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1. Background

Pertussis remains an endemic disease in Germany despite the
availability of vaccination. Children and adolescents are still hos-
pitalized with complications due to pertussis, particularly infants
under 6 months of age [1]. Although pertussis has traditionally been
thought of as a disease of childhood, recent reports indicate a rising
disease burden among adolescents and adults [2,3]. The morbidity
associated with pertussis in adults can be substantial, with pro-
longed illnesses lasting nearly 100 days and complications such as
urinary incontinence, rib fractures, and loss of consciousness [4–6].
In addition, adults are often implicated as the source of infection
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e following strategies were evaluated: (1) no adult pertussis vaccination,
at 20–64 years, and (3) adult vaccination with decennial boosters. Our

costs (2006 Euros), cases prevented, incremental cost per case prevented
ty-adjusted life year (QALY) saved. We performed sensitivity analyses for
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The results were most sensitive to assumptions about disease incidence

n of German adults aged 20–64 years with Tdap is cost-effective.
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for young infants, who suffer the most severe complications due to
pertussis including apnea, encephalopathy, and death.

The high rate of pertussis among adults is thought to be due,
in part, to waning immunity after vaccination [7,8]. The availabil-
ity of a combination vaccine with an acellular pertussis component
(Tdap) for adults in Germany may not only reduce the incidence
of pertussis among adults, it may also potentially reduce transmis-
sion of pertussis to young infants in the population. The objective
of our study was to estimate the cost-effectiveness of vaccinating
German adults 20–64 years of age with a single dose of Tdap or
with decennial Tdap boosters, instead of Td vaccination.

2. Methods

2.1. Model

We used a previously constructed Markov model with a cycle
length of 1-year to calculate the health benefits, risks, costs, and
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cost-effectiveness of alternative vaccination strategies for healthy
German adults using an analytic horizon of a lifetime (Fig. 1) [9]. The
model allowed for waning immunity due to vaccination or disease
over time, repeat vaccination for the decennial booster strategy,
recurrent cases of pertussis, and age-specific death rates due to
other causes. In this analysis, we evaluated the following strate-
gies: (1) no adult pertussis vaccination, (2) one-time adult pertussis
vaccination at 20–64 years, where TdaP is administered instead
of Td, and (3) adult pertussis vaccination with decennial boosters.
In this computer simulation model, we analyzed the health out-
comes and costs of a hypothetical cohort of 50 million adults in
Germany aged 20–64 years over their lifetime [10]. The age distri-
bution of the initial cohort was the based on the German population
as follows: 20–29-year olds (19%), 30–39-year olds (24%), 40–49-
year olds (26%), 50–59-year olds (20%), and 60–64-year olds (10%)
[11]. The base case analysis assumed that childhood and adolescent

pertussis vaccination programs were already established and that
the adult vaccination strategies had reached steady state in their
implementation.

Probabilities, costs, and utilities used in the model are described
in Table 1. Disease probabilities were based on estimates from
recent epidemiologic data available from Germany [12,13]. Vac-
cine delivery rates in adults were estimated to be 40–82% based
on reported estimates of decennial Td vaccination [14,15]. Disease
and vaccine-mediated immunity were assumed to wane over a
period of 15 years and individuals could develop pertussis more
than once in their lifetime [16–24]. Medical costs were based on
diagnosis-related group (DRG) costs and data available from physi-
cians in Germany and included ambulatory visits, hospitalizations,
laboratory tests, use of chest radiography, and antibiotics [12,25].
Non-medical costs included time missed from work and over-the-
counter medications. The median wage rate of parents was used
to estimate the cost of missed work [11]. The incremental vaccine
cost of Tdap over Td was estimated at 12 Euros [26]. We assumed
there was no incremental cost for vaccine administration or for vac-
cine visits because Tdap would be given to adults in place of Td
vaccine and vaccine delivery rates are expected to remain stable
-time adult vaccination, decennial adult vaccination, and no adult vaccination. If
g vaccine recipients, adverse events such as local reaction, systemic reaction, and
ssis infection resulting in mild cough illness, moderate cough illness, severe cough

ologic illness, or death.

in the adult population. Utilities refer to preferences for different
health outcomes that are associated with disease or vaccine adverse
events [27]. We used utilities obtained using the time trade-off
method from the only published study on preferences in adults with
pertussis illness [16]. We assumed that the mean durations of vacci-
nation health states were 4 days for anaphylaxis and 7 days for local
or systemic reactions. Estimates for the mean durations of infant
disease (80 days) and adult disease (68 days) were derived from
available data and assumed to be independent of disease severity
[5,12,28–30].

In order to assess the impact of herd immunity on outcomes,
we incorporated estimates derived from a published model of the
transmission dynamics of pertussis and from published studies of
the sources of infection of young infants [31–34]. Estimates from
the literature were used, as our model did not incorporate trans-
mission dynamics, which is needed to estimate disease reduction

from herd immunity. We assumed children and adolescents were
already receiving pertussis vaccination via established programs, so
that herd immunity primarily affected unvaccinated infants, ado-
lescents and adults. Disease reduction from herd immunity was
assumed to depend on vaccination rates in the adult population
and time since last vaccination of the cohort. One-time adult vac-
cination was assumed to result in lower levels of herd immunity
over the lifetime of a cohort due to waning immunity after vaccina-
tion compared with a strategy of adult vaccination with decennial
boosters.

Results from a dynamic model for the US suggested that the
addition of an adult decennial vaccination program (assuming
vaccine delivery rates of 60%) to already existing childhood and
adolescent vaccination programs would reduce symptomatic per-
tussis by 15% in infants, 3% in adolescents, and 64% in adults ≥65
years [31]. Reductions in adult disease were also significant at 37%
for 18–24 years, 42% for 25–34 years, and 54% for 35–64 years; how-
ever, the majority of disease reduction in adults may be attributed
to the direct effects of vaccination. Since we were unable to derive
estimates of the indirect effects of vaccination, we chose to con-
servatively assume that approximately one quarter of the disease



G.M. Lee et al. / Vaccine 26 (2008) 3673–3679 3675

Table 1
Probabilities, costs (in 2006 Euros), and utilities used in the model

Variable Base case
estimate

Range Source

Disease probabilities
Disease incidence per 100,000 population

Adults 165 50–500 [12]
Adolescents 95 – [52]
Infants 22 – [13]

Adult and adolescent disease outcomes
Mild cough illness 1%
Moderate cough illness 72% [12]
Severe cough illness 26%
Pneumonia (hospitalized) 1%

Infant disease outcomes
Respiratory (outpatient) 38.8% [1]
Respiratory (inpatient) 59% [1]
Neurologic 1.2% [1]
Death 0.7% [51,53]

Vaccine probabilities
Vaccine efficacy

Year 1 87% 50–100% [17–23,54]
Year 2 80%
Year 3 78%
Year 4 77%
Year 5 76%
Year 6 65%
Year 7 55%
Year 8 44%
Year 9 34%
Year 10 23%
Year 11 19%
Year 12 14%
Year 13 10%
Year 14 4%
Year 15 0%

Vaccine adverse events
Local reaction (Tdap vs. Td) 2% 0–10% [27,54–60]
Systemic reaction (Tdap vs. Td) 1% 0–10% [27,54–60]
Anaphylaxis 0.0001% – [61]

Vaccine delivery in adults
20 years 82% – [14,15]
30 years 58%
40 years 40%
50 years 75%
60 years 62%

Disease costs
Medical costs for adults

Mild cough illness 10 0.2–5X BC [12,25,62]
Moderate cough illness 97
Severe cough illness 165
Pneumonia 2435

Non-medical costs for adults
Mild cough illness 58 0.2–5X BC [12,25]
Moderate cough illness 442
Severe cough illness 442
Pneumonia 789

Medical costs for adolescents
Mild cough illness 7 0.2–5X BC [5,12,25,62]
Moderate cough illness 72
Severe cough illness 122
Pneumonia 1802

Non-medical costs for adolescents
Mild cough illness 20 0.2–5X BC [5,12,25]
Moderate cough illness 155
Severe cough illness 155
Pneumonia 276

Table 1 (Continued )

Variable Base case
estimate

Range Source

Medical costs for infants
Respiratory (outpatient) 43 – [63]
Respiratory (inpatient) 4771 [25]
Neurologic 2539 [25]
Death 4771 Assumed

Non-medical costs for infants
Respiratory (outpatient) 119 – [11]
Respiratory (inpatient) 1132 [11]
Neurologic 1115 [11]
Death 1132 Assumed
Vaccine costs
Vaccine price (incremental Tdap vs. Td) 12 5–25 [26]
Vaccine visit 0 Assumed
Vaccine administration 0 Assumed

Vaccine adverse events
Local reaction 1 [9]
Systemic reaction 1 [9]
Anaphylaxis 1162 [25]

Utilities
Mild cough illness 0.90 0.65–1.1X BC Assumed
Moderate cough illness 0.85 0.65–1.1X BC [16]
Severe cough illness 0.81 0.65–1.1X BC [16]
Pneumonia 0.82 0.65–1.1X BC [16]
Local reaction 0.95 0.8–1.05X BC [16]
Systemic reaction 0.93 0.8–1.05X BC [16]
Anaphylaxis 0.60 0.8–1.05X BC Assumed
Infant respiratory (outpatient) 0.85 – Assumed
Infant respiratory (hospitalized) 0.58 – [16]
Infant neurologic 0.51 – [16]

BC = base case assumptions.

reduction among adults was due to herd immunity (10% for 20–29,
12% for 30–39 years, and 14% for 40–64 years).

In order to assess the impact of herd immunity on infants and
adolescents, we created separate decision analytic models to deter-
mine costs and outcomes in these cohorts (Fig. 1B). For infants, we
assumed that medical and non-medical costs associated with per-
tussis deaths was similar to the cost of respiratory complications
resulting in hospitalization. We did not include productivity costs
due to infant mortality in the calculation of the cost-effectiveness
ratio as recommended by the Panel on Cost-Effectiveness in Health
and Medicine [27]. In order to fairly estimate the population bene-

fit of herd immunity to infants, we included benefits to consecutive
infant cohorts over the time period that the adult population was
followed in the model, rather than following a single cohort of
infants over their lifetime. Because adolescent vaccination rates for
Td are low in Germany (16% for 11–13-year olds and 39% for 14–17-
year olds) and Tdap rates are expected to be similar to Td rates,
we considered the potential for impact of herd immunity in the
adolescent population [35]. For adolescents, we assumed that per-
tussis infection could result in mild cough, moderate cough, severe
cough, and pneumonia, similar to adults. Medical and non-medical
costs associated with pertussis in adolescents were estimated to
be a fraction of the cost of adult pertussis cases [5,12,25]. Simi-
lar to adults, we followed a single cohort of adolescents over time
to estimate the costs and health benefits of a vaccination pro-
gram. Total costs, health outcomes, and cost-effectiveness ratios
for infant, adolescent and adult cohorts were calculated using an
Excel spreadsheet.

We also performed sensitivity analyses to examine the impact
of disease incidence, vaccine cost, vaccine efficacy, disease costs,
vaccine adverse events, health state utilities, herd immunity and
discount rate on model outcomes. We varied disease incidence
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Table 2
Costs (2006 Euros) and benefits of adult pertussis vaccination over the lifetime of a

Incidence (cases
per 100,000)

No vaccination program One-time adult va

Pertussis cases Cost of pertussis
cases, in millions

Cases
preventeda

Net c
milli

50 1,611,000 828 154000 277
100 2,839,000 1539 304,000 190
150 4,060,000 2245 454,000 103
165 4,425,000 2576 498,000 78
200 5,274,000 2948 603,000 17
250 6,480,000 3646 751,000 (68
300 7,680,000 4340 897,000 (153
400 10,057000 5717 1,188,000 (322
500 12,407,000 7077 1,475,000 (488

a Total number of cases over the lifetime of the cohort discounted at a future rate
b Net costs (societal) = Cost of implementing a vaccination program − costs averte

from 50 to 500 per 100,000 population based on the range of
plausible estimates from published studies in Europe and the US
[12,19,36–40]. The range of incidence estimates is wide due to
the timing of these studies given the cyclical nature of pertussis,
sampling uncertainty, and variability among different populations.
Disease costs for German adults were varied from 0.2 to 5 times
baseline estimates. The incremental vaccine cost of Tdap (vs. Td)
was varied from 5 to 25 Euros [41] and initial vaccine efficacy was
varied from 50 to 100%. Vaccine efficacy was assumed to wane over
a 15 year period in a pattern similar to base case analyses. For incre-
mental vaccine adverse events due to Tdap relative to Td, we varied
the rate of local and systemic reactions from 0 to 10%. Health state
utilities for disease and vaccination were varied from 0.65–1.1X to
0.8–1.05X base case estimates, respectively. These ranges were cho-
sen to preserve the rank order of disease or vaccination health states
as a group (e.g., utility of anaphylaxis always lower than utility of
local reaction). We varied herd immunity estimates from 0%, i.e.,
no herd immunity, to two times baseline estimates.

Outcomes included cases of pertussis prevented, costs, and
incremental cost-effectiveness (CE) ratios expressed as Euros per
case prevented and Euros per quality-adjusted life year (QALY)
saved. Net costs were calculated as the cost of implementing a vac-
cination program minus the costs averted by preventing pertussis
cases. All costs were converted to 2006 Euros [42]. The societal per-
spective was adopted and future costs and health benefits were
discounted at an annual rate of 3% [27]. We also calculated CE
ratios from the health care payer perspective. Vaccination was con-

sidered to be cost-effective if the cost-effectiveness ratio was less
than three times the gross domestic product per capita, which was
28,000 Euros for Germany in 2006 [43,44]. Modeling was per-
formed using TreeAge Pro 2005 Suite and Microsoft Excel 2000
[45].

3. Results

3.1. Health benefits and risks

Health outcomes were projected over the lifetime of a hypo-
thetical cohort of 79 million German children and adults, of whom
50 million were adults 20–64 years of age. At a disease incidence
of 165 per 100,000 population for adults, similar to that observed
in a recent epidemiologic study in Germany, approximately 4.4
million cases would occur over the lifetime of the cohort. The one-
time adult vaccination strategy would potentially prevent 498,000
cases (Table 2), while the adult vaccination strategy with decen-
nial boosters would potentially prevent 1 million cases. Because
herd immunity was incorporated into the base case analysis, the
one-time adult vaccination strategy prevented infant pertussis
(2008) 3673–3679

hetical German population of 79 million from the societal perspective

ion program Decennial adult vaccination program

, in QALYs saved Cases preventeda Net costsb, in
millions

QALYs saved

3,600 327,000 626 7,500
8,100 641,000 444 16,800

12,500 952,000 264 26,100
13,400 1,046,000 207 28,700
17,000 1,261,000 85 35,300
21,400 1,568,000 (92) 44,400
25,700 1,872,000 (268) 53,500
34,400 2,472,000 (616) 71,300
42,900 3,063,000 (958) 88,900

.
reventing pertussis cases.

by averting 178 cases, 109 hospitalizations, 2 cases with neuro-
logic sequelae, and 1 death in successive infant cohorts. For the
decennial booster strategy, 1505 infant cases, 891 hospitalizations,
18 cases with neurologic sequelae and 11 deaths could be pre-
vented.

Mild adverse events due to vaccination would be expected to
occur such as local and systemic reactions. Assuming an incre-
mental risk of 2% for local reactions and 1% for systemic reactions,
approximately 620,000 adults would have mild local reactions and
310,000 adults would have systemic reactions after one-time adult
vaccination. A decennial booster vaccination strategy would result
in 1.9 million local reactions and 1 million systemic reactions. Rare
adverse events, such as anaphylaxis, would be expected to occur in
31 adults with a one-time vaccination program and 97 adults for a
decennial booster vaccination program.

Health benefits and risks of an adult pertussis vaccination pro-
gram in Germany were also expressed in terms of QALYs. At a
low disease incidence of 50 per 100,000 population, one-time and
decennial adult vaccination programs could save 3600 and 7500
QALYs, respectively.

3.2. Cost of disease and vaccination

The societal cost of adult pertussis without a vaccination pro-
gram over the lifetime of the cohort ranged from 828 million to 7.1
billion Euros, depending on assumptions about disease incidence
(Table 2). A one-time vaccination strategy for adults 20–64 years of

age would result in 31 million people vaccinated, or approximately
62% of the adult cohort, for a vaccination program cost of 366 mil-
lion Euros in this cohort. A decennial booster vaccination strategy
would result in 97 million immunizations in the adult population
for a total discounted program cost of 687,000 Euros for this cohort.
Adult vaccination strategies could prevent significant medical and
non-medical costs due to pertussis at high incidence rates of per-
tussis. The net costs of a one-time adult vaccination and decennial
booster strategies were 78 million Euros and 207 million Euros,
respectively, at a disease incidence of 165 per 100,000 (Table 2).

3.3. Cost-effectiveness of one-time and decennial adult
vaccination programs

At an incidence rate of 165 per 100,000 population, the cost-
effectiveness of a one-time adult vaccination program was 160
Euros per case prevented or 5800 Euros per QALY saved from the
societal perspective. The decennial booster strategy results in cost-
effectiveness ratios of 200 Euros per case prevented or 7200 per
QALY saved (Table 3). If disease incidence were greater than 200
per 100,000 population, adult vaccination programs become cost-
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Table 3
Cost-effectiveness of adult pertussis vaccination by disease incidence

Incidence (cases per 100,000) One-time adult vaccination program Decennial adult vaccination program

D per QALY saved D per case prevented D per QALY saved D per case prevented

50 77,000 1800 83,000 1900
100 23,500 620 26,200 700
150 8,200 230 10,000 280
165 5,800 160 7,200 200
200 1,000 30 2,300 70
250 Cost saving Cost saving Cost saving Cost saving
300 Cost saving Cost saving Cost saving Cost saving
400 Cost saving Cost saving Cost saving Cost saving
500 Cost saving Cost saving Cost saving Cost saving

adult v
tivene
Cost and benefits are discounted at a future rate of 3%.

Fig. 2. Tornado diagram summarizing one-way sensitivity analyses for the one-time
strategy as base case estimates are varied. The dotted line represents the cost-effec
parentheses.

saving. When analyses were conducted from the healthcare payer
perspective, the one-time vaccination and decennial booster strate-
gies cost 21,000 and 27,000 Euros per QALY saved, respectively.
The cost per case prevented and cost per QALY saved were slightly
higher for the decennial adult vaccination strategy because of the
incrementally higher cost of preventing each additional case of
pertussis due to the persistence of low-level immunity after 10
years.

3.4. Sensitivity analyses
In order to understand the impact of our assumptions for dis-
ease incidence, vaccine efficacy, vaccine adverse events, costs, and
utilities on the cost-effectiveness of adult vaccination programs, we
performed one-way sensitivity analyses (Fig. 2). Disease incidence
(50–500 per 100,000), vaccine cost (5–25 Euros), and initial vaccine
efficacy (50–100%) all had significant impacts on our CE ratios. At
a high vaccine cost of 25 Euros or low vaccine efficacy of 50%, the
cost per QALY exceeded 25,000 Euros. Results were less sensitive
to estimates used for disease costs, frequency of adverse events,
utilities, and discount rate. We also examined the potential impact
of herd immunity on the cost-effectiveness of adult vaccination
(Fig. 2). If herd immunity estimates were 0%, the CE ratios for the
one-time and decennial adult vaccination strategies were 21,000
and 23,000 Euros per QALY saved, respectively. If herd immunity
estimates were two times base case estimates, the CE ratio fell to 1
Euro per QALY saved.

4. Discussion

We found that a one-time and decennial booster Tdap vac-
cination for adults aged 20–64 years cost approximately 5800
accination strategy. Bars represent range of cost-effectiveness ratios of a vaccination
ss of using base case assumptions. Ranges for sensitivity analyses are described in

and 7200 Euros per QALY, respectively. Our results are in accord
with earlier analyses of adult Tdap vaccination programs in the
US which also found adult vaccination to be cost-effective from
the societal perspective [9,41]. Our results were most sensitive to
assumptions about disease incidence. If disease incidence were
greater than 200 per 100,000 population in Germany or if the
incremental cost of a vaccine was only 5 Euros, adult vaccination
programs would be cost saving. In contrast, low disease incidence
resulted in cost-effectiveness ratios that exceeded 50,000 Euros per
QALY.

The current vaccination schedule in Germany recommends

pertussis-containing vaccines to be given at 3–5, and 12–15 months
of age with an additional booster dose between 9 and 17 years [46].
Recently, a pre-school booster at age 5–6 was also recommended
in order to prevent disease in this age group [46]. Despite achiev-
ing high rates of childhood vaccination (>90%) for the primary
childhood series [35], however, pertussis has remained endemic
in Germany [12]. Several countries have noted an epidemiolog-
ical shift in the average age of pertussis infection, with a rising
number of cases now reported in adolescents and adults [8,47].
Waning immunity is thought to contribute to this growing pool of
susceptible adolescents and adults.

There has been increased recognition by both clinicians and pol-
icymakers regarding the frequency and morbidity of pertussis in
adults. In Germany, studies about the disease burden and symp-
toms in adults have found similar incidences as in other countries,
and 25% of adults in one study developed complications, such as
rib fractures, herniae, otitis media, pneumonia and others [4]. This
is similar to the findings of a Canadian study, where older adults
suffer from complications of pertussis in more than 50% [6]. Addi-
tionally, adults have often been cited as the source of pertussis in
the household [34,48]. Transmission to young infants poses a par-
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ticularly concerning problem as these infants are likely to suffer
severe complications such as apnea, encephalopathy, and death due
to pertussis [33,49–51]. The addition of an adult booster to the Ger-
man vaccination schedule would not only protect adults from the
morbidity of pertussis, but also potentially prevent transmission to
vulnerable infants.

While our model incorporated the potential impact of herd
immunity on vaccine cost-effectiveness, we are unable to directly
estimate the degree of benefit conferred by herd immunity to the
German population in our model. Our model was also dependent on
baseline estimates used for parameters that may be uncertain, such
as disease incidence in Germany. A national surveillance program
for pertussis may useful to monitor disease trends, particularly if a
Tdap vaccination program is adopted for adults. Finally, the dura-
tion of immunity after Tdap vaccination is unknown at this time. As
information becomes available about the duration of immunity, it is
possible that a vaccination program that includes decennial boost-
ers, rather than one-time adult vaccination, may be the optimal
approach to reducing disease burden due to pertussis.

We conclude that a Tdap vaccination program in adults aged
20–64 years to prevent pertussis is cost-effective, and may even be
cost saving if disease incidence among adults is higher than 200
per 100,000 population.
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