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Background: The COVID-19 pandemic is causing declines in childhood immunization rates. We examined
potential COVID-19-related changes in pediatric 13-valent pneumococcal conjugate vaccine (PCV13) use,
subsequent impact on childhood and adult pneumococcal disease rates, and how those changes might
affect the favorability of PCV13 use in non-immunocompromised adults aged �65 years.
Methods: A Markov model estimated pediatric disease resulting from decreased PCV13 use in children
aged <5 years; absolute decreases from 10 to 50% for 1–2 years duration were examined, assuming no
catch-up vaccination and that decreased vaccination led to proportionate increases in PCV13 serotype
pneumococcal disease in children and seniors. Integrating pediatric model output into a second
Markov model examining 65-year-olds, we estimated the cost effectiveness of older adult pneumococcal
vaccination strategies while accounting for potential epidemiologic changes from decreased pediatric
vaccination.
Results: One year of 10–50% absolute decreases in PCV13 use in <5-year-olds increased pneumococcal
disease by an estimated 4–19% in seniors; 2 years of decreased use increased senior rates by 8–38%. In
seniors, a >53% increase in pneumococcal disease was required to favor PCV13 use in non-
immunocompromised seniors at a $200,000 per quality-adjusted life-year gained threshold, which corre-
sponded to absolute decreases in pediatric PCV13 vaccination of >50% over a 2-year period. In sensitivity
analyses, senior PCV13 vaccination was unfavorable if absolute decreases in pediatric PCV13 receipt were
within plausible ranges, despite model assumptions favoring PCV13 use in seniors.
Conclusion: COVID-19-related decreases in pediatric PCV13 use would need to be both substantial and
prolonged to make heightened PCV13 use in non-immunocompromised seniors economically favorable.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The coronavirus disease (COVID-19) pandemic necessitated
dramatic changes to medical practice. In-person medical visits
were limited to those deemed essential, with mitigation practices
that reduced in-office visits. Reduced onsite well-child visits
resulted in significant declines in childhood immunizations; vacci-
nations in children <24 months of age decreased 45%-70%.[1]
Decreased vaccination in children could result in increased
vaccine-preventable illness in children and adults, particularly if
children drive the spread of illness, as in influenza and other ill-
nesses.[2] For example, decreases in adult pneumococcal disease
over recent years were largely due to indirect (herd immunity)
effects from childhood 13-valent pneumococcal conjugate vaccine
(PCV13) vaccination, which began in 2010 in the US.[3,4] Thus,
decreased PCV13 usage in children could increase pneumococcal
illness in both children and adults. This potential for increased
adult pneumococcal illness due to decreased pediatric PCV13 vac-
cination could prompt consideration of increased PCV13 use in US
seniors.
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Prior to the pandemic, in 2019, CDC changed its PCV13 recom-
mendations for seniors from routine use for all persons aged
�65 years to routine use only in immunocompromised seniors,
with an option for use in other seniors after a clinical shared deci-
sion making discussion.[3] This change was prompted by: no dis-
cernable direct population-level effects from senior PCV13 use;
decreases in PCV13 serotype disease in seniors due to indirect
effects from childhood vaccination; and cost-effectiveness analyses
showing that PCV13-containing vaccination strategies cost >
$560,000 per quality adjusted life year (QALY) gained in seniors,
[5–7] an inefficient use of health care resources.[8]

Pediatric visits and vaccinations have rebounded somewhat as
the pandemic continues.1,9 However, it is not clear how changes
in the course of the coronavirus pandemic will affect future pedi-
atric medical visits and consequently pediatric PCV13 use, or
whether catch-up vaccination in children will occur. In addition,
it is not known how the population epidemiology of PCV13 sero-
types will be affected by changes in pediatric PCV13 vaccine use
or by COVID-19 itself, and whether such changes might influence
the effectiveness and cost-effectiveness of PCV13 vaccination in
older adults. To examine these issues, we used decision analysis
techniques to estimate effects of decreased childhood pneumococ-
cal vaccination due to COVID-19 and the resulting changes in
pneumococcal disease epidemiology on the cost effectiveness of
pneumococcal vaccination strategies in adults aged �65 years.
2. Methods

The analysis used a 3-step procedure. First, a Markov model
estimated changes in pediatric pneumococcal disease epidemiol-
ogy resulting from decreased PCV13 use in children aged <5 years,
with variation of the likelihood and duration of decreased pediatric
vaccination. Next, using historic data on pneumococcal epidemio-
logic changes in children and adults occurring after pneumococcal
conjugate vaccination with PCV7 began in 2000, we estimated
changes in pneumococcal serotype epidemiology in seniors result-
ing from decreased pediatric vaccination. Finally, these changes
were entered into a second (previously described[5,6]) Markov
model that estimated the cost effectiveness and public health
effects of competing pneumococcal vaccination strategies while
accounting for those epidemiologic changes.
Table 1
Pediatric model input parameter values and ranges.

Parameter Value Range Source

Probabilities
Receiving vaccination 91.6% 90.8%–92.4% [15]
Baseline yearly IPD risk
PCV13 serotypes 2.0 per

100,000
1.0–3.0 CDC ABCs

All serotypes 7.0 per
100,000

6.0–8.0 CDC ABCs

Absolute decrease in PCV13 use 10% 10%�50% Model
estimates

Duration of decreased vaccination 1 years 1–2 years Model
estimates
2.1. Step 1. Estimating epidemiologic changes due to reduced pediatric
PCV13 vaccination (pediatric model)

The pediatric Markov model estimated yearly epidemiologic
changes for children aged <5 years assuming proportionate
increases in PCV13 serotype illness with decreases in PCV13 vacci-
nation. Annual pediatric invasive pneumococcal disease (IPD) rates
decreased by approximately 90 cases per 100,000 between 1999
and 2017, due to use of the 7-valent pneumococcal conjugate vac-
cine in children starting in 2000, switching to PCV13 use in 2010.
[10,11] If the 0–1 year-old age cohort had a 10% absolute decrease
in PCV13 vaccination without catch-up vaccination (decreasing
from the current 91.6% to 81.6%, or a relative decrease of 11%),
we assumed that their PCV13 serotype IPD rate would increase
11%, or by about 10 cases per 100,000 (i.e., 11% of 90 per
100,000). Thus, if pediatric PCV13 vaccination decreased by 10%
for 1 year with no catch-up vaccination, then it was assumed that
PCV13 serotype IPD rates increased by about 2 per 100,000 for the
entire <5 year-old age cohort (10 cases divided by 5 one-year age
cohorts) over the 5-year time horizon of the model; 2 years of
10% absolute reduction in vaccine use increased rates by about
4/100,000. Absolute decreases in PCV13 use ranging from 10 to
50% and of 1–2 years duration were modeled. We assumed that
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older children who already received PCV13 would not be affected
by these changes in disease rates, but relaxed this assumption in
sensitivity analyses. The assumption of no catch-up vaccination
increased the resulting PCV13 serotype illness rates in both chil-
dren and adults, thus favoring strategies using PCV13 in seniors.
Pediatric model parameters are shown in Table 1.

2.2. Step 2. Estimating changes in senior pneumococcal illness
epidemiology

We compared total and PCV13 serotype IPD rates before the
introduction of routine childhood pneumococcal conjugate vacci-
nation to contemporary rates (1998–9 to 2017), finding that for
every decrease of 1 case per 100,000 children <5 years there was
a corresponding decrease of 0.4–0.5 cases per 100,000 adults aged
�65 years.[10,11] In the base case analysis, we used a 1:0.5 pedi-
atric to senior ratio to calculate increases in total and PCV13 sero-
type IPD rates due to decreased receipt of pediatric PCV13. To
allow for uncertainty in estimates, we also examined a 1:1 pedi-
atric to senior ratio for increases in IPD rates in separate analyses,
which would make PCV13 use in seniors more favorable in the
analysis.

2.3. Step 3. Estimating cost-effectiveness of senior PCV13 vaccination
(senior model)

We used a previously described Markov model (Supplemental
Fig. 1) comparing two pneumococcal vaccination strategies in
adults �65 years with no vaccination: the current CDC recommen-
dations (23-valent pneumococcal polysaccharide vaccine [PPSV23]
for all, PCV13 added for the immunocompromised and potentially
for the non-immunocompromised after shared clinical decision
making), and an alternative strategy (PPSV23 for all and PCV13
added only for the immunocompromised). The relative likelihoods
of both IPD and nonbacteremic pneumococcal pneumonia (NBP)
were assumed to increase identically. For example, with the previ-
ously described 10% absolute decrease in pediatric PCV13 vaccina-
tion that increased PCV13 serotype IPD rates by about 2 cases per
100,000 children, senior IPD rates would increase by about 1 case
per 100,000 when a 1:0.5 pediatric to senior ratio was assumed.
All-cause IPD rates in seniors, which were 26/100,000 in 2017,
would increase to about 27/100,000, a relative increase of 3.8%.
This 3.8% relative increase was then also applied to NBP case rates
in seniors.

Parameter values used in the senior model are shown in Supple-
mental Table 1. Assumptions used in the senior model were, as
previously described:[5,6] hospitalized NBP was estimated as 3
times CDC Active Bacterial Core Surveillance (ABCs) bacteremic
pneumonia rates, PCV13 serotype relative likelihood was assumed
to be the same in IPD and NBP, outpatient NBP was estimated
based on all-cause pneumonia rates, vaccine effectiveness was



K.J. Smith, A.R. Wateska, Mary Patricia Nowalk et al. Vaccine 39 (2021) 4278–4282
estimated based on clinical trial data and Delphi panel estimates,
NBP case-fatality was assumed to be 50% (varied from 0 to 100%)
of that seen with IPD, and PPSV23 was assumed ineffective in pre-
venting NBP. In addition, it was assumed that pneumococcal dis-
ease rates would not change as a result of COVID-19, despite
evidence of decreased IPD rates during the pandemic in the UK
[12] and the US (personal communication, Lee H. Harrison, MD)
during the pandemic. This assumption would again favor senior
PCV13 use in the analysis. Further detail on pneumococcal vaccina-
tion effectiveness and pneumococcal disease risk values used in
the senior model is shown in Supplemental Tables 2 and 3.

The Markov model for seniors estimated the cost-effectiveness
of vaccination strategies as cost per quality adjusted life year
(QALY) gained. We used $200,000/QALY gained as our cost-
effectiveness benchmark. In the US, there is no accepted cost-
effectiveness criterion; however, thresholds from $50,000 to
$200,000 QALY gained are recommended as suitable benchmarks.
[8] Use of a $200,000/QALY gained threshold, rather than lower
recommended values, also favors senior PCV13 vaccination in the
analysis.
3. Results

Absolute decreases in PCV13 receipt of 10%–50% over 1 year’s
duration in children <5 years old increased their PCV13 serotype
IPD rates by an estimated 2.0–9.8 cases per 100,000, increasing
senior IPD rates by a relative 3.8%-18.9% when a 1:0.5 pediatric
to senior IPD case ratio was applied (Table 2). When decreases in
pediatric vaccination were assumed to persist for two years, pedi-
atric IPD rates increased by 3.9–19.7 cases per 100,000, increasing
senior IPD rates by a relative 7.6%-37.8%.

Results from the Markov model examining senior adult pneu-
mococcal vaccination strategies are shown in Fig. 1, depicting
incremental cost-effectiveness ratios for strategies when increases
in pneumococcal disease rates (i.e., both IPD and NBP) occur. Using
a threshold of $200,000 per QALY gained, decreases in pediatric
vaccination would have to result in a >53% increase in pneumococ-
cal disease rates in seniors for current CDC pneumococcal vaccina-
tion recommendations to be favored compared to the alternative
strategy. Increased disease rates of this magnitude correspond to
absolute decreases in pediatric PCV13 vaccination of >50% over a
2 year period using a 1:0.5 IPD case ratio (Table 2). When consid-
ering longer durations of decreased pediatric PCV13 use, current
senior pneumococcal vaccination recommendations were favored
if pediatric PCV13 use decreased by: >40% over 3 years, >30% over
4 years, or >20% over 5 years. If it is assumed that all ages <5 years
old are equally prone to decreased PCV13 use (instead of only the
Table 2
Analysis results: increases in pneumococcal disease rates resulting from decreased pneum

Duration of decreased
PCV13 use

Absolute decrease in
PCV13 use

Increase in childho
(cases per 100,000)

1 year 10% 2.0
20% 3.9
30% 5.9
40% 7.9
50% 9.8

2 years 10% 3.9
20% 7.9
30% 11.8
40% 15.7
50% 19.7

PCV13 = 13-valent pneumococcal conjugate vaccine, IPD = invasive pneumococcal disea
* Ratio of increases in pediatric to senior IPD cases resulting from decreased pediatric
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<1 year olds), then this scenario corresponds to results for 5 years
of decreased use among <1 year olds, thus >20% decreases in all 1-
year cohorts were similarly needed to favor PCV13 use in seniors. If
a 1:1 pediatric to senior PCV13 serotype ratio is used, absolute
decreases in pediatric PCV13 use would need to be >50% for one
year or >30% for two years to favor senior PCV13 vaccination.

The alternative vaccination strategy that eliminates PCV13 use
for all seniors but the immunocompromised was favored at a
$200,000/QALY gained threshold when the relative increase in
senior pneumococcal disease rates is >10%, which corresponds to
decreases in PCV13 use among children of >30% in one year and
>20% over two years.

A sensitivity analysis examining potential decreased adult
pneumococcal vaccination due to the pandemic found minimal
changes in the cost-effectiveness of adult pneumococcal vaccina-
tion strategies. Proportionate decreases in costs offset decreased
effectiveness associated with decreased adult vaccination rates.
4. Discussion

This analysis found that decreases in pediatric PCV13 use,
which could increase pneumococcal disease incidence in both chil-
dren and seniors, would need to be substantial and prolonged to
influence the cost-effectiveness of the current pneumococcal vacci-
nation recommendations for adults �65 years old. The cost-
effectiveness of an alternative strategy that reserves PCV13 solely
for the immunocompromised aged �65 years was economically
reasonable at more plausible pandemic-related decreases in child-
hood PCV13 use. Our prior analyses[5,6] demonstrated that, in US
seniors, this alternative strategy was economically more favorable
than current pneumococcal vaccination recommendations.

Although pediatric vaccination rates have improved since their
nadir in the early months of the pandemic,[1,9] the magnitude and
duration of decreased pediatric vaccination that will occur is
unclear. A surge in COVID-19 occurred during the winter of
2020–2021 and has abated in the US at present (May 2021), but
potential effects on pediatric vaccination rates are unclear. To
account for this uncertainty, we examined multiple potential vac-
cination decreases over 1 or 2 years’ duration, while consistently
biasing the analysis toward greater PCV13 disease rates in children
(by assuming no catch-up vaccination after missed doses in chil-
dren), resulting in greater pneumococcal illness rates in seniors.
These assumption-related increases in PCV13 rates should make
PCV13 use in seniors more economically favorable than it would
be without those assumptions. Despite these assumptions, the
incremental cost-effectiveness ratio of when PCV13 is used in
non-immunocompromised seniors remained high. Additional
ococcal vaccination in children.

Relative increase in senior pneumococcal illness rates

od IPD Base case (1:0.5 ratio)* Alternative case (1:1 ratio)*

3.8% 7.6%
7.6% 15.1%
11.3% 22.7%
15.1% 30.2%
18.9% 37.8%
7.6% 15.1%
15.1% 30.2%
22.7% 45.3%
30.2% 60.5%
37.8% 75.6%

se.
PCV13 vaccination.



Fig. 1. One-way sensitivity analysis varying the relative increase in pneumococcal disease rates (combining both invasive pneumococcal disease and nonbacteremic
pneumonia) in US seniors resulting from decreased pneumococcal vaccination in children. The dotted horizontal line depicts the $200,000 per quality adjusted life year
(QALY) threshold and the vertical dashed line depicts the relative increase in pneumococcal disease where the current recommendation curve crosses that threshold. Curves
depict the current CDC recommendation for pneumococcal vaccination in seniors (the 23-valent pneumococcal polysaccharide vaccine [PPSV23] for all, with the 13-valent
pneumococcal conjugate vaccine [PCV13] added for the immunocompromised and potentially for the non-immunocompromised after shared clinical decision making) and
an alternative strategy (PPSV23 for all, adding PCV13 only for the immunocompromised).
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biases toward greater PCV13 use in seniors, i.e., a higher pediatric
to senior ratio of increased IPD cases and no IPD rate decreases due
to the pandemic (unlike the observed decreases),[12] would make
current senior pneumococcal vaccination recommendations less
unfavorable in the analysis, but decreased pediatric PCV13 use
would still need to be large and of extended duration to make
PCV13 use in non-immunocompromised seniors economically
favorable.
4.1. Strengths and limitations

This study builds upon a previously published Markov decision
analysis that demonstrated the cost-effectiveness of the current
CDC pneumococcal vaccination recommendations for U.S. seniors.
[5,6] Data from definitive sources, such as the CDC ABCs, on 2020
pneumococcal disease rates are not yet available. In this absence,
modeling can help inform public health officials of the risks of
pneumococcal resurgence and consider strategies that might miti-
gate those risks. The results of this analysis suggest that CDC rec-
ommendations that currently do not advocate routine PCV13 use
in non-immunocompromised seniors will not need to be modified
based on plausible projections of COVID-19-related decreases in
pediatric PCV13 vaccination.

Our analysis has limitations. Projections of pneumococcal epi-
demiology in children and senior adults resulting from decreased
PCV13 use in children were based on changes that occurred when
pneumococcal conjugate vaccines were introduced and assume
proportionately similar increases in PCV13 serotypes when vacci-
nation decreases. It is not clear that this will be the case. When
pediatric PCV7, then PCV13, were introduced, rapid changes in vac-
cine serotypes in all ages occurred due to decreased carriage of
those serotypes. It is not clear how rapidly those serotypes would
reappear with decreased pediatric PCV13 use. In our analyses, we
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attempted to account for this uncertainty by consistently assuming
greater increases in pneumococcal illness rates in children and
seniors that would result from decreased pediatric vaccination
than might occur in a more conservative analysis. Despite these
assumptions, such as no catch-up vaccination in children and
greater increases in senior pneumococcal disease due to childhood
vaccination indirect effects, plausible decreases in pediatric PCV13
use resulting from the pandemic likely will not make heightened
PCV13 use in non-immunocompromised seniors more economi-
cally reasonable. We also assume that COVID-19 infection will
not substantially increase pneumococcal disease rates in seniors.
If the presence of COVID-19 on its own increases pneumococcal ill-
ness or if more recent US national data suggests increasing pneu-
mococcal disease rates, then our findings will be less robust;
decreased IPD rates observed thus far in the pandemic suggest that
this will not be the case. Another limitation is our assumption that
PPSV23 is not effective in preventing nonbacteremic pneumococcal
pneumonia, which is a point of controversy.[13,14] However, if
PPSV23 does prevent nonbacteremic pneumococcal pneumonia,
the case against heightened PCV13 use in non-
immunocompromised seniors is strengthened.[5,6] Finally, other
factors could have contributed to decreased adult pneumococcal
disease rates over time, such as decreased cigarette smoking or
increased adult PPSV23 use. If so, our analysis overestimates the
effects of changes in pediatric vaccination on adult disease.
5. Conclusions

The public heath impact of the COVID-19 pandemic has reached
well beyond the direct effects of viral infection, treatment and
recovery. Interruptions to medical care, including missed well-
child visits and vaccines and the indirect protection they confer,
have potential implications outside of those whose care is directly
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affected by the pandemic. However, disruption of childhood pneu-
mococcal vaccination is unlikely to require reconsideration of
PCV13 recommendations in non-immunocompromised seniors.
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