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a  b  s  t  r  a  c  t

Despite  steady  vaccination  coverage  rates,  pertussis  incidence  in  the  United  States  has  continued  to
rise.  This  public  health  challenge  has  motivated  calls  for  the  development  of  a  new  vaccine  with  greater
efficacy  and  duration  of  protection.  Any  next-generation  vaccine  would  likely  come  at  a higher  cost,
and  must  provide  sufficient  health  benefits  beyond  those  provided  by the current  vaccine  in order  to
be  deemed  cost-effective.  Using  an  age-structured  transmission  model  of  pertussis,  we  quantified  the
health and economic  benefits  of  a next-generation  vaccine  that  would  enhance  either  the  efficacy  or
duration  of protection  of the  childhood  series,  the  duration  of  the adult  booster,  or  a combination.  We
developed  a metric,  the maximum  cost-effective  price  increase  (MCPI),  to  compare  the  potential  value
of such  improvements.  The  MCPI  estimates  the per-dose  price  increase  that  would  maintain  the  cost-
effectiveness  of  pertussis  vaccination.  We  evaluated  the MCPI  across  a range  of potential  single  and
combined  improvements  to the  pertussis  vaccine.  As an  upper  bound,  we  found  that  a next-generation
vaccine  which  could  achieve  perfect  efficacy  for the  childhood  series  would  permit  an  MCPI  of  $18  per  dose
(95%  CI:  $12–$31).  Pertussis  vaccine  improvements  that  extend  the duration  of  protection  to  an  average
of  75  years  would  allow  for an  MCPI  of  $22  per  dose  for the  childhood  series  (CI:  $10–$33)  or  $12  for  the

Author's Personal Copy
adult  booster  (CI:  $4–$18).  Despite  the  short  duration  of the  adult  booster,  improvements  to  the  childhood
series  could  be more  valuable  than  improvements  to  the adult  booster.  Combining  improvements  in both
efficacy  and duration,  a  childhood  series  with  perfect  efficacy  and average  duration  of  75  years  would
permit  an  MCPI  of $39  per dose,  the  highest  of  any  scenario  evaluated.  Our  results  highlight  the utility  of
the MCPI  metric  in evaluating  potential  vaccines  or other  interventions  when  prices  are  unknown.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

A resurgence of pertussis in the United States (US) has resulted in
he highest incidence in over half a century [1,2]. Several hypothe-
es have been postulated to explain the rising incidence [3–6], with
he prevailing view that the increase is attributable to shortcomings

n the current vaccine series [7,8]. The acellular pertussis (aP) vac-
ines currently used in the US are the second generation of pertussis
accines, licensed during the 1990s in response to concerns about
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E-mail address: meagan.fitzpatrick@yale.edu (M.C. Fitzpatrick).

ttp://dx.doi.org/10.1016/j.vaccine.2016.04.010
264-410X/© 2016 Elsevier Ltd. All rights reserved.
severe side effects associated with whole-cell containing (wP) vac-
cines [9]. Elevated pertussis in adolescents, who  represent the first
cohorts vaccinated with the aP vaccine, has led to the sugges-
tion that the protection conferred by the acellular vaccines wanes
faster than that of the wP  vaccines [10–12]. Additionally, the first
doses in the acellular childhood series at 2 and 4 months confer
incomplete protection against disease for infants, who have the
highest burden of severe pertussis-related disease and mortality
[13,14]. Recent studies have demonstrated that administration of
a maternal pertussis booster vaccine during pregnancy substan-

tially and cost-effectively reduces disease burden in newborns prior
to receipt of their first dose [15–17]. Nevertheless, the apparent
shortcomings of the current childhood and adult vaccination series
have renewed interest in a next generation of pertussis vaccine

dx.doi.org/10.1016/j.vaccine.2016.04.010
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2016.04.010&domain=pdf
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Fig. 1. Dynamic tran

hat would provide higher efficacy for infants, a longer duration of
rotection, or both [7,8].

If such an improved vaccine were brought to market with
 price per dose equal to the current vaccine, the decision to
witch to the new vaccine would be straightforward. However,
he investment that would be required to develop a new vaccine
ntails a higher cost per dose than that for the current vaccines.
dditionally, new recommendations for maternal aP vaccination
uring pregnancy for infant protection [15,16] may render any
ealth benefits of a new vaccine insufficient to justify the increased
ost.

Cost-effectiveness analysis is often conducted when considering
he implementation of a vaccine that has already been devel-
ped [18–22], or hypothetical vaccines against pathogens for which
o vaccine exists [23–29]. While — for instance — a study of
dding protection against multiple pathogens causing otitis media
o the pneumococcal vaccine has identified break-even and cost-
ffective thresholds in vaccine price [30], no previous analysis
as assessed the potential health impact and economic value of
eplacing a current vaccine with an improved hypothetical vac-
ine. With pertussis — and in similar cases where the current
accine may  have multiple shortcomings — calculating the relative
alue of improvements in either duration or efficacy could inform
he design of a next generation vaccine to optimize public health
enefit.

Here, we use a previously validated dynamic cost-effectiveness
odel of B. pertussis transmission in the US [17] to evaluate

he potential health benefits and economic value of developing
 next-generation pertussis vaccine. We  consider three potential
mprovements: 1) increased efficacy of the childhood vaccination
eries, 2) extended duration of protection for the childhood series,
nd 3) extended duration of protection for the adult booster, as
ell as combinations of improvements. We  formulate the maxi-
um  cost-effective price increase (MCPI), as a metric of the value
f a new vaccine under the constraint that the vaccine remains
ost-effective. The MCPI metric has general applicability to inform
ecision-making regarding investment in the development and the
ricing of potential vaccines.
on model schematic.

2. Methods

2.1. Transmission model structure

We  modeled the epidemiological states (Fig. 1) as susceptible
(S), infectious (T: typical infection, defined in the Acellular Pertus-
sis Vaccine Trial (APERT) as a cough lasting at least 6 days [31]; A:
atypical infection, all other cases), recovered (R), and vaccinated
(VP: DTaP vaccination, VB: Tdap vaccination), keeping track of the
participation of parents and their infants in a program of parental
vaccination [17]. A model population of 316 million individuals was
age-stratified to reflect the 2013 US population [32]. We  specified
the force of infection for each age class based on empirical age-
specific social contact rates for the US [33]. We  also incorporated
parents of newborns, and parameterized the extensive contacts
that they have with their infants based on time-use studies con-
ducted in the US [17,33].

2.1.1. Parameterization and fitting
Our base case and uncertainty distributions for epidemiolog-

ical and economic parameters (Tables S1 and S2) were provided
by fitting our model to US incidence data from 2003 to 2012
[1]. We used empirically derived reporting rates for typical infec-
tions for four age groups: 1.38% for <1 years, 0.93% for 1–6 years,
0.45% for 7–10 years, and 0.30% for 11+ years) [17]. We assumed
that the less severe atypical cases were neither hospitalized nor
reported.

2.1.2. Scenarios of next-generation pertussis vaccines
Scenarios for improvement of the pertussis vaccine included:

1) increasing the efficacy of the childhood vaccination series, 2)
extending the duration of protection for the childhood series, and 3)
extending the duration of protection for the adult booster (Table 1).

We define efficacy, E, as the proportional reduction in the risk

of infection for vaccinated individuals relative to that of a suscep-
tible, unvaccinated individual [34]. We  parameterize the efficacy
of each of the first three doses of the pertussis vaccine using
data from a case-control study [13]. These case-control studies
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Table  1
Current vaccine parameter values and ranges evaluated for next-generation vaccine
improvements.

Parameter Current value Tested range

Effectiveness of infant series*
Dose 1 0.55 0.55–1.0
Dose 2 0.75 0.75–1.0
Dose 3 0.84 0.84–1.0
Efficacy of childhood boosters 0.98 0.98–1.0
Duration of childhood series 25 years 25–75 years
Duration of adolescent/adult booster 2.7 years 2.7–75 years

*
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In predictions, the first three doses in the childhood series are improved simulta-
eously. See Methods for details.

haracterize effectiveness rather than efficacy at the time of vacci-
ation; however, under the assumption that no waning occurs in
he time between the administration of each of the three primary
oses, vaccine effectiveness and efficacy are equivalent. Efficacy for
he fourth and fifth dose was calculated previously [17] by simul-
aneously fitting both efficacy and duration to case-control data
12,13]. To model an improvement to efficacy, we simultaneously
ncreased the efficacy of each dose by a factor p, such that

(i)
n = 1 −

(
1 − E(i)

c

)

p

where E(i)
n is the efficacy of a the ith dose of the next-generation

accine, and E(i)
c is the efficacy of the ith dose for the current vac-

ine. Protection from the fourth and fifth doses of the childhood
eries is estimated to be complete prior to waning, as is protec-
ion from the adolescent and adult booster [17]. We  evaluated our

odel across a range of first-dose efficacy from its current esti-
ated value, 0.55, up to a perfect efficacy of 1.
Waning of efficacy was modeled as an exponential function,

ith a base case average duration of 25 years for the complete child-
ood series [12,17], and 2.7 years for each adult booster [17]. These

durations’ are modeled as the inverse of the waning rate, and were
alculated previously by fitting to case-control data [11,12,17].
hey are consistent with waning rates estimated by others [35,36].
he exponential waning process in the model does not yield com-
lete protection for all individuals for the duration. Indeed, with
n average duration of immunity of 25 years, nearly one-third of
accinated individuals will have lost their immunity within 10
ears of their most recent dose. No matter the duration, waning
egins immediately following vaccination, following a “deterio-
ation” model [37]. Next generation vaccines were evaluated for
verage durations of protection up to 75 years for both childhood
nd adult vaccination. Given that the intervals between the first
our doses of the childhood series are much shorter than the average
uration of protection conferred and that series completion rates
re high, changes to the duration of protection will not greatly bene-
t infants before receipt of the fourth dose. Therefore, we  assumed

mprovements regarding the duration of protection apply to the
nal two doses in the childhood series (VP4 & VP5) and/or the adult
ooster (B). Additionally, we evaluated scenarios of simultaneous

mprovement in the efficacy and duration of the childhood series,
s well as a scenario of simultaneous improvement in the duration
f protection for both the childhood and adult boosters.

We  modeled the current childhood schedule of doses at 2, 4,
, and 18 months, and 5 years old [38]. We  also included an ado-

escent booster at 12 years old and a booster for women  during
he third trimester of each pregnancy [39,40]. We  applied current

stimates of coverage in the US for the childhood series and the
dolescent booster [41]. Coverage estimates for Tdap during preg-
ancy in the US vary substantially across studies, from less than
0 [42] to over 80% [43]. In our base case, coverage for maternal
 34 (2016) 3405–3411 3407

vaccination was set at 50%. A coverage of 50% is currently achieved
in pregnant women  for the influenza vaccine [44], which has been
recommended for pregnant women  in the US since 2004. Our  sen-
sitivity analysis considers the outcomes at both higher and lower
coverage levels for maternal vaccination. In our model, US maternal
vaccination begins in 2013.

We  compared the predictions for 2020–2030 with each next-
generation vaccine against predictions for the same time period
retaining the current vaccine. Consistent with US demographic
trends, we  specified four million infants be born annually and
become eligible for pertussis vaccination [45].

2.1.3. Maximum cost-effective price increase
According to cost-effectiveness criteria set by the World Health

Organization (WHO), an intervention is considered “cost-effective”
if it confers health benefits at a cost less than three times the per-
capita gross domestic product (GDP) per life-year [46]. For the US
in 2013, this threshold is $159,429. Following this criterion, the
maximum cost-effective price increase (MCPI) for a next generation
booster would be:

Q × w + M

d
,

where Q is the number of quality-adjusted life-years (QALYs)
saved through use of a new vaccine, w is the willingness-to-pay for
life-years, M is the economic savings from reduced medical costs
of disease, and d is the number of vaccine doses that are deliv-
ered. Indirect costs associated with vaccination or disease are not
included here, but would be considered a component of M.  While
improved efficacy pertains only to the primary three doses of the
childhood series, and improved duration pertains only to the fourth
and fifth doses of the childhood series, the cost increase is assumed
to be spread across all five doses of the series. Costs and QALYs
were discounted by 3% annually over the decade time frame [46],
but costs and QALYs were assumed constant over the period prior
to implementation of the next-generation vaccine. Therefore, all
costs are presented in 2013 $US.

3. Results

We found that improved efficacy of the vaccine doses in the
childhood pertussis series would provide nearly linear gains in
health and economic returns. For example, an increase in the effi-
cacy of the first dose from 0.55 to 0.75, with proportional increases
in the efficacies of other childhood doses, would provide an aver-
age gain of 900 QALYs annually during the first 10 years following
implementation (Fig. 2, Table 2), averting $5.7 million in health
expenditures annually. If the first dose of the childhood series were
perfectly efficacious, it would provide an average gain of 2100
QALYs annually over a decade and health savings of $12.9 million
annually. These gains provide an upper bound for what a vaccine
with improved efficacy could do: the maximum cost-effective price
increase (MCPI) per dose would be $8 per dose with a first-dose
efficacy of 75%, and $18 for 100% efficacy.

In contrast to improvements in vaccine efficacy, extension of the
vaccine duration of protection provided by the childhood series
exhibited diminishing marginal returns. Increasing the average
duration of protection conferred by the childhood series from 25
years to 50 years would provide an average annual gain of 1800
QALYs and annual health savings of $6.3 million. In comparison,
extending the average duration further to 75 years would provide
an average annual gain of 2600 QALYs and an annual health savings

nal Copy
of $8.7 million. The MCPI per dose for a more durable childhood vac-
cine would be $16 for a duration of 50 years, and $22 for a duration
of 75 years. Largely due to the uncertainty surrounding the protec-
tive duration of the current vaccine, the lower bounds for the 95%
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o  the efficacy of the childhood vaccine (panels a and d), the duration of the childh
mprovements to the efficacy of the childhood series, the efficacy of all doses in the

onfidence intervals on QALYs gained and of the MCPI are not posi-
ive until the duration of protection of the next-generation vaccine
eaches approximately 35 years.

Extension of the average duration of the adult booster from 2.7
ears to 30 years would provide an annual gain of 300 QALYs and
nnual health savings of $1.3 million. The benefits of increasing
he duration of protection for the adult booster quickly plateau.
xtension of its duration by an additional 45 years, to 75 years,
rovides an annual gain of 400 QALYs and an annual health sav-

ngs of $1.5 million: an increase of only 100 QALYs and $200,000
nnually despite the fact that the duration has been extended by an
dditional 45 years. Following the same trend, the MCPI per dose
ould be $11 for a duration of 30 years, and only modestly increases

o $12 for a vaccine with an average duration of 70 years.

Concurrent improvement to both the efficacy and duration of

he childhood vaccine predictably achieves the maximum health
enefit of all scenarios tested (Fig. 3b and d). The combination of

mprovements that achieves both the greatest health benefits and

for improved efficacy and extended duration of the childhood vaccine or (b) for
improved duration of both the childhood and adult vaccines. For improvements to
the efficacy of the childhood series, the efficacy of all doses in the series improves
in tandem with improvement to the first dose.

able 2
mpact of Individual Improvements for a Next-Generation Vaccine. QALYs, costs, and infant deaths are presented here as annual undiscounted averages. QALYs and costs

ere  discounted at a rate of 3% annually in the calculation of the maximum cost-effective price increase (MCPI).

Improvement Value QALYs gained (95% CI) Medical cost savings, in
$US millions (95% CI)

Infant deaths averted
annually (95% CI)

Maximum cost-effective
price increase (95% CI)

Efficacy of childhood series 0.6 200(30–1400) 1.4(0.8–7.5) 0.3(0.1–1.3) $2($0–$12)
0.75  900(600–2300) 5.7(4.8–19.0) 1.4(0.9–2.6) $8($5–$19)
0.9  1600(1100–3100) 10.0(8.2–31.3) 2.5(1.7–4.2) $14($9–$26)
1  2100(1400–3600) 12.9(10.4–39.3) 3.2(2.1–5.3) $18($12–$31)

Duration of protection for
childhood series

30 600(-400–1700) 1.9(-0.7–3.7) 0.3(-0.3–1.0) $5(–$4–$14)

50  1800(600–3100) 6.3(0.3–8.0) 1.1(0.5–1.7) $16($5–$26)
75  2600(1200–4000) 8.7(0.5–10.9) 1.5(0.9–2.1) $22($10–$33)

Duration of protection for
adolescent/adult booster

10 200(80–300) 0.8(0–- 1.0) 0.2(0.1–0.2) $7($2–$10)

30  300(100–500) 1.3(0.1–1.8) 0.3(0.1–0.3) $11($4–$16)
50  400(100–600) 1.4(0.1–1.9) 0.3(0.1–0.3) $12($4–$17)
75  400(200–600) 1.5(0.1–2.0) 0.3(0.1–0.4) $12($4–$18)
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o  the pertussis vaccine across varying values for the societal willingness-to-pay for Q
ray  line indicates the World Health Organization threshold for cost-effectiveness i
eries, the efficacy of all doses in the series improves in tandem with improvement

he highest MCPI would be a childhood series with perfect efficacy
nd a 75-year average duration of protection, which could provide
n average annual gain of 4600 QALYs at an MCPI of $39. Improving
he duration of both the childhood and adult vaccine also has the
otential to achieve greater health benefits than improvement in
ny single factor, and could warrant a higher price (Fig. 3a and c).
owever, the MCPI for any combination of improvements is less

han the sum of the individual MCPIs for the improvements which
ake up the combination.
The MCPI is sensitive to the societal willingness-to-pay (WTP)

or QALYs. For improvements to childhood vaccine efficacy, the
CPI at a willingness-to-pay of $0 per QALY is approximately 4%

f the MCPI at a WTP  of $150,000 per QALY (Fig. 4), indicating
hat nearly all of the value for this improvement is derived from
ALY benefits rather than monetary health savings. The MCPI for
xtended duration is also sensitive to WTP. The value of the MCPI
s robust to shifts of maternal vaccination coverage, particularly to
ny expansion above the current coverage of 15% (Fig. S1).

. Discussion

We  have performed the first quantitative analysis of the poten-
ial utility and value of introducing a next-generation vaccine.
ncreasing the efficacy of the childhood pertussis vaccine series,
xtending the duration of protection of the childhood vaccines,
r extending duration of protection for the adolescent and adult
oosters could all improve health and avert medical costs as stand-
lone improvements or in combination. The singular improvement
o pertussis vaccines that would provide both the greatest potential
ealth benefit and the greatest economic benefit would be extend-

ng the duration of protection of the childhood vaccine series.
ncreasing the efficacy of the childhood series could also provide
ubstantial benefit; however, the benefits of extending the duration
f protection of the adult booster would not convey as much bene-
t as would be conveyed by improvements to the childhood series.
he combination of improving the childhood series to perfect effi-
acy and an average 75-year duration of protection achieves both
he largest health benefits and the highest MCPI, $39. This MCPI
epresents the upper bound of a cost-effective price increase for a
ew vaccine.

Given that the average duration of protection for the adult
ooster is less than 3 years, it might be expected that the improve-
ents to the duration of protection for the adult booster would
ield the greatest returns. Indeed, our results demonstrate that
mall improvements to the durability of the adult booster vaccine
ould be more valuable than an equivalent improvement to the

hildhood series. However, the benefits of extending protection of
, a value which corresponds to the threshold for cost-effectiveness. The vertical solid
US context: $159,429 per QALY. For improvements to the efficacy of the childhood

 first dose.

the adult booster quickly plateau, and are eclipsed by the bene-
fits of improving the efficacy and duration of the childhood series.
For example, a 5-year extension of protection to the adult booster
would convey greater value than a 5-year extension to the child-
hood series. In contrast, a 25-year extension of protection of the
childhood series would have greater health and economic impacts
than a 25-year extension to the adult booster. These results provide
insight into the potential returns on technological development.

There is considerable uncertainty surrounding the duration of
protection of the childhood series [12]. We  have incorporated the
uncertainty regarding this parameter in our analysis, conveying
insight into the minimum improvement in duration of protection
that would be necessary for the next-generation vaccine to be eco-
nomically valuable. At a 35-year duration of protection, the lower
95% confidence interval becomes positive, indicating that a price
increase based on extended durability may  only be justifiable if
the new childhood series demonstrably exceeds this mark. In con-
trast, small improvements to the duration of protection of the adult
booster and to the efficacy of the childhood series quickly and con-
fidently generate a positive MCPI. Health and economic outcomes
quantified by the epidemiological model underlying this analysis
are robust to reasonable variation in diverse other epidemiological
parameters such as the duration of natural immunity, the relative
infectiousness of an asymptomatic case compared to a typical one,
social contact rates, and others [17].

Exponential waning of protection models individual hetero-
geneity, whereby some individuals lose their immunity almost
immediately and others retain protection for considerably longer
than the mean. Indeed, under our base case estimate that the
duration of the childhood series has a mean of 25 years, nearly one-
third of vaccinated individuals have lost their immunity within 10
years of their most recent dose. This duration of protection leaves
considerable room for improvement. For example, with a mean
duration of protection of 75 years, less than 15% of individuals
would lose their immunity within 10 years of their most recent
dose.

Maternal vaccination during pregnancy has been shown to sig-
nificantly reduce the risk of pertussis infection in newborns [15].
Despite the strong protection conferred by maternal vaccination to
infants, our results are robust to changes in maternal vaccination
coverage. This robustness is largely attributable to the benefits of
maternal vaccination for infants under 2 months old. This newborn
age class is largely unaffected by the improvements investigated

here as they remain unvaccinated.

Recent studies suggest that Bordetella pertussis may  be evolv-
ing antigenically to evade protection by the current vaccine [47].
As resistant B. pertussis pathogens proliferate, the efficacy and
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uration of the the current vaccine will be further reduced. A
ext-generation pertussis vaccine could specifically alleviate these

ssues. Alternatively, the current generation of vaccine might be
mproved in ways that are not captured by higher efficacy and
onger duration. Recent studies in non-human primates have
hown that aP vaccines protected subjects from typical whooping
ough disease but not ongoing transmission [48,48,49] Above all, to
e considered acceptable for implementation, any next-generation
accine would have to demonstrate the same or greater vaccine
afety profile compared to existing vaccines.

New vaccines against pertussis are under active development.
 phase I clinical trial recently demonstrated the safety of a live-
ttenuated nasal pertussis vaccine based on the BPZE1 strain [50].
ouse studies suggest that this vaccine might have higher efficacy

n infants than the current acellular vaccine [51]. If perfect efficacy
ould be achieved at the first infant dose, the MCPI of this new vac-
ine would be $18. If the vaccine improved duration of protection
s well, a higher price would be warranted. Identification of alter-
ative vaccine candidates is ongoing [52,53]. As yet, information
egarding the potential efficacy or waning of these candidates is
navailable.

Economic predictions for future vaccines have focused on the
otential cost-effectiveness of introducing vaccination where none
urrently exists [19,20,25,28]. Our analysis provides the first quan-
ification of the value of replacing an existing vaccine with a
ypothetical higher-cost, higher-performing option. The metric
e have developed, the maximum cost-effective price increase

MCPI), is readily applicable to analyses of improvements to vac-
ines against other diseases. Such analyses could be informative
or many different stakeholders in vaccinology. Scientists can be
uided to the most impactful avenues for research. On the other
and, the vaccine with the highest MCPI does not necessarily
rovide the greatest health benefits. For example, if the willingness-
o-pay for QALYs was sufficiently low, and if the medical costs of
isease treatment in a population subset were sufficiently high, the
accine with the highest MCPI would not align with the vaccine pro-
iding the greatest health benefits. Manufacturers gain information
bout potential investments and avoid fruitless expenditure. Using
CPI, manufacturers and purchasers can enter into price negoti-

tions with more complete information, enabling a more efficient
nd transparent market. Most importantly, patients will receive the
irect health benefits from an improved next-generation pertussis
accine.
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