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ABSTRACT
In the U.S., pneumococcal polysaccharide vaccine (PPSV23) uptake among high-risk adults aged
<65 years is consistently low and improvement is needed. One barrier to improved vaccine coverage
is the complexity of the adult vaccination schedule. This exploratory analysis compared the cost-
effectiveness of strategies to increase pneumococcal vaccine uptake in high-risk adults aged 50–64 years.
We used a Markov model to compare strategies for non-immunocompromised 50–64 year olds: 1)
current pneumococcal polysaccharide vaccine (PPSV23) recommendations; 2) current recommendations
enhanced by an intervention; 3) PPSV23 plus pneumococcal conjugate vaccine (PCV13) for high-risk
patients with no intervention; or 4) both vaccines for all 50-year-olds with no intervention. Parameters
included CDC data and other US data, varied extensively in sensitivity analyses. In the analysis,
vaccinating high-risk individuals with PPSV23/PCV13 was the least costly strategy, with total costs of
$424/person. Vaccinating all 50 year olds with PPSV23/PCV13 cost $40 more and gained 0.00068 quality-
adjusted life years (QALY), or $57,786/QALY gained. Current recommendations with or without an
intervention program were more expensive and less effective than other strategies. In multi-way
sensitivity analyses, the current recommendations/intervention program strategy was favored at
a $100,000/QALY threshold only if non-bacteremic pneumococcal pneumonia rate or PCV13 serotype
coverage were substantially lower than base case values. Thus, an intervention program to improve
pneumococcal vaccine uptake among high-risk 50–64 year-olds was not cost-effective in most scenarios.
High-risk individuals receiving both PCV13 and PPSV23 could be economically favorable, and vaccinat-
ing all 50-year-olds with both vaccines could be considered.
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Background

Current U.S. Advisory Committee for Immunization Practices
(ACIP) adult pneumococcal vaccination recommendations are
based on age and the presence of certain underlying health con-
ditions. For example, ACIP recommendations for adults aged
≥65 years include both the 23-valent pneumococcal polysacchar-
ide vaccine (PPSV23) and the 13-valent pneumococcal conjugate
vaccine (PCV13).1 Adults aged 19–64 years with immunocom-
promising conditions receive both PCV13 and PPSV23 as well,
while individuals of this age with high risk, non-immunocom-
promising, comorbid conditions only receive PPSV23.1

Universal routine childhood pneumococcal vaccination
and the resulting shift in adult pneumococcal disease epide-
miology have caused some uncertainty regarding the opti-
mally protective adult vaccination regimen. Indirect effects
of routine childhood PCV13 immunization (which began in
2010) have been observed in adults; however, the full impact
in unvaccinated adults is still being determined.2 Thus, the
most effective single vaccine or combination of vaccines for
any given adult subgroup is unknown.

U.S. pneumococcal vaccine uptake has been consistently
low among high risk adults aged 19–64 years (20.3% in
2014) and among adults aged ≥65 years (61.3% in 2014),3

below Healthy People 2020 target levels of 60% and 90%,
respectively. Multiple factors contribute to this gap between
recommendations and uptake, including lack of patient
awareness, fear of side effects, and complexity of vaccine
recommendations.

Approaches to improve adult pneumococcal vaccination
rates have included standing order protocols and single- or
multi-strategy interventions.4,5 However, standing order
protocols allowing non-physicians to vaccinate may not
be readily adopted because of recommendation complexity,
and intervention programs require time and resources that
may not be available.5 Thus, it is unclear if improvements
in pneumococcal vaccination rates could be more easily
and effectively accomplished using a less complex but
perhaps more expensive, age-based universal pneumococcal
vaccination recommendation than by a practice-based
intervention to improve implementation of current vacci-
nation recommendations.
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This study was an exploratory analysis to compare the
public health effects and cost-effectiveness (CE) of interven-
tion programs to improve pneumococcal vaccination uptake
in high risk adults aged 50–64 years, compared to simplifying
the current US ACIP and Centers for Disease Control and
Prevention (CDC) adult pneumococcal vaccination recom-
mendations. The aim of this exploratory analysis was to
identify circumstances where policies that simplify pneumo-
coccal vaccination recommendations might be favored com-
pared to interventions that improve uptake of current
recommendations. To this end, we used a relatively simple
model, with simplifying assumptions that consistently favored
current CDC recommendations for pneumococcal vaccina-
tion, where only high-risk individuals are recommended for
vaccination within the 50–64 year-old age group. Given these
assumptions that do not favor broader, perhaps easier to
implement, pneumococcal vaccination recommendations, the
case for these broader strategies could be strengthened under
circumstances where they were favored in the analysis.

Results

Public health effects

Table 1 summarizes the public health effects of the vaccina-
tion strategies. For the entire U.S. 50–64 year old population
(63,187,232 in 2015)6 with current ACIP recommendations in
place, there were, in 50–64 year olds, 139,254 invasive pneu-
mococcal disease (IPD) cases, 962,341 nonbacteremic pneu-
mococcal pneumonia (NBP) cases, and total pneumococcal
disease deaths (IPD and NBP) were 112,334. Adding an inter-
vention program to increase PPSV23 uptake among high-risk
patients decreased IPD incidence and mortality by 4.8%.
Adding PCV13 for high risk 50 year olds resulted in 1504
fewer pneumococcal disease deaths compared to the interven-
tion program. Recommending both PPSV23 and PCV13 for
all adults ≥50 years, regardless of high-risk conditions,
resulted in the lowest risk for both IPD and NBP.
Decreasing the PCV13 serotype coverage to 24.5% increased
the number of NBP cases and deaths in all strategies, relative
to the PCV13 serotype coverage of 30.7%, and had no effect
on IPD outcomes. The greatest increase in NBP outcomes was
in the strategy giving both vaccines to all adults ≥50 years;

a 1% increase in both cases and deaths. This strategy still
resulted in the lowest risk overall for IPD and NBP.

Cost-effectiveness analysis

Cost-effectiveness (CE) analysis results (Table 2) are pre-
sented as incremental CE ratios with strategies ordered by
cost. The total per-person cost of pneumococcal vaccination
and disease when persons with comorbid conditions received
both PCV13 and PPSV23 (High Risk PCV13 + PPSV23) and
with current recommendations without an intervention pro-
gram (Current ACIP) were each almost $424, the lowest cost
strategies examined (this circumstance is examined further in
the Supplemental Material). Giving both PCV13 and PPSV23
to all individuals aged ≥50 years (All PCV13 + PPSV23) cost
about $39 more while gaining 0.00068 QALY more than High
Risk PCV13 + PPSV23, resulting in a cost of $57,786/QALY
gained. Decreasing PCV13 serotype coverage to 24.5%
increased the cost-effectiveness ratio of All PCV13
+ PPSV23 to $67,532/QALY gained. Despite Current ACIP
having nearly the same cost as High Risk PCV13 + PPSV23,
this strategy and Intervention strategy both had lower effec-
tiveness and higher costs than other modeled strategies and
were therefore dominated in this analysis.

All model parameters were varied individually in one-way
sensitivity analyses. In these analyses, only individual varia-
tion of PCV13 serotype coverage, PCV effectiveness, or NBP
probability caused the Intervention strategy to no longer be
dominated and become favored at a $100,000/QALY gained
threshold, while the Current ACIP strategy was never favored
under these criteria. The Intervention strategy was favored at
a $100,000/QALY gained threshold when NBP risk was
<29/100,000 (base case 100.2/100,000), PCV13 serotype cover-
age was <11.0% (base case 30.7%), or if PCV13 effectiveness
was near the lower end of its range as listed in Table 3.

We also performed analyses simultaneously varying
PCV13 serotype coverage, NBP probability, and intervention
program costs, using $50,000/QALY and $100,000/QALY
gained thresholds (Figure 1). At the base case program cost
of $4.12/eligible person (left), Intervention was favored at
a $50,000/QALY gained threshold when NBP probability
(moving the blue “X” to the left in the figure) was <24/
100,000 or PCV13 serotype coverage (moving the blue “X”
down) was <9.2%. (The white symbol in all figures denotes
the lower PCV13 serotype coverage of 24.5%). At a $100,000/
QALY threshold (as outlined in the above paragraph), the
Intervention was favored when NBP was <29/100,000 or
PCV13 serotype coverage was <11.0%. Decreasing program
costs to $1.03/eligible person (Figure 1, right) increases the
area where the Intervention is favored. For example, at
a $100,000/QALY threshold (Figure 1, bottom right), the
intervention was favored when NBP probability was

Table 1. Results: Pneumococcal morbidity and mortality in the U.S. 50–64 year-
old population by strategy.

Strategy

IPD Pneumonia

Cases Deaths Cases Deaths

Current ACIP 139,254 14,204 962,341 98,130
Intervention 132,609 13,526 962,341 98,130
High risk PCV13 + PPSV23 137,970 14,073 947,316 96,626
All PCV13 + PPSV23 130,969 13,359 929,897 94,849

Table 2. Cost-effectiveness analysis results of modeled pneumococcal vaccination strategies in adults 50–64 years of age.

Strategy Cost Incremental Cost Effectiveness (QALY) Incremental Effectiveness (QALY) ICER ($/QALY)

High risk PCV13 + PPSV23 $423.66 - 17.2719 - -
Current ACIP $423.98 $0.32 17.2715 −0.00043 Dominated
Intervention $430.46 $6.80 17.2717 −0.00023 Dominated
All PCV13 + PPSV23 $462.82 $39.16 17.2726 0.00068 $57,786
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<36/100,000 or PCV13 serotype coverage was <13.7%. In
another related analysis, we also varied the heightened vaccine
uptake afforded by the Intervention strategy. Decreasing that
probability from 50% to 40% or 30% at the lower $1.03/
eligible patient program cost (Supplemental Figure 1),
decreased the range of values where the Intervention strategy
would be favored when a $100,000/QALY threshold is used; at
the higher program cost ($4.12), the Intervention strategy’s
favorability was decreased further at lower vaccination rates
(not shown).

Varying all parameters simultaneously over distributions
5000 times in a probabilistic sensitivity analysis, shows the
likelihood that strategies would be favored over a range of
cost-effectiveness willingness-to-pay thresholds, as depicted in
an acceptability curve (Figure 2). At a $50,000/QALY gained
threshold, High Risk PCV13 + PPSV23 was favored in 60.3%
of model iterations, and in 14.8% at a $100,000/QALY

threshold, while All PCV13 + PPSV23 was favored in 37%
at $50,000/QALY and in 82.9% at $100,000/QALY gained.
The Intervention strategy had very low favorability over the
entire range, favored in 2.3% of model iterations at
a $100,000/QALY threshold. Figure 2(b) shows the accept-
ability curve for the decreased PCV13 serotype coverage of
24.5%, which slightly increased the favorability of High Risk
PCV13 + PPSV23 (69.1% at $50,000/QALY and 22.3% at
$100,000/QALY) and slightly decreased the favorability of
All PCV13 + PPSV23 (24.1% at $50,000/QALY and 70.5% at
$100,000/QALY gained).

In separate sensitivity analyses, detailed in the
Supplemental Material, we examined 1) the effects of relaxing
the assumption of PPSV23 ineffectiveness against NBP, 2) the
potential increased vaccine uptake effects of the less complex,
but more expensive, strategy where all 50 year olds are recom-
mended to receive both vaccines, 3) relaxing the assumption

Table 3. Parameter values examined in model.

Parameter Value Range Source

Probability of vaccination
No program 20.3% 3
Program (peak after 10 yr) 50% 30–50% Estimate

PCV13 serotype coverage 30.7% 0–40% 7
PPSV23 serotype coverage 67.6% 63.9–71.2% 7
Vaccine effectiveness
PPSV23 vs IPD Table 5
PCV13 vs IPD Table 5
PCV13 vs pneumonia Table 5
Vaccine adverse events
Probability per vaccine 13% 3–15% 8

Probability of comorbidity indication 15.8% 15.8–26.5% 9
Illness relative risk – comorbidity vs average risk 4.26 2.99–4.26 ABCs 2007−2008

IPD yearly probability
Total population 15.0/100,000 10%-20% 10
Comorbid conditions 42.2/100,000 10, ABCs 2007−2008
Average risk 9.90/100,000 10, ABCs 2007−2008

IPD case fatality 10.2% 5.1%-15.3% 10
Disability post IPD 7.1% 3.6%-10.7% 10
Non-bacteremic pneumonia yearly risk
Total population 100.2/100,000 0–200/100,000 11,12
Comorbid conditions 281.8/100,000 11,12, ABCs 2007−2008
Average risk 66.1/100,000 11,12, ABCs 2007−2008

Pneumonia case fatality 10.2% 5.1%-15.3% 10
Disability post pneumonia 3.53% 1.8%-5.35% Estimated
Excess mortality due todisability 0.1 0–1 Estimated
Costs
Vaccine
PPSV23 $78.90 $26.15-$131.65 13
PCV13 $159.60 $95.56-$223.64 13
Administration $25.08 $25-$30 14

Vaccination program (per
pt/yr)

$4.12 $1.03-$4.12 4 (Low range estimate for high intensity program)

Vaccine side effects (per
occurrence)

$0.76 $0-$2 Estimate

IPD-discharged alive $28,837 $11,535-$54,790 15,16
IPD-death $39,726 $15,891-$75,480 15,16
Pneumonia- discharged
alive

$22,812 $9,125-$43,342 15,16

Pneumonia-death $41,643 $16,657-$79,123 15,16
Initial treatment of
symptoms for IPD

$5 $0-$10

Disability (per yr) $14,917 $5,967-$28,341 17
Utility weights
Disability 0.4 0.2–0.6 Estimate18

Hospitalization 0.2 0.1–0.5 19,20
Vaccine side effects 0.855 0.8–0.99 Estimate18

Well 0.88 0.72–0.88 19
Illness durations (days)
IPD 34 17–51 19,20
Hospitalized pneumonia 34 17–51 19,20
Vaccine side effects 3 1–8 8

HUMAN VACCINES & IMMUNOTHERAPEUTICS 865



of equal mortality between average- and high-risk groups, 4)
varying high-risk health state membership likelihood, and 5)
varying vaccine effectiveness assumptions. When PPSV23 is
assumed effective against NBP, then Intervention is the pre-
ferred strategy in most scenarios. For example, the
Intervention is favored at a $100,000/QALY threshold unless
PPSV23 relative effectiveness vs. NBP was <27.2% of PCV13
vs. NBP; similar results occur when PPSV effectiveness vs.
NBP is set to levels suggested by Suzuki et al in their trial of
65+-year-olds.21 On the other hand, when All PCV13
+ PPSV23 increases vaccine uptake by 5 and 10 percentage
points, that strategy became more economically favorable.
When non-pneumococcal disease mortality is greater in high
risk groups, giving all 50 year olds both vaccines remains the
favored strategy. Increasing high-risk health state membership
leads to ICERs of $2,800/QALY for giving both vaccines to
the high risk group and $75,100/QALY for giving all 50 year
olds both vaccines. Alternative PPSV effectiveness assump-
tions, where its effectiveness against IPD is decreased or
shortened in duration, further favors giving both vaccines to

all 50 year olds, as do decreased PPSV serotype likelihood
assumptions.

Discussion

In this analysis, offering both PCV13 and PPSV23 to high risk
patients aged ≥50 years was the least costly strategy examined.
In addition, offering both vaccines to all 50 year-olds resulted
in the lowest disease and mortality burden, reducing pneu-
mococcal disease deaths by 4,126 compared to current recom-
mendations, while potentially being an economically
reasonable option. However, an intervention program to
increase PPSV23 uptake in adults with high risk indications
was not favorable economically unless: its costs were low,
NBP risk and PCV13 serotype coverage were substantially
less than base case values, or PPSV23 is substantially effective
in preventing NBP. These results occurred despite the inter-
vention program increasing vaccine uptake substantially more
(from 20.3% to 50%) in high risk subgroups than typically
seen. In addition, in a probabilistic sensitivity analysis, the

Figure 1. Title of data: Multi-way sensitivity analysis when an intervention program improves vaccination uptake to 50%.
Description of data: Panels depict areas where strategies are favored while varying non-bacteremic pneumonia risk (x-axis), pneumococcal conjugate vaccine (PCV)
serotype coverage (y-axis), per person intervention program cost (columns) and cost-effectiveness threshold (columns). The blue depicts base case values for
pneumonia risk and PCV serotype coverage. In all 4 graphs, All PCV13 + PPSV23 was favored at base case values with the Intervention becoming favorable with lower
pneumonia rates and serotype coverage.

866 A. R. WATESKA ET AL.



intervention program was unlikely to be favored compared to
the other strategies. Conversely, a more modest increase in
vaccination uptake due to the less complex strategy of vacci-
nating everyone at age 50 with both vaccines would likely
result in greater upfront costs, but could make this strategy
more economically acceptable.

A recent review of the pneumococcal vaccine schedule
recommendations in the context of changing pneumococcal
disease epidemiology has highlighted the need for a continual
assessment of the effectiveness and CE of strategies in adult
sub-populations based on age, comorbidities, race, access to
care, and socioeconomic status.22 Our results have delineated

some parameter bounds for the CE of improved implementa-
tion of existing vaccination recommendations compared with
other strategies. Moreover, these results have ascertained areas
of uncertainty needing further exploration.

This study shows a reduction in pneumococcal disease
when adding PCV13 to the regimen, similar to another ana-
lysis comparing current recommendations with PCV13
recommendation for high risk patients; however cost out-
comes are not comparable because that study did not examine
a strategy of vaccinating everyone aged 50–64, regardless of
comorbidity status.23 A CE analysis evaluating PCV13 vacci-
nation in healthy adults with no high risk conditions over

Figure 2. Title of data: Probabilistic sensitivity analysis for non-immunocompromised adult pneumococcal vaccination strategies.
Description of data: Results shown as a cost-effectiveness acceptability curve. The y-axis shows the likelihood strategies would be cost-effective at a given willingness
to pay threshold.
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50 years in Belgium compared to PPSV23 vaccination and
both vaccines combined resulted in a higher ICER for PCV13
than that seen in our study. When comparing PCV13 with
PPSV23, the cost and effectiveness of each were similar, with
the higher price of PCV13 being the driving factor in a higher
ICER for PCV13.24

Few analyses have focused on the CE of providing vaccines
for all adults under 65 and fewer have examined CE in
programs to increase vaccination uptake in this population.
In a review of PCV13 economic evaluations in adults, 10
evaluations met review criteria and of these, 4 were in adults
aged ≥65, 2 evaluated immunocompromised patients only,
and 2 examined PCV13 recommendations for high risk
patients.25 Of the remaining 2, one is an analysis15 conducted
by the authors of this paper and the other used all-cause
pneumonia rates, instead of those specific to S. pneumoniae.26

Strengths and limitations

This study was an exploratory analysis, subject to several
limitations. Indirect effects from childhood and adult vacci-
nation, which could reduce the value of PCV13 in adults,
were incorporated into disease rates in the model. CDC data
suggest that invasive pneumococci disease due to vaccine
serotypes may have stabilized over the last few years,2,27

however further herd immunity effects in unvaccinated
adults could still occur, reducing the value of PCV13 in
adults. Sensitivity analyses examined the possible indirect
effects of childhood vaccination, such as decreasing adult
pneumococcal disease and decreased vaccine serotype cover-
age in adults. In these analyses, as summarized in Figure 2,
decreases in NBP rates and PCV13 serotype coverage due to
herd immunity would need to go to very low levels before
the Intervention strategy, which uses PPSV23 alone, was
favored. Only hospitalized NBP was considered in the
model, possibly making modeling assumptions unfavorable
toward PCV13, as approximately 5–16% of NBP cases are
hospitalized.28 Ranges for all parameters varied in sensitivity
analysis and in probabilistic sensitivity analysis,29 were lar-
gely based on estimates of uncertainty, particularly regarding
adult pneumococcal disease risk and the indirect effects of
childhood vaccination.

Pneumococcal vaccine effectiveness continues to be con-
troversial, particularly regarding PPSV23 effectiveness in pre-
venting NBP.30,31 In scenarios where PPSV23 prevents NBP,
heightened implementation of current recommendations was
favored over other strategies if PPSV23 effectiveness
approached that of PCV13, but was not favored if NBP effec-
tiveness for PPSV23 was ≤27.2% of that of PCV13.

A major limitation is uncertainty regarding NBP incidence.
In this analysis, we used a base case estimate of 100.2 NBP
cases/100,000 in the entire 50–64 year old population,15 based
on National Hospital Discharge Survey data showing a 334/
100,000 all-cause pneumonia hospitalization rate11 and assum-
ing 30% of these cases are NBP.12 Grijalva et al. projected
a similar all-cause pneumonia rate in this age group of

328.1/100,000.32 More recently, Weycker et al. estimated hos-
pitalized NBP as 193/100,000 in 50–64 year-olds.33 In their
2016 CE analysis of adult pneumococcal vaccination strategies,
Stoecker et al.23 used Simonsen et al.’s all-cause pneumonia
rate, 258.2/100,00034 and estimated that 10% of that rate was
due to PCV13 serotype NBP, or 25.8/100,000. Our correspond-
ing PCV13 serotype NBP rate is 30.8/100,000. Stoecker et al. do
not estimate NBP rates for all pneumococcal serotypes.23 At the
other end of the spectrum, Jain et al., in a surveillance-based
study, found all-cause pneumonia hospitalization rates in
50–64 year-olds to be 263/100,000 with S. pneumoniae detected
in 5% or 13/100,000.35 However, this study detected no patho-
gen in 64% of cases, a 194/100,000 population likelihood of
hospitalized pneumonia with no pathogen detected in this age
range,35 leaving open the question of what the true likelihood
of NBP is, given the difficulty of establishing this diagnosis. If
NBP rates are truly this low, greatly improved intervention
programs for current recommendations are favored. If NBP
rates are more in line with other estimates, then intervention
programs may not be favored. The CDC Active Bacterial Core
surveillance team has an ongoing study examining NBP inci-
dence (Lee H. Harrison, MD, personal communication); its
findings should clarify this issue.

Policy implications

To make US immunization policy recommendations, the ACIP
uses an explicit evidence-based method, the Grading of
Recommendations, Assessment, Development and Evaluation
(GRADE) approach and the Evidence to Recommendations
(EtR) framework.36,37 Cost-effectiveness modeling and public
health impact, which we address in this paper, are two compo-
nents of the EtR. Other EtR considerations include the cer-
tainty of the evidence base, acceptability to key stakeholders,
and feasibility. We found that the most cost-effective strategy is
vaccinating all with 50 year-olds with both PCV13 and
PPSV23, costing $57,786 per QALY and saving 786 deaths
due to IPD and 3,052 deaths due to pneumonia in the popula-
tion of 50–64 year-olds. Should the other EtR considerations be
addressed and the evidence base, including the percentage of
pneumonia due to PCV13 serotypes, effectiveness of PCV13
and of PPSV23 in this age group, be better understood, then
ACIP should consider formally evaluating routine vaccination
at age 50. Of note, FDA has licensed both PCV13 and PPSV23
in 50–64 year-olds.

This exploratory analysis supports extending PCV13 vacci-
nation in conjunction with PPSV23 in high risk adults aged
50–64 years with some potential for consideration of simpli-
fied pneumococcal vaccination recommendations for all
adults aged ≥50. It also provides an initial framework of
pertinent parameters for implementing a cost-effective pro-
gram aimed at increasing vaccination rates but found that
such an intervention program was not favored in most sce-
narios. These conclusions are sensitive to assumptions regard-
ing NBP incidence and PCV13 serotype coverage of adult
pneumococcal disease.
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Materials and methods

Using a Markov state-transition model, we examined 4 vacci-
nation strategies (Table 4) in non-immunocompromised per-
sons aged 50–64 years: 1) current ACIP recommendations for
PPSV23 for adults with high-risk conditions (referred to as
Current ACIP); 2) current ACIP recommendations enhanced
by an intervention program to increase high-risk uptake to
50% over 10 years and remaining at that level thereafter
(Intervention); 3) PPSV23 plus PCV13 for high-risk patients,
expanding current recommendations, with no intervention
(High Risk PCV13 + PPSV23); or 4) both vaccines for all
50 year-olds, with no intervention (All PCV13 + PPSV23).
For each of the four strategies, individuals were placed into
one of two subgroups – those with high-risk comorbid con-
ditions and those without (referred to as average risk) – based
on National Health Interview Survey (NHIS) data.9 High-risk
non-immunocompromising conditions per CDC definitions
were: chronic heart disease (including congestive heart failure
and cardiomyopathies); chronic lung disease (including
chronic obstructive lung disease, emphysema, and asthma);
chronic liver disease (including cirrhosis); alcoholism; dia-
betes mellitus; and smoking.38 A third party payer perspective
and a 3% discount rate for future costs and benefits were used.
Costs were converted to 2015 U.S. dollars. Quality of life was
modeled using health state utility weights, with 0 equaling
death and 1 denoting perfect health. The effectiveness term

was quality- adjusted life years (QALY), the product of the
health state utilities and the length of time in health states.
The Markov model cycle length was 1 year.

Figure 3 is a schematic depiction of the model. Individuals
in each of the two subgroups, high-risk and average risk,
could experience one of four possible outcomes: 1) stay in
their respective state; 2) get invasive pneumococcal disease
(IPD); 3) get non-bacteremic pneumococcal pneumonia
(NBP); or 4) die from causes unrelated to pneumococcal
disease. Those with pneumococcal disease (IPD or NBP) had
probabilities of recovering and moving back to their original
health state, becoming disabled, or dying from the disease. As
the model progressed, disabled individuals could either stay
disabled or die. The cohorts began the model at 50 years of
age with a 50-year time horizon. In this exploratory analysis,
we modeled average cohort membership in the high-risk
group from ages 50–64 years as a constant value and varied
that value in sensitivity analyses based on the relative like-
lihood of qualifying high-risk conditions at ages 50 and
65 years. Pneumococcal vaccination and disease costs and
effects were followed for 15 years, based on the assumption
that, when the cohort was 65 years of age or older, pneumo-
coccal disease likelihood would be unaffected by the modeled
strategy and thus equal for all study arms. Costs and utility
losses due to pneumococcal disease-related disability and
death continued to be tracked throughout the lifetime of the
cohort.

In the model, pneumococcal disease occurred based on
population incidences of IPD and NBP. High-risk individuals
had 4.3 times the relative risk of infection compared to aver-
age risk individuals, based on IPD rates calculated from
2007–2008 CDC Active Bacterial Core surveillance (ABCs)
data (unpublished data). In the first year during which pneu-
mococcal vaccine would be indicated the probability of receiv-
ing vaccine without an intervention program was 20.3%, the
current vaccination rate in high-risk individuals aged
<65 years. In our simplified model, vaccination occurred at
age 50 for all groups eligible for vaccination in a given
strategy.

Table 4. Modeled vaccination strategies based on presence or absence of
comorbid conditions*.

Strategy

Risk Group

No comorbid conditions Comorbid conditions

Current ACIP None PPSV23
Intervention None PPSV23 + intervention
High Risk PCV13 + PPSV23 None PCV13 + PPSV23
All PCV13 + PPSV23 PCV13 + PPSV23 PCV13 + PPSV23

*Comorbid conditions are: chronic heart disease including congestive heart
failure and cardiomyopathies; chronic lung disease including chronic obstruc-
tive lung disease, emphysema, and asthma; chronic liver disease including
cirrhosis; alcoholism; diabetes mellitus; and smoking.

Figure 3. Title of data: Schematic depiction of the Markov model.
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A Delphi expert panel estimated age-specific PCV13 effec-
tiveness against both IPD and NBP and PPSV23 effectiveness
against IPD.15 PCV13 effectiveness against NBP was estimated
to be 18% lower than its effectiveness against IPD and
PPSV23 was determined to have no effect on NBP (Table 5).
In sensitivity analyses, we examined scenarios, based on clin-
ical trials,40–44 where PPSV23 effectiveness against IPD was
less than expert estimates and the duration of its effectiveness
shortened, and also where PPSV23 effectiveness against NBP
was assumed. PCV13 effectiveness estimates against NBP
were adjusted using Community-Acquired Pneumonia immu-
nization Trial in Adults (CAPITA) trial observations in 65
+ year-olds over a mean of 4 years, so that PCV13 short-term
effectiveness matched that seen in the trial and waning calcu-
lated based on those initial CAPITA trial effectiveness
values.39 In the model, each vaccine’s effectiveness was
a function of these estimates and of pneumococcal illness
serotype coverage, set at 30.7% for PCV13 and 67.6% for
PPSV23,7 with those values decreased in sensitivity analyses.
As part of the sensitivity analysis, we focused on a secondary
baseline value of 24.5% for PCV13 pneumococcal illness ser-
otype coverage likelihood, based on updated CDC serotype
likelihood data (2015–2016, unpublished data), slightly lower
than values in a recent CDC analysis (24.8–26.75%).23 Death
due to non-pneumococcal causes was modeled using
U.S. mortality data.45 In the base case analysis, equal non-
pneumococcal mortality risk was assumed in average- and
high-risk health states, thus making model assumptions
more favorable toward strategies where only high-risk
patients are vaccinated; this assumption was tested in sensi-
tivity analyses, where the effects of higher mortality in high-
risk patients were examined. Probabilities of IPD illness,
disability, and mortality were derived, from IPD case, menin-
gitis, and death rates, respectively from 2015 CDC ABCs
data.10 All-cause pneumonia hospitalization rates came from
National Hospital Discharge Survey data11 and NBP rates
were calculated as 30% of this rate.12 The relative likelihood
of NBP among age and comorbidity groups was similar to the
likelihood determined from 2007–2008 ABCs data for IPD.
The case-fatality rate for hospitalized NBP was estimated to be
the same as that for IPD. Disability frequency from NBP was
assumed to be 50% of IPD disability.15

To estimate costs of a program to increase vaccine uptake,
we used prior estimates for a program that included patient
reminders, standing vaccination orders in medical practices,
audit and feedback, and a practice-based vaccination champion
to spearhead the effort.4 To make model assumptions favoring
an intervention program, we used a low range estimate for these

costs, $4.12/patient eligible for the program,4 and decreased this
value further in sensitivity analyses. To similarly have the ana-
lysis favor the intervention program, we assumed a perhaps
overoptimistic absolute increase in vaccine uptake of 29.7%
(from 20.3% to 50%), based on estimates from the same
analysis.4 We assumed that this increase in vaccine uptake
occurred when the model begins at age 50, again making the
analysis tend to favor the intervention strategy.

Table 3 depicts model parameter values. Parameters were
varied individually in 1-way sensitivity analyses and simulta-
neously in probabilistic sensitivity analysis. Selected para-
meters were also examined in a 3-way sensitivity analysis
with $50,000 and $100,000/QALY-gained thresholds, com-
monly cited U.S. benchmarks46,47.
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Table 5. Expert panel estimates of vaccine effectiveness in preventing vaccine serotype pneumococcal disease.

Effectiveness (%) in Preventing Vaccine Serotype Invasive
Pneumococcal Disease

Effectiveness (%) in Preventing Vaccine Serotype Non-
bacteremic Pneumococcal Pneumonia*

Years post vaccination PPSV23 Range PCV13 Range PCV13 Range Source

1 0.93 0.80–0.95 0.90 0.70–1.00 0.74 0.28–0.90 Expert panel 15

3 0.89 0.74–94.5 0.80 0.55–0.95 0.66 0.22–0.86
5 0.85 0.66–0.90 0.70 0.50–0.90 0.57 0.2–0.81
7 0.60 0.40–0.75 - - – -
10 0.20 0.00–0.30 0.50 0.40–0.80 0.41 0.16–0.72
15 0.00 0.00–0.20 0.45 0.00–0.60 0.37 0.00–0.54

*First 5 years based on CAPITA trial observations, subsequent years adjusted based on initial CAPITA trial observed effectiveness39
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