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The United States is experiencing a resurgence
of pertussis despite concerted public health
efforts to prevent infection. Outbreaks have
gradually increased in size since the late 1970s,
with substantial increases occurring during the
past decade."* National incidence rates have
remained highest among infants younger than
1 year, but the remaining burden of disease has
shifted between age groups.? The average age
of someone with pertussis before the vaccine
era was 5 years. Recently, outbreaks have been
recorded with an increased percentage of cases
in those older than 5 years. In particular,
children aged 7 to 10 years have recently
begun to experience a greater burden of
disease than have other age groups.>*

Similar to national trends, in Minnesota
changes in pertussis burden by age have been
observed despite relatively consistent overall
vaccination rates.* In 2004, children (5-12
years) accounted for 28% of reported pertussis
cases, adolescents (13—17 years) accounted
for 35% of cases, and adults (> 18 years)
accounted for 25% of cases. During Minneso-
ta’s subsequent peak year of 2008, 42% of
cases were in children, 23% of cases were in
adolescents, and 23% of cases were in adults.
Incidence rates in all age groups increased from
2004 to 2008. The age distribution of cases in
2012 was nearly identical to that in 2008.°

Although protecting the vulnerable infant
population remains a public health priority, un-
derstanding the driving factors behind incidence
trends in older age groups is necessary to develop
and implement effective control measures. The
transition from a whole cell pertussis vaccine,
DTP, to an acellular vaccine, DTaP, in the 1990s
appears to have played a role in increasing
incidence among those aged 7-10 years.® The
recommended ages for children to receive DTaP
are the same as for DTP (2, 4, 6, and 15-18
months and 4-6 years), but immune protection
acquired from DTaP has been reported to wane
sooner than that acquired from DTP.”
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Objectives. We examined the impact of undetected infections, adult immunity,
and waning vaccine-acquired immunity on recent age-related trends in pertussis
incidence.

Methods. We developed an agent-based model of pertussis transmission in
Dakota County, Minnesota using case data from the Minnesota Department of
Health. For outbreaks in 2004, 2008, and 2012, we fit our model to incidence in 3
children’s age groups relative to adult incidence. We estimated parameters
through model calibration.

Results. The duration of vaccine-acquired immunity after completion of the
5-dose vaccination series decreased from 6.6 years in the 2004 model to
approximately 3.0 years in the 2008 and 2012 models. Tdap waned after 2.1
years in the 2012 model. A greater percentage of adults were immune in the 2008
model than in the 2004 and 2012 models. On average, only 1 in 10 adult
infections was detected, whereas 8 in 10 child infections were detected.

Conclusions. The observed trends in relative pertussis incidence in Dakota
County can be attributed in part to fluctuations in adult immunity and
waning vaccine-acquired immunity. No single factor accounts for current
pertussis trends. (Am J Public Health. 2015;105:e42-e47. doi:10.2105/AJPH.

2015.302794)

In addition to vaccine changes, improved
laboratory testing, increased awareness, and
the introduction of a booster for adolescents
and adults (Tdap) have played a role in altering
incidence trends.®° Research is needed to
explain how these factors have collectively
contributed to the resurgence of pertussis";
however, this research is complicated by un-
certainty in other contributing factors that are
difficult to assess directly, such as undetected
infections, adult immunity, and waning
vaccine-acquired immunity.

Adults with pertussis often present with mild
symptoms, and a nondistinctive cough may be
the only manifestation of infection."® Conse-
quently, a large number of adult infections
remain undetected."® Although adults do not
constitute a large percentage of reported cases,
their mild and asymptomatic infections are
believed to play a significant role in trans-
mission."* Among children, mild or asymp-
tomatic infections in previously immunized
individuals may similarly remain undetected.'®

Childhood vaccination records for adults are
often incomplete and likely do not represent
current immune status because of waning
immunity. Records of Tdap vaccination are
often the only documentation relevant to cur-
rent immunity in adults, and these records are
more challenging to locate than are records for
children'® Seroprevalence data have been re-
lied on to generate estimates of infection and
immunity within adult populations, but sero-
logic testing is not standardized and antibodies
may reach undetectable levels before immu-
nity wanes.”'""'®

DTP was used for all pertussis vaccinations
before the 1990s and is estimated to provide
protection for 4 to 12 years beyond the last
dose.” DTaP was initially approved in 1991 for
administration to children aged 15 months to 6
years who had received a DTP primary series
(shots 1, 2, and 3), and in 1997 DTaP was
approved for all 5 doses in children.'® Esti-
mates for the duration of DTaP-induced im-
munity suggest that protection lasts 5 to 6 years
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TABLE 1—Age Distribution of Reported
Pertussis Cases During Outbreaks:
Minnesota Department of Health,
Dakota County, Minnesota, 2004,
2008, 2012

Age Group 2004, % 2008, % 2012, %
6 mo-6y 9.1 11.9 14.4
7-10'y 11.2 30.9 29.2
11-18y 58.1 40.3 33.6
219y 21.2 17.0 232
Missing 0.4 0.0 0.0
Total 100.0 100.0 100.0

Note. Data are percentages of total cases. Total
population was n =241 for 2004, n =395 for 2008,
and n =272 for 2012. Total percentages may exceed
100.0 because of rounding.

after completion of the DTaP series, with
efficacy decreasing each year.2%%! In 2005,
Tdap was licensed as a booster shot for
adolescents and adults; the longevity of its
protection is still being assessed.

With the relatively new field of agent-based
modeling, factors that are difficult to measure
directly (undetected infections, adult immunity,
and waning immunity) can be investigated with
computer simulations that can capture high
levels of detail. A variety of software platforms
have been developed to support this modeling
technique in which individuals, or “agents,” in
an agent-based model (ABM) move and act
independently in a simulated environment on
the basis of a set of rules that are determined by
their assigned characteristics and model pa-
rameters.? Each individual is programmed to
have characteristics (e.g., age and vaccination
status) that mimic an individual in a particular
population that reflects a geographic region
(e.g, a county or a state). ABMs can thus provide
insight into local drivers of pertussis outbreaks.

Using data from the Minnesota Department
of Health (MDH), we developed an explanatory
ABM of pertussis transmission. We simulated
outbreaks that occurred in Dakota County,
Minnesota during 2004, 2008, and 2012
(Table 1). Dakota County has a population of
approximately 400 000 residents and is rela-
tively ethnically diverse (18% non-White) with
a mixture of urban and rural settings (approx-
imately one third each of land use is rural,
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urban, and suburban).?® This population was
representative of the state with regard to
age-related incidence trends. We calibrated the
ABM to attain parameter values for undetected
infections, adult immunity, and waning
vaccine-acquired immunity so that model out-
put was consistent with age-related relative
incidence trends observed during the Dakota
County outbreaks.

We identified these factors’ influence on per-
tussis’s changing incidence trends with an ABM.

We implemented an ABM of pertussis
transmission in NetLogo, version 5.0.4.24
Three versions of the model were created to
independently simulate the 2004, 2008, and
2012 Dakota County outbreaks. The model
structure was identical except for the inclusion
of Tdap vaccinations in the 2008 and 2012
simulations. To parameterize the model, we
used data that MDH collected on confirmed
and probable cases as defined by the Council of
State and Territorial Epidemiologists. Probable
cases met the clinical case definition for per-
tussis.>® Confirmed cases met the clinical case
definition for pertussis and were laboratory
confirmed or had contact with a laboratory
confirmed case. Approximately 16% of cases
had a case status of probable in 2004, whereas

18% had a case status of probable in 2008 and
7% in 2012. Additional details of the Dakota
County outbreaks can be found in a previously
published article.?®

Because pertussis is a reportable disease
in Minnesota, laboratories, clinics, and
schools are required to report pertussis
cases to MDH. All individuals with pertussis
are interviewed for clinical and epidemio-
logical information, and in situations in
which a family cannot be reached, follow-up
through the provider is attempted. Between
2004 and 2012, no major changes occurred
in the data collection methods for the vari-
ables in our analysis.

We programmed our model population
with ages that reflected the age distribution of
Dakota County.?” We categorized the pop-
ulation into 1 of 5 age groups (0—6 months, 6
months to 6 years, 7—10 years, 11-18 years,
and 19 years and older) on the basis of the
recommended ages for pertussis vaccination.
Vaccination coverage in the children’s age
groups (<19 years) was on the basis of the
percentage of confirmed and probable Da-
kota County pertussis cases that were known
to have received age-appropriate vaccina-
tions. We assumed proportionate coverage
among children’s cases with unknown vacci-
nation status. Vaccination and other model
parameters are detailed in Table 2.

TABLE 2—Input Parameter Values for Agent-Based Model of Pertussis Transmission:
Minnesota Department of Health, Dakota County, Minnesota, 2004, 2008, 2012

Parameter 2004 2008 2012

Infectious if antibiotics taken, d 11 13 13
Infectious if no antibiotics taken, d 21 21 21
Detected cases on antibiotics, % 58 62 73
Vaccine efficacy, % 85 85 85
Case vaccination status known, No. (%)

6 mo-6y 21 (95) 36 (80) 33 (85)

7-10y 26 (96) 92 (75) 72 (91)

11-18y 119 (85) 115 (72) 76 (84)

>19y 1(2) 3(5) 5(8)
Cases with age-appropriate vaccination if status known, no. (%)

6 mo-6y 18 (82) 29 (81) 26 (78)

7-10y 22 (85) 81 (88) 68 (94)

11-18y 113 (95) 104 (90) 76 (91)

>19y 0(0) 1(33) 3 (60)
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The vaccination schedule was determined
by the Advisory Committee on Immunization
Practices recommendations and modeled as
a child receiving shots at aged 2, 4, 6, and 15
months and 4 years. We did not assume
vaccine-acquired immunity until infants re-
ceived their third shot at aged 6 months.
Among children being vaccinated, we assumed
full completion of the 5-dose vaccination series
with no delays and 85% vaccine efficacy.*

101 Because our model does not incorporate in-
5 ; l creasing vaccine efficacy with each shot in the
¢ primary series, we restricted analysis to in-
0 . ' dividuals older than aged 6 months, because
6mo-6y 7-10y they have had the opportunity to complete the
Age Group primary series. We modeled loss of immunity
b as instantaneous and complete. We determined
Tdap coverage from National Immunization
301 Survey estimates for Minnesota adolescents.*
25 We assumed that individuals interacted
y randomly each day without restrictions. Sus-
S 2. ceptible individuals had an age- and location-
% I dependent probability of becoming infected.
?CJ 151 We derived transmission probabilities from
2 a previously published pertussis model.*® We
% 104 assumed the latent period of pertussis was
o 5 | i negligible, and we did not represent variable
. degrees of infectiousness.
0 . . Once infected, both symptomatic and
6 mo-6y 7-10y asymptomatic individuals remained infectious
Age Group for 21 days unless antibiotics were taken.?®
C Case data determined the percentage of in-
fectious individuals who received antibiotics.
301 The duration of infectiousness among individ-
25 uals on antibiotics was the median number of
g days between cough onset and 5 days past the
QC, 20 date of first antibiotic, as calculated from
2 Dakota County case data.>® Individuals did not
?CJ 154 interact randomly for the 5 days while on
.5 T antibiotics. This restriction in movement re-
% 104 flects the MDH recommendation to remain
o home until 5 days of antibiotics are completed.
5 E MDH'’s recommendation presumably changes
normal activities, thereby limiting interactions
0 ' ! of infectious individuals. We made the simpli-
6 mo-6y 7-10y . . . .
fying assumption that loss of infectiousness
Age Group coincided with the development of complete
Note. Estimates from top 10 fits were similar to estimates generated by top 50 fits. Top 10 fits are used for ease of immunity.

presentation. Adult group is the reference.

FIGURE 1—Relative incidence of pertussis in child age groups compared with corresponding
estimates generated by top 10 model fits during simulations of outbreaks in (a) 2004,

(b) 2008, and (c) 2012: Minnesota Department of Health, Dakota County, Minnesota.
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Because of the lack of empirical data, we
estimated the percentage of immune adults and
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TABLE 3—Pertussis Parameters Estimated by Model: Minnesota Department of Health,
Dakota County, Minnesota, 2004, 2008, 2012

Plausible Ranges

Best Fitting Parameter Values, Parameter Means (95% CI)

Model Parameter Explored by Model 2004 2008 2012
Immunity provided by first 5 shots, y 1.0-10.0 6.6 (6.6, 6.7) 32 (32,32 3.3 (3.3, 33
Immunity provided by Tdap, y 1.0-6.0 NA NA 2.1 (2.0, 22)
Undetected infections in children, % 10.0-99.0 23.0 (224,235) 22.2(21.9,22.5) 221 (21.7,22.5)
Undetected infections in adults, % 50.0-99.0 89.4 (89.0, 89.7)  90.9 (90.6, 91.2)  90.0 (89.6, 90.3)
Immune adults, % 10.0-90.0 49.6 (47.4,51.7) 57.7 (85.7,59.7)  48.2 (46.0, 50.5)

Note. Cl = confidence interval; NA=not applicable. Data are for top 50 model fits.

the percentages of undetected infections in
both adults and children during the Dakota
County outbreaks through model calibration.

We achieved this by varying these unknown
parameters to find combinations that resulted
in model output that matched age-related out-
break patterns in Dakota County. We also
estimated the duration of vaccine-acquired
immunity through model calibration and com-
pared it with published estimates, which served
as validation for the model.

We varied parameters that the model de-
rived until the model’s relative incidence by
age group (with the adult age group as refer-
ence) fit Dakota County case data. We initially
explored parameter values within wide plausi-
ble ranges identified by the expert opinion of
public health epidemiologists and then itera-
tively narrowed the ranges on the basis of 95%
confidence intervals (CIs) of best fitting target
parameters. We tested 12 000 parameter
combinations for each outbreak. We ran each
parameter combination for 100 simulations
and averaged the output, because repeated
simulations with identical initial conditions
produced different results owing to the proba-
bilistic nature of the model.

We defined best model fit as the average of
the 50 parameter combinations that produced
the lowest percentage error of relative inci-
dence summed across age groups, and we
calculated 95% Cls using means and SDs of the
50 best fitting parameter combinations. We
weighted the percentage error in each age
group by the distribution of cases across the
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age groups. We assessed model internal val-
idity by conducting 1-way sensitivity analyses.

Our model produced trends in age group—
relative incidence that were similar to trends
observed during the Dakota County outbreaks
(Figure 1). Specifically, the increased incidence
in the aged 7 to 10 years group relative to the
adult age group was captured in the 2008 and
2012 models.

Varying only a single model parameter
(whether percentages of undetected infections
in adults and children, duration of vaccine-
acquired immunity, or percentage of immune
adults) was not sufficient to replicate the age
distribution of Dakota County cases in the
3 outbreaks. The 2008 model had a higher
percentage of immune adults than did the
2004 and 2012 models. The percentage of
undetected infections among children was
similar between all 3 models. Waning of Tdap
was negligible in the 2008 model, and Tdap
provided protection for 2.1 years in the 2012
model. Vaccinated children in the 2008 and
2012 models were susceptible sooner after
completion of the 5-dose vaccination series
than were vaccinated children in the 2004
model. Parameter values derived from best
model fits are shown in Table 3.

Model output was highly sensitive to pa-
rameters pertaining to adults. Changing the
duration of immunity after completion of the
5-dose vaccination series influenced the rela-
tive incidence in predominantly the aged 7 to
10 years group. Testing the assumption that all

Sanstead et al.

cases with unknown vaccination status were
not vaccinated did not heavily influence the
results. Model outputs were stable for any
number of averaged simulations greater than
100.

Our ABM successfully replicated age-related
trends in pertussis incidence that were ob-
served during the 2004, 2008, and 2012
Dakota County outbreaks. The model identi-
fied factors pertaining to adult immunity levels
and waning vaccine-acquired immunity that
may have contributed to differences between
these outbreak years. To our knowledge, this is
the first ABM of pertussis transmission devel-
oped to characterize the influence of these
parameters within a population. Previous
models have generated similar estimates of the
duration of vaccine immunity, and serologic
studies have provided population-specific esti-
mates of immunity and subclinical infec-
tions.**3 Using an ABM and surveillance data
routinely collected by MDH, we were able to
generate estimates for all these parameters
simultaneously for specific outbreaks within
a single population.

The loss of immunity in children approxi-
mately 6.5 years after final vaccination in
the 2004 model is consistent with published
estimates of the duration of DTP acquired
immunity.” The loss of immunity in children
approximately 3.0 years after completion of
the DTaP series in the 2008 and 2012
models supports assessments that the acellular
vaccine wanes sooner than does the whole cell
vaccine.” The estimate for the duration of
vaccine-acquired immunity significantly
changed between the 2004 outbreak and
subsequent outbreaks. Our model supports the
assertion that the change in vaccine formula
contributed to shifting the burden of pertussis
from adolescents to those aged 7 to 10 years,
a finding that is consistent with previous case—
control and cohort studies.®**

Although vaccine changes appear to be
a driving force in shifting the age group—
relative incidence trends, they do not explain
the increased incidence of pertussis in children
relative to adults that was observed in the
2008 outbreak compared with the 2012 out-
break. Our model suggests that fluctuations in
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adult immunity were responsible for these
observed changes in relative incidence. Specif-
ically, increased adult immunity in 2008 re-
duced the pool of potential infections among
adults, leading to increased incidence in chil-
dren relative to adults.

Although our model does not distinguish
between vaccine-acquired immunity and nat-
ural immunity, the increase in adult immunity
in 2008 compared with 2004 and 2012 can
be explained in part by the introduction and
uptake of Tdap in 2005. A 2008 National
Immunization Survey of self-reported Tdap
coverage in adults reported that approximately
6% of adults had been vaccinated with Tdap.>*
This percentage is similar to the percentage
increase in adult immunity observed between
the 2004 and 2008 models. Adults who were
vaccinated with Tdap soon after its licensure
would no longer be immune by 2012 consid-
ering the model’s estimate of approximately 2
years of protection from Tdap.

The short duration of immunity provided by
Tdap is further supported by the model’s
similar estimates of adult immunity in the
2004 and 2012 outbreaks and is consistent
with estimates from recent research.>® Despite
this short duration of immunity, the Advisory
Committee on Immunization Practices does not
currently recommend repeat boosters because
the cost of vaccination is considered along with
duration of immunity when assessing benefit.>°
Providers should consider pertussis among
adults with a prolonged cough illness, espe-
cially among those who were vaccinated with
Tdap more than 2 years before illness. This
increased awareness will help to reduce the
frequency of undetected adult infections.

Although the estimated degree of under-
reporting varies by population, serologic stud-
ies consistently show substantial underreport-
ing of adult infections.>”3® Our model suggests
that in our study population, approximately 8
in 10 pertussis infections in children were
detected, whereas only 1 in 10 adult infections
was detected. This age-related discrepancy in
reporting was consistent across the 3 out-
breaks, and variable detection of pertussis
infections in children did not appear to have
been a factor in driving relative incidence
trends. The model’s high percentage of un-
detected adult infections supports the notion
that adults serve as a reservoir for pertussis
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despite the infrequency with which their in-
fections are identified."* Because of this dis-
crepancy in detection, additional detection
efforts targeted at adults are warranted in
combination with promoting Tdap vaccine.

We determined vaccination coverage in our
model by pertussis case data that included
detailed information on age. Although projec-
ting the vaccination status of cases to the entire
study population is not ideal, it allowed us to
calculate vaccination coverage by customized
age groups, enabling us to examine the effect of
waning immunity. Our current assumption of
random mixing may be improved by the
addition of geographic components and
school-based behaviors that would provide
a more comprehensive representation of pop-
ulation mixing, as age-dependent contact rates
affect the timing and speed of an outbreak.>%*°

Our model can further be developed by
representing variable degrees of immunity and
infectiousness; however, because our model
produced estimates of the duration of
vaccine-acquired immunity that are similar to
published estimates, we do not believe that the
simplifying assumption of instantaneous loss of
immunity greatly influenced our results. Delays
in the vaccination schedule and failure to
complete the full vaccination series may con-
tribute to outbreaks, so these aspects of vacci-
nation should be included in future research.
Further expansion of the model to compare
years with and without outbreaks should also
be explored.

Previous studies have proposed that the
resurgence of pertussis can be attributed to
a history of partial vaccination coverage with
an imperfect vaccine and age-specific contact
patterns.®®*° Our model instead focused on
assessing the impact of undetected infections,
adult immunity, and waning vaccine-acquired
immunity in recent outbreaks. Although we
found that these factors should also be con-
sidered as a potential explanation for the re-
surgence of pertussis, our model does not
address resurgence pertaining to historical
vaccination coverage or contact patterns.

A recent model that assessed the impact of
contact network structure in pertussis out-
breaks produced results that had the greatest
deviation from observed population incidence
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in its aged 6 to 10 years group.* Our model
suggests that the vaccine change largely af-
fected a similar age group (those aged 7-10
years). The combination of these 2 findings
further suggests that the resurgence of pertussis
is the result of a combination of factors that will
prove difficult to capture in any single model.

We developed an ABM of pertussis trans-
mission to identify factors that may have
contributed to differences between 2004,
2008, and 2012 Dakota County outbreaks.
Our results suggest that current trends in
pertussis incidence in children relative to
adults can be attributed in part to waning
vaccine-acquired immunity, consistently unde-
tected adult infections, and fluctuations in adult
immunity. Additionally, our model suggests
that no single factor accounts for these ob-
served trends. Public health intervention strat-
egies will need to consider the interaction of
these factors to successfully address the re-
surgence of pertussis. Agent-based modeling is
a useful tool for this future research.
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