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Abstract	

	

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 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. 	
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Introduction	

A resurgence of pertussis in the United States (US) has resulted in the highest incidence in over 

half a century [1,2]. Several hypotheses have been postulated to explain the rising incidence [3–

6], with the prevailing view that the increase is attributable to shortcomings in the current 

vaccine series [7,8]. The acellular pertussis (aP) vaccines currently used in the US are the second 

generation of pertussis vaccines, licensed during the 1990s in response to concerns about severe 

side effects associated with whole-cell containing (wP) vaccines [9]. Elevated pertussis in 

adolescents, who represent the first cohorts vaccinated with the aP vaccine, has led to the 

suggestion 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 substantially 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 that would provide higher 

efficacy for infants, a longer duration of protection, or both [7,8].	

If such an improved vaccine were brought to market with a price per dose equal to the current 

vaccine, the decision to switch to the new vaccine would be straightforward. However, the 

investment that would be required to develop a new vaccine entails a higher cost per dose than 

that for the current vaccines. Additionally, new recommendations for maternal aP vaccination 

during pregnancy for infant protection[15,16] may render any health benefits of a new vaccine 

insufficient to justify the increased cost. 	
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Cost-effectiveness analysis is often conducted when considering the implementation of a vaccine 

that has already been developed [18–22], or hypothetical vaccines against pathogens for which 

no vaccine exists [23–29]. While—for instance—a study of adding protection against multiple 

pathogens causing otitis media to the pneumococcal vaccine has identified break-even and cost-

effective thresholds in vaccine price [30], no previous analysis has assessed the potential health 

impact and economic value of replacing a current vaccine with an improved hypothetical 

vaccine. With pertussis—and in similar cases where the current vaccine may have multiple 

shortcomings—calculating the relative value of improvements in either duration or efficacy 

could inform the design of a next generation vaccine to optimize public health benefit. 	

Here, we use a previously validated dynamic cost-effectiveness model of B. pertussis 

transmission in the US [17] to evaluate the potential health benefits and economic value of 

developing a next-generation pertussis vaccine. We consider three potential improvements: 1) 

increased efficacy of the childhood vaccination series, 2) extended duration of protection for the 

childhood series, and 3) extended duration of protection for the adult booster, as well as 

combinations of improvements. We formulate the maximum cost-effective price increase 

(MCPI), as a metric of the value of a new vaccine under the constraint that the vaccine remains 

cost-effective. The MCPI metric has general applicability to inform decision-making regarding 

investment in the development and the pricing of potential vaccines.	

	

Methods	

Transmission Model Structure 	

We modeled the epidemiological states (Figure 1) as susceptible (S), infectious (T: typical 

infection, defined in the Acellular Pertussis Vaccine Trial (APERT) as a cough lasting at least six 

days [31]; A: atypical infection, all other cases), recovered (R), and vaccinated (VP: DTaP 
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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 conducted in the US [17,33]. 	

	

Parameterization and Fitting	

Our base case and uncertainty distributions for epidemiological and economic parameters 

(Tables S1, S2) were provided by fitting our model to US incidence data from 2003–2012 [1]. 

We used empirically-derived reporting rates for typical infections 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.	

	

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.	

We define efficacy, E, as the proportional reduction in the risk of infection for vaccinated 

individuals relative to that of a susceptible, 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 characterize effectiveness rather than efficacy at the time 
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of vaccination; however, under the assumption that no waning occurs in the time between the 

administration of each of the three primary doses, vaccine effectiveness and efficacy are 

equivalent. Efficacy for the fourth and fifth dose was calculated previously [17] by 

simultaneously fitting both efficacy and duration to case-control data [12,13]. To model an 

improvement to efficacy, we simultaneously increased the efficacy of each dose by a factor p, 

such that	

!"($) = 1− (1− !(($))	/	+,	

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

of the ith dose for the current vaccine. Protection from the fourth and fifth doses of the childhood 

series is estimated to be complete prior to waning, as is protection from the adolescent and adult 

booster [17]. We evaluated our model across a range of first-dose efficacy from its current 

estimated value, 0.55, up to a perfect efficacy of 1. 	

Waning of efficacy was modeled as an exponential function, with a base case average duration of 

25 years for the complete childhood 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 calculated previously 

by fitting to case-control data [11,12,17]. They are consistent with waning rates estimated by 

others [35,36]. The exponential waning process in the model does not yield complete protection 

for all individuals for the duration. Indeed, with an average duration of immunity of 25 years, 

nearly one-third of vaccinated individuals will have lost their immunity within 10 years of their 

most recent dose. No matter the duration, waning begins immediately following vaccination, 

following a “deterioration” model [37]. Next generation vaccines were evaluated for average 

durations of protection up to 75 years for both childhood and adult vaccination. Given that the 

intervals between the first four doses of the childhood series are much shorter than the average 
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duration of protection conferred and that series completion rates are high, changes to the duration 

of protection will not greatly benefit infants before receipt of the fourth dose. Therefore, we 

assumed improvements regarding the duration of protection apply to the final two doses in the 

childhood series (VP4 & VP5) and/or the adult booster (B). Additionally, we evaluated scenarios 

of simultaneous improvement in the efficacy and duration of the childhood series, as well as a 

scenario of simultaneous improvement in the duration of protection for both the childhood and 

adult boosters.	

We modeled the current childhood schedule of doses at 2, 4, 6, and 18 months, and 5 years old 

[38]. We also included an adolescent booster at 12 years old and a booster for women during the 

third trimester of each pregnancy [39,40]. We applied current estimates of coverage in the US for 

the childhood series and the adolescent booster [41]. Coverage estimates for Tdap during 

pregnancy in the US vary substantially across studies, from less than 20% [42] to over 80% [43]. 

In our base case, coverage for maternal 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 sensitivity analysis considers the 

outcomes at both higher and lower coverage levels for maternal vaccination. In our model, U.S. 

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].	

	

Maximum Cost-Effective Price Increase	
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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:	

,	×	.	/	0
1  ,	

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 delivered. 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.	

	

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 

efficacy of the first dose from 0.55 to 0.75, with proportional increases in the efficacies of other 

childhood doses, would provide an average gain of 900 QALYs annually during the first 10 
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years following implementation (Figure 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 of $8.7 million. The MCPI per dose for a 

more durable childhood vaccine would be $16 for a duration of 50 years, and $22 for a duration 

of 75 years. Largely due to the uncertainty surrounding the protective duration of the current 

vaccine, the lower bounds for the 95% confidence intervals on QALYs gained and of the MCPI 

are not positive until the duration of protection of the next-generation vaccine reaches 

approximately 35 years.	

Extension of the average duration of the adult booster from 2.7 years to 30 years would provide 

an annual gain of 300 QALYs and annual health savings of $1.3 million. The benefits of 

increasing the duration of protection for the adult booster quickly plateau. Extension of its 

duration by an additional 45 years, to 75 years, provides an annual gain of 400 QALYs and an 

annual health savings of $1.5 million: an increase of only 100 QALYs and $200,000 annually 

despite the fact that the duration has been extended by an additional 45 years. Following the 
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same trend, the MCPI per dose would be $11 for a duration of 30 years, and only modestly 

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

Concurrent improvement to both the efficacy and duration of the childhood vaccine predictably 

achieves the maximum health benefit of all scenarios tested (Figure 3b, 3d). The combination of 

improvements that achieves both the greatest health benefits and the highest MCPI would be a 

childhood series with perfect efficacy and a 75-year average duration of protection, which could 

provide an average annual gain of 4600 QALYs at an MCPI of $39. Improving the duration of 

both the childhood and adult vaccine also has the potential to achieve greater health benefits than 

improvement in any single factor, and could warrant a higher price (Figure 3a, 3c). However, the 

MCPI for any combination of improvements is less than the sum of the individual MCPIs for the 

improvements which make up the combination.	

The MCPI is sensitive to the societal willingness-to-pay (WTP) for QALYs. For improvements 

to childhood vaccine efficacy, the MCPI at a willingness-to-pay of $0 per QALY is 

approximately 4% of the MCPI at a WTP of $150,000 per QALY (Figure 4), indicating that 

nearly all of the value for this improvement is derived from QALY benefits rather than monetary 

health savings. The MCPI for extended duration is also sensitive to WTP. The value of the MCPI 

is robust to shifts of maternal vaccination coverage, particularly to any expansion above the 

current coverage of 15% (Supplementary Figure 1).	

	

Discussion	

We have performed the first quantitative analysis of the potential utility and value of introducing 

a next-generation vaccine. Increasing the efficacy of the childhood pertussis vaccine series, 
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extending the duration of protection of the childhood vaccines, or extending duration of 

protection for the adolescent and adult boosters could all improve health and avert medical costs 

as stand-alone improvements or in combination. The singular improvement to pertussis vaccines 

that would provide both the greatest potential health benefit and the greatest economic benefit 

would be extending the duration of protection of the childhood vaccine series. Increasing the 

efficacy of the childhood series could also provide substantial benefit; however, the benefits of 

extending the duration of protection of the adult booster would not convey as much benefit as 

would be conveyed by improvements to the childhood series. The combination of improving the 

childhood series to perfect efficacy and an average 75-year duration of protection achieves both 

the largest health benefits and the highest MCPI, $39. This MCPI represents the upper bound of 

a cost-effective price increase for a new vaccine. 	

Given that the average duration of protection for the adult booster is less than 3 years, it might be 

expected that the improvements to the duration of protection for the adult booster would yield 

the greatest returns. Indeed, our results demonstrate that small improvements to the durability of 

the adult booster vaccine would be more valuable than an equivalent improvement to the 

childhood series. However, the benefits of extending protection of the adult booster quickly 

plateau, and are eclipsed by the benefits of improving the efficacy and duration of the childhood 

series. For example, a five-year extension of protection to the adult booster would convey greater 

value than a five-year extension to the childhood 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 
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insight into the minimum improvement in duration of protection that would be necessary for the 

next-generation vaccine to be economically 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 contrast, small improvements to the duration of protection of the adult booster and 

to the efficacy of the childhood series quickly and confidently 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 heterogeneity, 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 significantly 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 two 

months old. This newborn age class is largely unaffected by the improvements investigated here 

as they remain unvaccinated. 	
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Recent studies suggest that Bordetella pertussis may be evolving antigenically to evade 

protection by the current vaccine [47]. As resistant Bordetella pertussis pathogens proliferate, the 

efficacy and duration of the the current vaccine will be further reduced. A next-generation 

pertussis vaccine could specifically alleviate these issues. Alternatively, the current generation of 

vaccine might be improved in ways that are not captured by higher efficacy and longer duration. 

Recent studies in non-human primates have shown that aP vaccines protected subjects from 

typical whooping cough disease but not ongoing transmission [48][49][48] Above all, to be 

considered acceptable for implementation, any next-generation vaccine would have to 

demonstrate the same or greater vaccine safety profile compared to existing vaccines.	

New vaccines against pertussis are under active development. A phase I clinical trial recently 

demonstrated the safety of a live-attenuated nasal pertussis vaccine based on the BPZE1 strain 

[50]. Mouse studies suggest that this vaccine might have higher efficacy in infants than the 

current acellular vaccine [51]. If perfect efficacy could be achieved at the first infant dose, the 

MCPI of this new vaccine would be $18. If the vaccine improved duration of protection as well, 

a higher price would be warranted. Identification of alternative vaccine candidates is ongoing 

[52,53]. As yet, information regarding the potential efficacy or waning of these candidates is 

unavailable.	

Economic predictions for future vaccines have focused on the potential cost-effectiveness of 

introducing vaccination where none currently exists [19,20,25,28]. Our analysis provides the first 

quantification of the value of replacing an existing vaccine with a hypothetical higher-cost, 

higher-performing option. The metric we have developed, the maximum cost-effective price 

increase (MCPI), is readily applicable to analyses of improvements to vaccines against other 

diseases. Such analyses could be informative for many different stakeholders in vaccinology. 

Scientists can be guided to the most impactful avenues for research. On the other hand, the 
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vaccine with the highest MCPI does not necessarily provide the greatest health benefits. For 

example, if the willingness-to-pay for QALYs was sufficiently low, and if the medical costs of 

disease treatment in a population subset were sufficiently high, the vaccine with the highest 

MCPI would not align with the vaccine providing the greatest health benefits. Manufacturers 

gain information about potential investments and avoid fruitless expenditure. Using MCPI, 

manufacturers and purchasers can enter into price negotiations with more complete information, 

enabling a more efficient and transparent market. Most importantly, patients will receive the 

direct health benefits from an improved next-generation pertussis vaccine.	
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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	
	

*In predictions, the first three doses in the childhood series are improved simultaneously. See 

Methods for details. 	
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Table 2: Impact of Individual Improvements for a Next-Generation Vaccine. QALYs, costs, 

and infant deaths are presented here as annual undiscounted averages. QALYs and costs were 

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)	

Figure 1: Dynamic Transmission Model Schematic.	
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Figure 2: QALY impact and Maximum Cost-Effective Price Increase for three types of 

next-generation vaccine. Solid lines depict the base case. Dashed lines bound the 95% 

confidence interval. QALYs gained (panels A-C, undiscounted annual mean) and the MCPI 

(panels D-F, costs and QALYs discounted at 3% annually) are shown for improvements to the 

efficacy of the childhood vaccine (panels A and D), the duration of the childhood vaccine (panels 

B and E), and the duration of the adult booster (panels C and F). 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.	

	

Figure 3: Contour plot of Maximum Cost-Effective Price Increase for next-generation 

vaccines with combinations of improvements. Contours correspond to the MCPI for improved 

efficacy and extended duration of the childhood vaccine (A) or for improved duration of both the 

childhood and adult vaccines (B). 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.	

	

Figure 4: Sensitivity of MCPI to societal willingness-to-pay for QALYs. Each dotted or 

dashed represents the maximum cost-effective price-increase ($US) of a single improvement to 

the pertussis vaccine across varying values for the societal willingness-to-pay for QALYs, a 

value which corresponds to the threshold for cost-effectiveness. The vertical solid gray line 

indicates the World Health Organization threshold for cost-effectiveness in the US context: 
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$159,429 per QALY. 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.	

	

Supporting Information	

Figure S1: Sensitivity of MCPI to maternal vaccination coverage. Each line represents the 

maximum cost-effective price increase ($US) of a single improvement to the pertussis vaccine 

across varying values of maternal vaccination coverage. 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.	

	

Table S1:  Epidemiological Model Parameters	

Table S2:  Historical Vaccination Coverage 	

Table S3:  Health and Economic Outcome Parameters	
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Figure S1: SENSITIVITY OF MCPI TO MATERNAL VACCINATION COVERAGE  
Each line represents the maximum cost-effective price increase ($US) of a single improvement 
to the pertussis vaccine across varying values of maternal vaccination coverage. 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. 
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TABLE S1:  EPIDEMIOLOGICAL PARAMETERS 
 

Parameter Symbol Base Case (95% CI) Reference 

Birth Rate f 0.05 [1] 

Efficacy of maternally-acquired antibodies m 0.89 (0.77 – 0.93) [1] 

Probability of infection, given exposure (per minute) b 0.0031 (0.0024 – 0.0041) [1] 

Probability of typical infection, given infection σ 0.195 [2,3] 

Duration of typical infection (days) 1/ϒT 25 (21 – 28) [4,5] 

Duration of atypical infection (days) 1/ϒA 8 (4 – 10) [4,5] 

Relative transmissibility of typical infection  1 [1] 

Relative transmissibility of atypical infection ρ 0.1 [1] 

Duration of natural immunity (years) 1/τN 30 [1,6]  

DTaP    

1st dose efficacy ε1 0.55 (0.45 – 0.62) [7] 

2nd dose efficacy ε2 0.75 (0.66 – 0.82) [7] 

3rd dose efficacy ε3 0.84 (0.79 – 0.87) [7] 

4th/5th dose efficacy εV 1.00 (0.98 – 1.00) [8] 

Duration of vaccine-induced immunity τV 23.5 (17.2 - 35.7) [8] 

Tdap    

Efficacy εB 1.00 (0.86 – 1.00) [1,9] 

Duration of vaccine-induced immunity τB 2.7 (2.1 - 3.8) [1,9] 

    

Reporting Rate of Typical Cases (%)    

<1 year old  1.38 [1,3,10] 

1-6 years old  0.93 [1,3,10] 

7-10 years old  0.45 [1,3,10] 

11+ years old  0.3 [1,3,10] 
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TABLE S2:  HISTORICAL VACCINATION COVERAGE 
Coverage compiled from [11,12]. 

 

Doses Years Symbol Coverage Rates (95% CI) 

Doses 1-3, childhood series 1900-1945 ϕP1-3 0 

 1946-1994  70 (69 - 71) 

 1995-predictions  95 (94 - 96) 

Dose 4, childhood series 1900-1969 ϕP4 0 

 1970-1994  70 (69-71) 

 1995-predictions  85 (84-85) 

Dose 5, childhood series 1900-1969 ϕP5 0 

 1970-1994  70 (69-71) 

 1995-predictions  95 (94-96) 

Adolescent/Adult Booster* 2006 ϕB 51.9 

 2007  65.2 

 2008  73.7 

 2009  81 

 2010-predictions  85.3 

 

*Booster administered to 12-year-olds starting in 2006, per CDC recommendation [13]  
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TABLE S3:  HEALTH AND ECONOMIC OUTCOME PARAMETERS 
 

Age Outcome 
Probability of 
Outcome, as 
reported 

QALY weight, until 
improvement 

QALY weight, 
improvement to 
recovery 

Time to 
Improvement 
(days) 

Time to 
Recovery 

Direct Medical 
Cost, US$2013 References 

Infant Unknown, 
Unreported 0 0.9 1 35 75 0 [1,14] 

 Outpatient 0.79 0.85 0.9 35 75 129 [1,14,15] 
 Hospitalization 0.19 0.58 0.9 35 75 8553 [15–17] 

 Neurological 
Disease 0.012 0.51 0.9 35 75 8213 [14,15,17,18] 

 Death 0.008 0 0 NA NA 18463 [1,15,18–20] 

Older Unknown, 
Unreported 0 0.9 1 21 66 0 [14,15] 

 Moderate 
Outpatient 0.31 0.85 0.9 21 66 320 [14,15,17,21] 

 Severe 
Outpatient 0.66 0.81 0.9 21 66 445 [14,15,17,21] 

 Hospitalization 0.03 0.82 0.9 21 66 3435 [17,21] 
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