Lincoln, Walla Walla, Franklin,
Stevens, and Benton OR-Wallowa
3 Arizona Mohave 34 12 2.95 <0.0001
4 Utah Salt Lake Valley, Davis, Utah County, and 297 228 1.35 0.0011
Weber-Morgan
Children ages 10 to 14 years old, 2012
1 Washington King, Pierce, Snohomish, Kitsap, Island, Kittitas, 1,244 490 4.45 <0.0001
Chelan, Thurston, Mason, Skagit, Lewis,
Jefferson, Yakima, Grant, Clark, San Juan,
Whatcom, Cowlitz, Grays Harbor, Douglas,
Pacific, Clallam, Wahkiakum, Klickitat, and
Okanogan
2 Washington Whatcom, Skagit, San Juan, Snohomish, Island, 411 103 4.68 <0.0001
g and Chelan
g 3 Washington Klickitat, Yakima, Benton, Clark, Kittitas, Lewis, 495 179 3.26 <0.0001
H Cowlitz, and Pierce
g 4 Washington King 279 149 2.00 <0.0001
3 5 New Jersey Hunterdon 38 12 3.12 <0.0001
g 6 Utah Utah:County and Wasatch 113 69 1.68 <0.0001
g 7 Washington Columbia and Walla Walla 16 5 3.08 0.017
% 7102 | www.pnas.org/cgi/doi/10.1073/pnas.1700240114 Aloe et al.
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Table 3. Kindergarten vaccination status inside and outside of identified exemption clusters and pertussis

clusters

Proximity to cluster

Exempt, %

No. of counties

Kindergartners with nonmedical
vaccine exemptions*

Vaccinated kindergartners

Inside exemption cluster 4.9 60
Outside exemption cluster 1.8 74
Inside pertussis cluster 3.7 46
Outside pertussis cluster 2.7 88
Total 13.1 134

12,654 244,326
7,336 408,117
6,841 178,919

13,149 473,524

19,990 652,443

*Kindergarten vaccination data for Arizona, New Jersey, Oregon, and Utah are from the 2011-2012/2012-2013 academic years.
Kindergarten vaccination data for Washington are from the 2012-2013 academic year.

clusters of high rates of pertussis in children ages 10 to 14 years
old, consistent with waning immunity (Table 2).

Discussion

The United States has achieved high rates of vaccination because
of the school immunization requirements in all 50 states (1, 31).
However, if one takes a closer look at the community level, there
is substantial local variation in vaccination rates throughout the
United States (27-29, 36). It is the local variation in vaccination
rates that is of concern because more than 90% of the commu-
nity needs to be vaccinated against pertussis for herd/community
immunity to be effective (39).

Adverse effects associated with the original whole cell per-
tussis vaccine led to the transition from the whole cell pertussis
vaccine to the acellular subunit pertussis vaccine in the United
States in the 1990s (9, 11, 40-42). In 1997, the US Advisory
Committee on Immunization Practices (ACIP) recommended
the use of the diphtheria-tetanus-acellular pertussis (DTaP)
vaccine instead of the whole-cell pertussis vaccine for all infants
and young children born in the United States (40-42). Based on
the 1997 recommendations, the DTaP vaccine series was to be
administered in five separate doses at the following ages:
2 months, 4 months, 6 months, between 15 and 18 months of age,

and between 4 and 6 years old (40, 41). Therefore, it is reason-
able to assume that any child born in 1998 or later in the United
States that was immunized for pertussis would have received the
acellular vaccine (11, 12).

Waning Immunity

After the switch to the DTaP vaccine, there was a change in the
epidemiology of pertussis in the United States (7, 9-11). Spe-
cifically, the number of reported pertussis cases in adolescents
increased, which suggested there was waning immunity from the
DTaP vaccine (7, 9-11). Because of the increase in reported
pertussis cases in adolescents, the ACIP made a recommenda-
tion in 2006 that a child between the ages of 11 and 12 years old
should receive a booster shot for the pertussis vaccine in the
form of the tetanus-diphtheria-acelluar pertussis (Tdap) vaccine
(43). However, even after the recommended Tdap booster, there
continued to be reports of increased rates of pertussis cases
among adolescents (7, 9-11).

In addition, immunologic studies have indicated that the acel-
lular pertussis vaccine does not elicit the optimal profile of im-
mune response required to sustain protective immunity against
B. pertussis (22, 44-50). Specifically, the immune response to the
acellular pertussis vaccine has decaying antibody levels over time
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Pertussis clusters in
children ages five years
and younger
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A Washington, Oregon,
Utah and Arizona

B New Jersey

Fig. 1. (A) Relative location of pertussis spatial clusters (2012) for children age 5 years and younger and exemption spatial clusters children enrolled in
kindergarten (2011-2013) in Arizona, Oregon, Utah, and Washington. (B) Comparable analysis of data from New Jersey.
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(45, 47, 48, 50) and that the acellular vaccine induced a T-helper
(Th) Th2/Th17 response rather than a Th1/Th17 response that
was seen with the whole cell pertussis vaccine (22, 44-46, 49, 50).

According to the CDC, it was estimated that 84% of adoles-
cents were up-to-date with their Tdap vaccine in 2012 (51). This
investigation assumed that a comparable percentage, or at least
majority, of children in the age group 10 to 14 had received their
Tdap vaccine and, if immunity persisted over time, they should
have been protected from developing pertussis. The results from
the geospatial analysis identified 31 counties that had geographic
clusters of high rates of pertussis in children ages 10 to 14 years
old, indicating that immunity from the acellular pertussis vaccine
was not sustained.

Nonmedical Vaccine Exemptions

Nonmedical vaccine exemptions have been on the rise in the
United States (1, 26-35). The rates of nonmedical vaccine ex-
emptions are not evenly distributed among communities, which
indicates that obtaining nonmedical vaccine exemptions tends to be a
socially and spatially clustered behavior (27, 28, 36). The clustering of
vaccine refusal creates “hot spots” in communities where herd/com-
munity immunity against vaccine preventable disease is compromised.
Several important studies have pointed to nonmedical vaccine ex-
emptions being a factor that has likely contributed to the increasing
rates of pertussis cases in the United States (26-29).

The present study is a multistate study that used geospatial
analysis at the community level in counties to explore geographical
clustering of nonmedical vaccines and geographic clustering of
pertussis cases in the United States. We found evidence of spatial
clustering of nonmedical vaccine exemptions in Arizona, Utah,
Oregon, and Washington. Forty-five percent of the counties in this
study were identified as having high rates of nonmedical vaccine
exemptions. The proportion of kindergarteners with nonmedical
vaccine exemptions was 2.8 times larger in exemption clusters.

Our findings are consistent with previous studies that exam-
ined geographic clusters of nonmedical vaccine exemptions and
geographic clusters of pertussis cases (27, 28, 36). The findings
are consistent with previous studies indicating that waning im-
munity is associated with the acellular pertussis vaccine (9-18).
Although we recognize that correlation does not establish causa-
tion, the findings from this investigation are consistent with pre-
vious suggestions that geographic clusters of nonmedical vaccine
exemptions and waning immunity may have been two of several
factors that contributed to community-level pertussis outbreaks.

Our findings also indicated that there was geographic overlap
between clusters of high rates of pertussis in children age 5 years
and younger and clusters of high rates of pertussis in children
ages 10 to 14 years old. Ninety percent of counties with high rates
of pertussis cases among children ages 10 to 14 also had high
rates of pertussis cases in children ages 5 years and younger,
Table 2. These findings were expected because pertussis is highly
infectious and spreads easily within households and communi-
ties. The results from a 2015 investigation indicated that siblings
are the primary source of pertussis infection among infants (52).
Thus, communities where there are high levels of nonmedical
vaccine exemptions have some risk for community-level pertussis
outbreaks in both young children and adolescents.

California, which suffered a major outbreak of measles in
2014, recently passed Senate Bill 227 to eliminate nonmedical
vaccine exemptions and increase vaccination rates within the
state to help reduce rates of vaccine preventable diseases (53). It
will be important to analyze the effects of this legislation, which
can be considered as a large-scale population experiment, on the
incidence of pertussis and other vaccine preventable diseases.

Limitations

There are several limitations of this investigation. The first was ac-
counting for immunization data from children in kindergarten who

7104 | www.pnas.org/cgi/doi/10.1073/pnas.1700240114

were homeschooled during the 2011-2012 and 20122013 academic
years. In 2012, the US Department of Education reported that the
number of children who were homeschooled for kindergarten was so
small that there were too few cases to report reliable estimates (54).
A second limitation of this investigation was that children who have
medical exemptions from immunization laws were not included in the
study. However, medical exemptions are rare and are not expected to
be clustered. A third limitation was that children that are under-
immunized and failed to complete the recommended immunization
schedule were not identified and included in this study. When chil-
dren are underimmunized they have greater susceptibility to be-
coming infected with vaccine preventable diseases.

It is important to note that the clustering of nonmedical vaccine
exemptions found in this study may have been affected by varia-
tions in county-level implementation and variations in school
reporting (28). Pertussis, like other infectious diseases, can be
underdiagnosed and underreported and, as noted in previous
studies, there is no reason to conclude that the underreporting of
pertussis would be differential in terms of exemption clusters (28).

The increase in cases of pertussis and outbreaks of other vaccine
preventable infectious diseases in the United States is clearly a
multifaceted problem. We believe our study contributes to a better
understanding of why reported pertussis cases and outbreaks in the
United States have been on the rise. It is our hope that these
results can help policymakers become more informed regarding
decisions about nonmedical vaccine exemptions. The data from
this study suggest the need for support for research to develop a
more enduring acellular pertussis vaccine or regimen, for
strengthening surveillance activities at the local level, and for
creating an updated vaccination schedule for the current pertussis
vaccine, all of which will contribute to better protecting children
and communities from vaccine preventable diseases.

Methods

The spatial Bernoulli model (38) was used to identify statistically significant geo-
graphical clusters with a high proportion of children with nonmedical vaccine ex-
emptions. The Bernoulli model was selected because there was a set number of
children enrolled in kindergarten during the 2011-2012 and 2012-2013 academic
years and those children either had a nonmedical vaccine exemption or were
vaccinated. All of the data analyzed were derived from publicly available sources.
The immunization status of students reported to the Departments of Public Health
were self-reported by schools and provided a snapshot of immunization coverage
at the start of each academic year. It is important to note that six counties did not
have data available, and nonmedical vaccine exemption data for Washington state
was only available for the 2012-2013 academic year.

The spatial Poisson model (38) was used to identify statistically significant
geographical clusters of pertussis cases in each age groups. The age group
5 years and younger was selected because children age 5 years and younger had
the highest incidence rate of pertussis in 2012 (8). The age group 10 to 14 years
was selected because it was assumed that children born between 1998 and
2000 only received the acellular vaccine (11, 12). Analysis of the 10 to 14 years
age group helps to understand the impact of waning immunity on the
2012 pertussis outbreak (9-12). Six counties did not have data available, and
Oregon did not have reported pertussis cases for the age group 10 to 14 years at
the county level, therefore the state was not included in this age group analysis.
Lastly, immunization status for the 10- to 14-year-old age group at the county
level was not available and could not be accounted for in this data analysis.

A second SaTScan analysis was completed to compare unadjusted pertussis
datum to pertussis datum that was adjusted based on whether the county
was located in an identified nonmedical vaccine exemption geographic
cluster. The results of the second analysis produced similar results and did not
provide additional data to further understand the relationship between
nonmedical vaccine exemption clusters and pertussis clusters (Table 3).
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