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SUMMARY

The increase in pertussis cases in Minnesota in the last decade has been mainly attributed to the
switch from whole cell to acellular pertussis [as part of the diphtheria, tetanus and acellular
pertussis vaccine (DTaP)]. It is unclear, however, to what degree community-level risk factors also
contribute. Understanding these factors can help inform public health policy-makers about where
else to target resources. We performed an ecological analysis within Minnesota to identify risk
factors at the county level using a Bayesian Poisson generalized linear areal model to account for
spatial dependence. Univariate analyses suggested an association between increased pertussis rates
at the county level and white maternal ethnicity, being US born, urban counties and average
household size. In the multivariable analysis, the rate of pertussis was 1·79 times greater for urban
vs. rural counties and 4·75 times greater for counties with a one-person larger average household
size. Pertussis rates in counties with higher (i.e. 4+DTaP) receipt in children were 0·97 times lower.
Examining county-level factors associated with varying levels of pertussis may help identify those
counties that would most benefit from targeted interventions and increased resource allocation.

Key words: Bordetella pertussis, pertussis (whooping cough), respiratory infections, spatial
modelling, vaccine-preventable diseases.

INTRODUCTION

The United States has seen a surge in reported pertus-
sis cases over the past decade [1, 2]. In 2012 the largest
outbreak of pertussis in 50 years occurred, with over
41 000 reported cases nationally [3]. That year,
Minnesota had the third highest incidence of pertussis
of any state in the nation, with 4144 cases of pertussis
reported, equivalent to 75/100 000 population [3].

Rates this high had not been reported for the state
since 1938 [4].

Reasons for the resurgence have centred around the
diphtheria, tetanus, and acellular pertussis (DTaP) vac-
cine: particularly under-immunization [5, 6], parental
refusal of vaccination [7, 8], and waning immunity pro-
vided by the acellular pertussis formulation [9, 10].
Efforts to protect infants, the group with the highest
risk of death or serious morbidity, have focused on
‘cocooning’ the infant by immunizing the surrounding
caregiver group [11–13], as well as by immunizing peri-
partum women [14, 15]. However, less attention has
been directed at determining environmental and social
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factors that may also contribute to the increased rates
of pertussis.

Ecological analyses can be used to identify associa-
tions between aggregate demographic factors and dis-
ease [16], as well as improve our understanding of
varying pertussis rates, transmission dynamics, im-
munity, and vaccine effectiveness [17]. Ecological ana-
lyses have been conducted to examine the effect of
pertussis vaccine coverage on county-level pertussis in-
cidence rates in California during the 2010 pertussis
epidemic [18]. However, few have used an ecological
approach to identify demographic and socioeconomic
variables associated with higher county-level pertussis
rates within a state. The objective of our study was to
describe the geographical distribution of pertussis
rates in Minnesota, and to identify county-level public
health, education, economic and demographic indica-
tors that are associated with increased county-specific
pertussis rates.

METHODS

Data collection
County-level data were collected for 61 variables,

including 20 demographic, 17 education, 14 health,
seven socioeconomic, and three vaccination status
indicators from various data sources (see Appendix).
Sources included the US Census [19], the Minnesota
Department of Health (MDH) [20], the Minnesota
Board of Medical Practice (M. Chu, written commu-
nication), the Minnesota Geospatial Information
Office [21], and the National Center for Health
Statistics [22]. Data used in this analysis ranged
from estimates for individual years, to those based
on a 5-year span (2009–2013), in order to yield esti-
mates for all 87 counties within Minnesota. Separate
sources for different county-level variables were com-
bined into a single dataset for analysis, based on US
Census data that showed that the population was fair-
ly static over the 5-year period [19]. Data used in this
analysis were assumed to provide a reasonable esti-
mate of the population values for 2009 to 2013. In
particular, when data for a given variable were avail-
able for a single year (e.g. 2011), we assumed it was
representative of the other years (e.g. 2009, 2010,
2012, and 2013).

County-specific explanatory variables were col-
lected or computed as percentages by county to ac-
count for population size. If an explanatory variable
was available only for one year, this value was used
and assumed representative of the 5-year period.

Five-year data were available as a 5-year median,
5-year average, or 5-year percentages where the me-
dian, average or percentage was computed using the
cumulative data over 5 years.

Variables examined

Pertussis cases were obtained from the MDH [20] at
the county-level and encompassed all ages, and
included patients who met the case definition of per-
tussis: clinical symptoms with paroxysms of coughing,
inspiratory whoop, or post-tussive vomiting, or ap-
noea in infants aged <1 year; laboratory isolation of
Bordetella pertussis from a clinical specimen, or posi-
tive PCR for B. pertussis; and contact with a
laboratory-confirmed case of pertussis. County-level
demographic indicators examined included the follow-
ing: population density, average household size, nat-
ural rate of population increase, number of schools,
and urban/rural designation as proxies for crowding.
Urban and rural designation followed the National
Center for Health Statistics classification [22]. Urban
areas included large central/large fringe metropolitan
(populations of 51 million) to small metropolitan
(populations <250 000). Rural, non-metropolitan areas
included micropolitan (containing at least one urban
cluster of 10 000–49 999 inhabitants) and non-core
(most rural area) [22].

Socioeconomic indicators included median income,
employment, medical insurance, enrolment in medical
assistance programmes, as well as educational attain-
ment, maternal educational attainment, single-parent
households, English only spoken at home, teen birth
rates, and births to unmarried mothers. Asthma hospi-
talization was also considered a socioeconomic indica-
tor, based on documented disparities in asthma
management and self-efficacy by race, ethnicity and
income [23]. Age data were for 0–4, 5–9, 10–19, and
565 years age groups.

Children aged <5 years were noted to have com-
pleted the vaccine series if they had received the
recommended DTaP vaccine series by age 35 months
which, if the routine immunization schedule is fol-
lowed, means receipt of four doses of DTaP by 18
months. Vaccine exemption rates were not publicly
available at the county level. Varicella vaccination
was used as a proxy for vaccine exemption, given pre-
vious literature that showed that this was the most
common vaccine exempted [24]. We also included
adult and childhood obesity, based on studies of a
possible link between infection and obesity [25].
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Statistical analysis

We applied the sparse spatial generalized linear mixed
model (SGLMM) of Hughes & Haran [26]. The
sparse SGLMM allowed us to account for spatial de-
pendence and spatial confounding in the counties.
Spatial dependence is defined as counties that are in
close proximity having similar outcomes. Spatial con-
founding is a type of redundancy for one or more risk
factors [27]. Failure to account for spatial dependence
can result in confidence intervals that are too narrow,
while failure to address spatial confounding can result
in confidence intervals that are too wide. By using the
SGLMM we address the former, which reduces the
possibility of concluding that unimportant factors
are in fact important, while addressing the latter,
reducing the possibility of concluding that important
factors are unimportant. Further, we employed the
sparse SGLMM for (conditionally independent)
Poisson outcomes. This model assumes that the out-
comes are independent and Poisson distributed, condi-
tional on a collection of spatially dependent random
effects, where there is exactly one random effect for
each areal unit (in this case, each county).

The raw incidence rate of pertussis was calculated
per 10 000 person-years using the 2011 population
with the assumption that the population is stable
over the 5 years and that the mid-point population
is the same population at risk for the entire 5 years.
For the univariate and multivariable analysis, the re-
sponse variable was the total number of cases reported
for the county over the 5-year period; the 2011 county
population was included as an offset. This also
reduced zero counts for some counties in individual
years. Bonferroni-corrected credible intervals were
computed for the 67 separate comparisons, to main-
tain an overall significance level of 0·05 for all of the
intervals (with an associated credible interval of
99·9%). This reduces the chance of concluding there
is a true association, when there is in fact no associ-
ation. The Bonferroni correction is conservative, i.e.
we are less likely to make an incorrect conclusion
compared to alternative methods for multiple com-
parison adjustment at the cost of reduced power for
detecting a real effect. Univariate analyses were used
to identify variables for inclusion in the multivariable
analysis based on statistical significance and included
urban/rural designation, maternal educational attain-
ment, percentage of children who received 54 doses
of DTaP, health insurance, number of family physi-
cians and paediatricians per 100 000 persons, and

size of household. Commonly considered confounders
such as race/ethnicity were also controlled for in themul-
tivariable analysis, by being included in the model as a
percentage of each group. Data were analysed with R
software version 3.0.3 (R Foundation for Statistical
Computing, Austria); the R package used to perform
the SGLMM was ‘ngspatial’ [28].

This study used de-identified publically available
data and was considered exempt by the University
of Minnesota Institutional Review Board.

RESULTS

Between 2009 and 2013 there were 8117 cases of
pertussis reported in Minnesota. The incidence rate
per 10 000 person-years ranged from 0 in Lincoln
County, to 9·52 in Benton County (Fig. 1). The five
counties with highest pertussis incidence rates were
Benton, Wright, Sibley, Stearns, and Freeborn, and
the five with the lowest pertussis incidence rates were
Lincoln, Pennington, Becker, Martin and Le Sueur
(Table 1).

Table 2 summarizes the results of the univariate
analyses. Fourteen factors were associated with an in-
crease in pertussis incidence, including younger age,
population density, natural rate of increase in the
population, white maternal race, US born, English
only spoken at home, high maternal education, me-
dian income and proportion in labour force, among
others. Two factors were associated with a substantial
increase in pertussis rates: (1) urban-designated
counties had a pertussis rate 2·32 times higher than
rural-designated counties, and (2) a 1-unit increase
in average household size was associated with a per-
tussis rate 2·62 times higher.

Factors associated with a decrease in pertussis inci-
dence included older age, foreign born, language other
than English spoken at home, lower educational at-
tainment and lower maternal educational attainment,
uninsured and single-parent households, among
others (Table 2). Of the sociodemographic factors
associated with a decrease in pertussis incidence,
there were two notable associations: a 1-unit increase
in the number of family physicians per 100 000 was
associated with a pertussis incidence 100 times
lower, and a 1-unit increase in the density of schools
in a county (school per 1000 persons) was associated
with a pertussis incidence that was 1·32 times lower.
A similar association was noted at each school level,
where a 1-unit increase in density of elementary
schools per 1000 persons was associated with a
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pertussis incidence that was 2·32 times lower; an inci-
dence rate that was 1·59 times lower for each middle
school added per 1000 persons; and an incidence
rate that was 3·28 times lower for each high school
added per 1000 persons. No significant association
was found between pertussis counts and the number
of pediatricians per 100 000, but the point estimates
were similar to that of family physicians.

In the multivariable analysis (Table 3), urban
county designation (compared to rural county)
remained significant and larger average household
size was also associated with higher pertussis rates,
with rate ratios of 1·79 [99·9% credible interval (CrI)

1·43–2·31] and 4·75 (99·9% CrI 1·10–23·97), respect-
ively. Counties with higher rates of 4+DTaP vaccine
receipt in children aged 24–35 months were associated
with lower incidence rates of pertussis, with a rate
ratio of 0·97 (99·9% CrI 0·96–0·99) for a 1% higher
prevalence of 4+DTaP vaccine receipt.

Although an association was noted in the univariate
analysis between county maternal education level and
the pertussis incidence rate, in the multivariable ana-
lysis these associations were no longer significant.

DISCUSSION

In this ecological analysis, we identified several demo-
graphic and social factors potentially associated with
varying incidence rates of pertussis in Minnesota.
Of note, higher pertussis rates were associated with
urban county designation and counties with larger
average household size. Lower pertussis rates were
significantly associated with receipt of the DTaP vac-
cine series, where counties with a 1% higher percent-
age of children aged 24–35 months who received
4+DTaP had 0·97 times the incidence rate of pertus-
sis. This finding is in keeping with other studies that
show that unvaccinated or under-vaccinated children
are at high risk for pertussis and increase the

Table 1. The five Minnesota counties with the lowest
and highest pertussis incidence rates per 10 000
person-years, 2009–2013

Counties with the lowest
pertussis incidence rate

Counties with the highest
pertussis incidence rate

Lincoln 0·00 Benton 9·52
Pennington 0·14 Wright 7·18
Becker 0·18 Sibley 7·12
Martin 0·19 Stearns 7·06
Le Sueur 0·22 Freeborn 6·48

Fig. 1. Map of pertussis county-level incidence rates per 10 000 person-years in Minnesota, 2009–2013.
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Table 2. Univariate regression analysis of the relationship between demographic and
social indicators and pertussis incidence rate

Indicator RR (99·9% CrI)*

Age (%)
0–4 years 1·19 (1·09–1·31)
0–19 years 1·06 (1·03–1·11)
565 years 0·95 (0·90–0·97)

Race/ethnicity (%)
White 1·02 (0·98–1·04)
Black 1·00 (0·97–1·02)
Native American 1·00 (0·96–1·03)
Asian 1·00 (0·97–1·03)
Hispanic 0·99 (0·96–1·02)

Demographics
Population density 1·0004 (1·0002–1·0005)†
Natural rate of increase in population 1·07 (1·04–1·10)
Urban vs. rural designation 2·32 (1·97–2·78)
Race/ethnicity of mother (%)

White 1·01 (1·003–1·02)
Black 0·99 (0·98–1·01)
Native American 1·00 (0·98–1·01)
Asian 1·00 (0·99–1·01)
Hispanic 0·99 (0·98–1·01)

US born (%) 1·03 (1·004–1·06)
English only spoken at home (%) 1·03 (1·007–1·05)

Education (%)
Educational attainment

<9th grade education 0·91 (0·87–0·94)
9–12th grade education 0·93 (0·83–0·99)
High school education 1·00 (0·95–1·02)
Graduate/professional education 0·98 (0·96–1·00)

Enrolment in pre-K-12th grade (%)
White 1·01 (1·004–1·017)
Black 1·01 (0·99–1·02)
Native American 1·00 (0·98–1·02)
Asian 0·99 (0·98–1·02)
Hispanic 1·00 (0·98–1·01)

Out-of-home daycare per 1000 in child population 0·97 (0·94–0·99)
Maternal education (%)

Low 0·98 (0·96–0·99)
Medium 0·98 (0·96–0·997)
High 1·02 (1·007–1·03)

Number of schools, per 1000 (%) 0·76 (0·65–0·89)
Elementary 0·43 (0·23–0·80)
Middle 0·63 (0·48–0·83)
High 0·31 (0·15–0·60)

Vaccination status (%)
4+DTaP 0·99 (0·98–0·996)
1+ varicella vaccine 0·97 (0·95–0·99)
Completed vaccine series 1·00 (0·99–1·00)

Socioeconomic
Median income 1.00 002 (1.00 001–1.00 003)
Proportion in labour force 1·06 (1·04–1·10)
Unemployment 1·04 (1·04–1·10)
Uninsured 0·93 (0·86–0·96)
Single-parent households 0·98 (0·95–0·997)
Average household size 2·62 (1·60–3·87)
Asthma hospitalizations 0·99 (0·96–1·01)
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likelihood of transmission in their communities [7, 8].
Interestingly, our univariate analysis revealed a statistic-
ally significant association between a decrease in the per-
tussis incidence rate with an increase in density of family

physicians, but not with paediatricians, even though
point estimates were similar. The reason for this differ-
ence is partially due to rural counties who have no
paediatrician indicated in the datawhereas every county
has at least one family physician. The difference in
provider-typedensitybycounty isnoteworthy, as vaccin-
ation rates for family physicians have been shown to be
significantly lower (45–88%) than for paediatricians
(85–99%) [29, 30]. Studies have attributed this to less
family physician knowledge regarding vaccination
recommendations and their concerns about vaccine
safety, amongother reasons [29, 30]. In themultivariable
analysis, county family physician and paediatrician
density were no longer significantly associated with per-
tussis incidence rate, although the rate ratioswere similar
and indicated a trend towards reduced rates of pertussis
in counties with a higher density of either physician.

Our univariate analysis found a possible association
between low and medium maternal education and a de-
crease in the pertussis incidence rate, but paradoxically
highmaternal education was associated with an increase
in pertussis incidence rate. The associationwith highma-
ternal education and an increase in pertussis incidence
rate at the county level is consistent with other studies
that have demonstrated an association between highma-
ternal educationwith non-vaccination [31], although the
univariate association is likely to be confounded by the
urban/rural classification of a county. This may also be
due to increased uncertainty about the benefits of im-
munization in more educated parents [32], or possible

Table 3. Multivariable regression analysis of the
relationship between demographics, social indicators
and pertussis incidence rate

Indicator RR (99·9% CrI)*

Age (%)
0–4 years 1·01 (0·78–1·30)
5–9 years 0·92 (0·67–1·22)
10–19 years 0·90 (0·78–1·03)

Race/ethnicity (%)
White 0·92 (0·68–1·36)
Black 0·96 (0·67–1·56)
Native American 0·93 (0·65–1·39)
Asian 0·90 (0·63–1·28)
Hispanic 1·05 (0·97–1·11)

Demographics
Urban vs. rural 1·79 (1·43–2·31)
Average household size 4·75 (1·10–23·97)
Maternal education: medium 1·01 (0·97–1·06)
Maternal education: high 1·02 (0·98–1·07)
4 +DTaP 0·97 (0·96–0·99)
Uninsured 0·96 (0·86–1·08)
Family medicine physicians 0·06 (0·00–1·87)
Paediatricians 0·05 (0·00–27·33)

RR, Rate ratio; CrI, credible interval.
* Credible intervals not including 1 were considered statistic-
ally significant.

Table 2 (cont.)

Indicator RR (99·9% CrI)*

Health (%)
Pre-term births 1·00 (0·95–1·05)
Adequacy of prenatal care 1·01 (0·99–1·02)
Teen birth rates 1·00 (0·99–1·01)
Births to unmarried mothers 0·99 (0·96–1·00)
Enrolment in family-medical assistance programmes 0·95 (0·75–1·10)
Enrolment in medical assistance programmes 0·96 (0·92–0·99)
Adult obesity 1·01 (0·99–1·03)
Childhood obesity

Underweight 1·07 (0·98–1·22)
Normal weight 1·02 (1·003–1·07)
Overweight 0·97 (0·90–1·01)
Obese 0·99 (0·92–1·07)
Very obese 0·96 (0·86–1·00)

Family medicine physicians per 100 000 population 0·01 (0·001–0·15)
Paediatricians per 100 000 population 0·05 (0·003–10·09)

RR, Rate ratio; CrI, credible interval.
* Credible intervals not including 1 were considered statistically significant
†To two decimal places, except where statistical significance is shown.
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decreased reportingofproviders in theseareas to immun-
ization registries [31].

Under-vaccination has been associated with low ma-
ternal education [31], and lack of vaccine uptake has
been linked to low socioeconomic status, country of ori-
gin, and single parenthood, amongothers [23, 31].While
there is substantial literature documenting poorer health
indices in minority and immigrant families [33], and
socioeconomic and racial disparities in vaccination up-
take [34], we did not find any of these to be associated
with pertussis incidence rate in Minnesota in our multi-
variable analysis. However, this may be due to the fact
that minority populations are small in Minnesota and
any association may be attenuated at the county level
due to the large prevalence of whites.

Urbanization, household size and crowding have
also been shown to be associated with similarly trans-
mitted infections such as measles [35], as well as a
greater risk of acquiring other respiratory tract infec-
tions such as tuberculosis and respiratory syncytial
virus [36, 37]. Household size has been recognized as a
determinant of health given that the household environ-
ment can play an important role in the transmission of
respiratory pathogens, and that the collective behaviours
of householdmembers canaffect transmission at an indi-
vidual level [38]. Hence, household size as well as house-
hold age composition and how they vary in different
counties may be important to consider when targeting
specific counties for intervention [39].

Some of the limitations of this study are due to the na-
ture of ecological analyses, which in general can describe
associations of disease occurrence at an aggregate level
such as the county level used in this analysis. These asso-
ciations, however, may not be present at the individual
level. There could also be variation in the completeness
and representativeness of the county-level data used in
this analysis, even though we tried to minimize this by
using state- and federal-level data from surveys that
have been shown to have high coverage and completion
rates. As the goal of this studywas to provide a statewide
analysis of potential ecological factors associated with
pertussis disease, we did not explore predictive values
of identified factors, which would be the next step. Our
data did not include age breakdown of pertussis cases,
hence we were unable to examine in detail the role of
age including impact of having more infants in a given
county.Wewere also unable to examineparental vaccine
refusal due to the limited availability of these data. Our
use of varicellavaccinationas aproxy for vaccine exemp-
tionwasbasedonother published literature [24]; but, this
approach could potentially overestimate how many

children did not receive DTaP. However, immunization
uptake for all four doses ofDTaP varied widely between
counties, suggesting that other factors besides parental
refusal may play a role in pertussis rates. Our use of the
SGLMMmodel does not address the problem of multi-
collinearity that arises from strong correlation between
predictors. In particular, although the model alleviates
multicollinearity between the fixed-effects predictors
and the random effects, the fixed-effects predictors may
exhibit multicollinearity on their own. Another limita-
tion of this analysis is that census data for some variables
at the county level were for a 5-year span, which limited
our ability to compare different epidemics within a
5-year period, and also may not adequately account for
changes in minor and major outbreaks, and sporadic
cases identified in the intervening period. Further, the
use of data from different sources, such as we have
done in this analysis, is a limitation since there may be
differences in the methods used, population studied
and completeness of reporting. Finally, increasing
awareness of pertussis leading to changes in testing pat-
terns was also not accounted for in this analysis.

CONCLUSION

Ecological analyses can be used to identify factors that
are associated with geographically varying incidence
rates of pertussis to inform public health interventions.
This analysis confirms the need tomaintain high vaccine
coverage and completion of the pertussis vaccine series,
and highlights factors to consider, such as dense popula-
tions on both a large (cities/urban areas) and small (large
families/day cares/schools) scale, when targeting coun-
ties for intensified surveillance and interventions.
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APPENDIX. Sources for pertussis variables used in the analysis

Data table and corresponding year(s) of collection Source

1. Age and sex-specific population counts by county, 2011 MDH [20]
2. Race and ethnicity by county, 2011 MDH [20]
3. Children aged <5 years, children 0–19 years, females 15–44 years, 2011 MDH [20]
4. Population aged 565 years, 2011 MDH [20]
5. Population density, 2011 MDH [20]
6. Selected socioeconomic statistics, 2007–2011 MDH [20]
7. Minnesota Care, Minnesota Family Investment Programme-Medical Assistance, General

Assistance Medical Care Average monthly enrolment, 2011
MDH [20]

8. Average monthly enrollment in medical assistance, 2011 MDH [20]
9. Pre-K to 12th grade school enrolment by race and ethnicity, 2011–2012 school year, 1 October

2011
MDH [20]

10. Children in out-of-home daycare per 1000 in the child population (0–17 years), 2011 MDH [20]
11. Selected birth rates, 2011 MDH [20]
12. Prematurity and low birthweight of singleton births in Minnesota, 2011 MDH [20]
13. Prenatal care, 2011 MDH [20]
14. Teen pregnancy and birth rates, 2009–2011 MDH [20]
15. Sociodemographic factors related to birth outcomes, 2011 MDH [20]
16. Race and ethnicity of mother, 2011 MDH [20]
17. Percent of children aged 24–35 months up-to-date for individual vaccines and a series of these

vaccines, data August 2011
MDH [20]

18. Asthma hospitalizations: age-adjusted rates per 10000, 2008–2010 MDH [20]
19. County-level estimates of leisure time physical inactivity, diabetes prevalence and obesity in

adults aged 520 years, 2009
MDH [20]

20. Weight status in WIC children aged 2–5 years by county of residence, 2012 MN WIC
information system

MDH [20]

21. Uninsurance rates for population aged < 65 years from Census Small Area Health Insurance
Estimates, 2010

MDH [20]

22. Number of physicians (family physicians and paediatricians) by county, 2012 MBMP (M. Chu, written
communication)

23. County designation of rural vs. urban, January 2012 NCHS [22]
24. Schools in county, elementary vs. middle vs. high schools, 2012 MGIO [21]
25. Average household size, 5-year data US Census [19]
26. Educational attainment, 5-year data US Census [19]
27. US born vs. foreign born, 5-year data US Census [19]
28. Language spoken at home, 5-year data US Census [19]
29. Median income, 5-year data US Census [19]
30. Proportion in labour force vs. unemployed, 5-year data US Census [19]

MDH, Minnesota Department of Health; MGIO, Minnesota Geospatial Information Office; MBMP, Minnesota Board of
Medical Practice; NCHS, National Center for Health Statistics; WIC, Women, Infants and Children.
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