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Background. Vaccine regulatory decision making is based on vaccine efficacy against etiologically confirmed outcomes, which  
may underestimate the preventable disease burden. To quantify this underestimation, we compared vaccine-preventable disease in-
cidence (VPDI) of clinically defined outcomes with radiologically/etiologically confirmed outcomes.

Methods. We performed a systematic review of efficacy trials for several vaccines (1997–2019) and report results for pneumo-
coccal conjugate vaccines. Data were extracted for outcomes within a clinical syndrome, organized from most sensitive to most spe-
cific. VPDI was determined for each outcome, and VPDI ratios were calculated, with a clinically defined outcome (numerator) and 
a radiologically/etiologically confirmed outcome (denominator).

Results. Among 9 studies, we calculated 27 VPDI ratios; 24 had a value >1. Among children, VPDI ratios for clinically defined 
versus vaccine serotype otitis media were 0.6 (95% CI not calculable), 2.1 (1.5–3.0), and 3.7 (1.0–10.2); the VPDI ratios comparing 
clinically defined with radiologically confirmed pneumonia ranged from not calculable to 2.7 (1.2–10.4); the VPDI ratio comparing 
clinically suspected invasive pneumococcal disease (IPD) with laboratory-confirmed IPD was 3.8 (95% CI not calculable). Among 
adults, the ratio comparing clinically defined with radiologically confirmed pneumonia was 1.9 (−6.0 to 9.1) and with vaccine sero-
type–confirmed pneumonia was 2.9 (.5–7.8).

Conclusions. While there is substantial uncertainty around individual point estimates, there is a consistent trend in VPDI ratios, 
most commonly showing under-ascertainment of 1.5- to 4-fold, indicating that use of clinically defined outcomes is likely to provide 
a more accurate estimate of a pneumococcal conjugate vaccine’s public health value.

Keywords.  pneumococcal conjugate vaccine; pneumococcal disease; systematic review; vaccine efficacy; vaccine-preventable 
disease.

Pneumococcal disease is a major cause of morbidity and mor-
tality worldwide and affects predominantly young children and 
older adults. According to the 2016 Global Burden of Diseases 
[1], Streptococcus pneumoniae was the leading cause of lower 
respiratory infection morbidity and mortality globally, resulting 
in more deaths than all other etiologies combined in 2016: 1.2 
million deaths due to S.  pneumoniae including 0.34 million 
deaths in children younger than 5 years old, and 0.50 million 
deaths in elderly adults older than 70  years. Pneumococcal 

conjugate vaccine (PCV) clinical trials have demonstrated 
vaccine efficacy (VE) against vaccine-serotype (VST) etiologi-
cally confirmed outcomes, including those within the category 
of radiologically confirmed pneumonia [2]. Different PCVs 
have been licensed since 2000 that have been implemented 
worldwide in national immunization programs. When a new 
vaccine is licensed, policy makers and vaccine technical com-
mittees mostly rely on data from efficacy trials to make deci-
sions on clinical recommendations or vaccine introduction. 
Nevertheless, a vaccine-preventable disease burden that is 
solely based on etiologically and radiologically confirmed out-
comes will always underestimate the full public health impact of 
a PCV vaccination program. However, the extent of this under-
estimation, and hence its relevance for policy making, has not 
been systematically assessed.

First, VE is a relative measure not accounting for back-
ground disease incidence, and as such does not quantify the 
amount of preventable disease. A complementary measure to 
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VE is the vaccine-preventable disease incidence (VPDI), also 
known as vaccine-attributable rate reduction, absolute rate re-
duction, or incidence rate reduction. The VPDI measures the 
difference in an outcome’s incidence between unvaccinated 
and vaccinated populations in a given epidemiological context 
[3] (which is mathematically equivalent to VE × unvaccinated 
group incidence). Second, etiologically confirmed outcomes, 
while specific and thus useful for estimating VE, lack sensi-
tivity due to diagnostic under-ascertainment (eg, patients may 
not get a test or the test sensitivity may be low), in turn leading 
to an underestimation of the true VPDI for the disease syn-
drome in question.

The objective of this study was to quantitatively assess the de-
gree to which the PCV-associated VPDI for pneumococcal out-
comes is underestimated by using etiologically or radiologically 
defined outcomes versus clinically defined outcomes, as as-
sessed in phase III or IV randomized controlled trials (RCTs) in 
either children or adults. Our hypothesis was that VDPI would 
be substantially greater for clinically defined versus etiologically 
or radiologically confirmed outcomes, and thus should be used 
to inform decision making in vaccine policy. The current article 
reports our findings among non-risk (healthy) subjects.

METHODS

We conducted a systematic literature review and re-analysis of 
phase III/phase IV trials for PCVs. We searched for all reported 
trial outcomes, ranging from more sensitive but less specific out-
comes (eg, all-cause clinically defined disease) to more specific 
but less sensitive outcomes (eg, etiologically confirmed disease, 
such as VST pneumococcal outcome, or radiologically defined 
outcomes). For each trial, we calculated VPDI ratios within the 
same clinical syndrome by comparing the VPDI value of a clini-
cally defined outcome with the VPDI value of an etiologically or 
radiologically confirmed outcome.

Search Strategy

A systematic literature review was performed for phase III/
phase IV trials for conjugate vaccines against pneumococcus, a 
subset of the full protocol that has been prospectively registered 
at PROSPERO (CRD42019145268). We searched MEDLINE 
(PubMed), EMBASE, and clinicaltrials.gov for relevant ar-
ticles published between 1 January 1997 and 31 July 2019. 
Search terms included those for the organism, study design, 
the vaccine, and efficacy or effectiveness. Details of the search 
strategy are provided in the protocol. The systematic literature 
review was performed using the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines 
[4]. Citations from eligible articles were also searched to iden-
tify other relevant studies. In the present publication, we focus 
on PCV studies, including PCV candidates that were not subse-
quently submitted for licensure.

Inclusion Criteria

PCV studies had to meet the following PICOTS inclusion cri-
teria—(1) Population: persons of any age and gender, participating 
in phase III/phase IV trials, excluding risk groups, when possible, 
to improve homogeneity of study populations; (2) Intervention: 
PCV; (3) Comparisons: subjects exposed versus unexposed to 
PCV (the unexposed group could have been exposed to another 
vaccine if this vaccine had no expected impact on the outcome 
of interest); (4) Outcomes: clinically defined, radiologically con-
firmed, or etiologically confirmed outcomes. Publications in the 
following languages were included: English, French, Spanish, 
Portuguese, Dutch, German, and Italian.

Study Selection Process and Data Extraction

A single author (M. B.) screened studies through the elec-
tronic searches based on titles and abstracts, using Rayyan 
[5]. A second author (G. H.) conducted a full-text review of 
the initially selected pneumococcal studies to make a final 
selection of eligible studies for data extraction. Data were 
extracted by a single reviewer (G. H.) and quality control of 
data extraction was performed by a second reviewer (K. B.) 
through re-extraction of 10% of the papers. Uncertainties 
were settled through discussion with the entire study team. 
The reasons for exclusion refer to the PICOTS presented 
above under “Search Strategy.” These were documented 
(see Figure 1 and Supplementary Material, Protocol) in ac-
cordance with PRISMA guidelines [4] and included: (1) no 
original publication, (2) inappropriate population, (3) inap-
propriate intervention, (4) inappropriate comparator, (5) in-
appropriate outcome, (6) inappropriate study design, (7) no 
multiple outcomes, (8) no clinically diagnosed outcome, and 
(9) incomplete information.

Variables for data extraction were predefined in the protocol 
and included the following: clinical trial reference number, first 
author name, journal, year of publication, country/ies, study pe-
riod, clinical trial phase, study design, study population descrip-
tion, intervention vaccine, intervention schedule (including age 
at vaccination), comparator group, case ascertainment, study 
outcomes, follow-up duration, number of events and person-
time in the intervention and comparator groups, and VE with 
associated 95% confidence intervals (CIs). Data corresponding 
to the intention-to-treat (ITT) analysis were prioritized for ex-
traction but, when not available, per-protocol (PP) analysis data 
were extracted.

Selection of Outcomes

We extracted first and all episode data for outcomes belonging 
to 1 of the 3 clinical syndromes most associated with pneumo-
coccal disease: (1) otitis media (OM), (2) pneumonia, and (3) 
invasive pneumococcal disease (IPD). Outcomes within the 
same vaccine trial were then hierarchically organized from 
most sensitive to most specific within a clinical syndrome.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab649#supplementary-data
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Exclusion From Analysis

Data were subsequently excluded from analysis in case of (1) 
absence of multiple, hierarchically organized outcomes within 
a clinical syndrome, (2) absence of at least 1 clinically defined 

outcome and at least 1 radiologically or etiologically confirmed 
outcome, or (3) insufficient information to obtain person-time 
by comparison group.

Figure 1. PRISMA diagram. Abbreviation: PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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Quality Assessment

Quality assessment of the selected trials was done using the 
revised Cochrane risk-of-bias tool for randomized trials (RoB 
2) [6]. This tool is structured into 5 domains pertinent to the 
design and conduct of randomized parallel-group trials: ran-
domization process, deviations from intended interventions, 
missing outcome data, measurement of the outcome, and se-
lection of the reported result. Within each domain, a series 
of questions (“signaling questions”) aims to elicit information 
about features of the trial that are relevant to risk of bias. Based 
on an algorithm, the risk of bias is then categorized as “low risk,” 
“some concerns,” or “high risk.”

Statistical Analysis

For each trial and each outcome within the trial, the VPDI 
(per 1000 person-years) was calculated as the incidence in the 
comparator group minus the incidence in the PCV group. The 
corresponding 95% CIs were calculated using the test-based 
method [7]. For all outcomes within the same trial that could 
be hierarchically organized within a clinical syndrome from 
most sensitive to most specific, VPDI ratios were calculated 
with clinically defined outcomes as numerator and with ra-
diologically or etiologically confirmed outcomes as denomi-
nator. A VPDI ratio above 1 indicates that—within the same 
clinical syndrome—the VPDI value estimate for the more 
sensitive outcome is greater than the VPDI value estimate for 
the more specific outcome, and thus the VPDI ratio provides 
the degree to which a more sensitive outcome identifies more 
vaccine-preventable disease. For the VPDI ratios, 95% CIs were 
calculated using a nonparametric bootstrap procedure that ac-
counted for the hierarchical structure of the data [8]. Starting 
from the reported number of cases per outcome, event profiles 
were created reflecting this hierarchical structure. These event 
profiles were then resampled, and for each bootstrap sample 
the VPDI ratio was calculated while keeping person-time fixed 
(because the individual-level data were not available to us). 
For each study, we generated 10 000 bootstrap samples, upon 
which the 95% bootstrap percentile CIs were calculated [8]. 
All analyses were done with R (version 3.6.1; R Foundation for 
Statistical Computing).

RESULTS

Study Selection

We identified 371 articles during the selection process (Figure 
1). Of the 371 articles, 29 were considered relevant following 
abstract or full-text review. Of these, 10 articles reporting on 
10 PCV trials had data that could be used for analysis (See 
Supplementary Table 1 for studies excluded, by reason, after 
full-text review). Nine articles reported pediatric outcomes, and 
1 article reported adult outcomes (Table 1) [9–18]. By clinical 
syndrome, 1 article reported on multiple clinical syndromes, 3 

articles reported on OM, 7 on pneumonia, and 1 reported on 
IPD (Table 2). The hierarchical organization of the outcomes re-
tained for analysis is graphically represented in Figure 2. While 
we used a common terminology to describe the different out-
comes across studies, the precise outcome definitions provided 
in the source manuscripts are summarized in Supplementary 
Table 2. For each outcome within each trial, the number of 
events, person-time, VE, VPDI, and 95% CIs are provided in 
Supplementary Table 3.

Quality Assessment

The risk of bias due to the selection of the reported result 
was judged to be not applicable for this systematic review be-
cause it concerned a re-analysis of all reported outcomes 
(Supplementary Table 4). For the other 4 domains in our quality 
assessment, the risk of bias was “low,” except for 3 studies that 
included PP analysis data only. The PP analysis included only 
subjects who received all doses. The impact of this on the study 
results was not considered substantial. As such, these studies 
were judged as having “some concerns” of bias, due to devi-
ations from the intended interventions, but were not judged as 
“high risk” of bias.

Syndrome-Specific VPDI Ratios

Three pediatric OM studies were included from which we calcu-
lated 10 VPDI ratios, for which 8 VPDI ratios were 1 or greater. 
The 3 VPDI ratios comparing clinically defined OM (the most 
sensitive outcome) with VST pneumococcal OM (the most spe-
cific outcome) were 0.6 (95% CI not calculable), 2.1 (95% CI: 
1.5–3.0), and 3.7 (95% CI: 1.0–10.2) (Table 2) [11, 12, 17].

Among the 6 studies reporting pediatric pneumonia out-
comes, 1 study reported a VPDI less than 0 for clinical pneu-
monia and thus the VPDI ratio was not calculated. The 
remaining 5 studies allowed calculation of 13 VPDI ratios 
(Table 3) [14]. The VPDI ratios comparing clinically defined 
pneumonia (more sensitive outcome) with radiologically con-
firmed pneumonia (more specific outcome) had values that 
ranged from 1.1 (95% CI: .3–1.4) to 2.7 (95% CI: 1.2–10.4), 
with a median of 1.7 [10, 15]. One of the pediatric pneumonia 
studies reported lower respiratory tract infection (LRTI) as the 
most sensitive clinically defined outcome [15]. For this study, 
the VPDI ratio comparing LRTI with radiologically confirmed 
pneumonia was 1.7 (95% CI: −0.9 to 6.6). Substantially greater 
VPDI ratios were calculated comparing clinical pneumonia 
with etiologically confirmed pneumonia (which was based on 
culture since there is not a validated serotype-specific urinary 
antigen detection assay for pediatrics) (Table 3) [19].

For the single adult study, which measured pneumonia out-
comes, 3 VPDI ratios could be calculated, all of which were 
greater than 1. The calculated VPDI ratio of clinically defined 
to radiologically confirmed pneumonia was 1.9 (95% CI: −6.0 

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab649#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab649#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab649#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab649#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab649#supplementary-data
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to 9.1) [18]. For adult nonbacteremic pneumonia, a validated 
serotype-specific urinary antigen detection assay exists [19]; the 
calculated VPDI ratio for clinically defined versus VST pneu-
mococcal pneumonia was 2.9 (95% CI: .5–7.8).

One study reported clinically suspected IPD without labo-
ratory confirmation (based on International Classification of 
Diseases [ICD] codes), allowing calculation of 1 VPDI ratio. 
The VPDI ratio compared laboratory- and non–laboratory-
confirmed IPD or unspecified sepsis (as defined by the inves-
tigators) with laboratory-confirmed IPD, and was 3.8 (95% CI 
not calculated) [16].

DISCUSSION

We document here that reliance on radiologically or etiolog-
ically confirmed outcomes tends to underestimate the public 
health benefits of PCVs when compared with clinically defined 
outcomes, and for the first time quantify the extent of this un-
derestimate. A VPDI ratio above 1 indicates that the prevent-
able burden calculated on a specific outcome of a clinical trial of 
VE, such as an etiologically confirmed disease, underestimates 
burden reduction relative to the comparator condition in the 
same efficacy trial, such as the clinical syndrome that was used to 
screen subjects for further etiologic testing. Among 10 studies, 
9 yielded 27 VPDI ratios (one had a VPDI ratio that could not 
be calculated); of these 27 VPDI ratios, 24 were greater than 
1 and 3 were less than or equal to 1 (all from 1 pediatric OM 
study). Confidence intervals could be calculated for 23 of the 27 
VPDI ratios. While for many individual VPDI ratios, wide CIs 
prevent definitive conclusions, the consistency of overall results 
supports the hypothesis that reliance on radiologically or etio-
logically confirmed outcomes will underestimate in most cases 
the public health benefits of PCVs when compared with clini-
cally defined outcomes. This consistency in VPDI ratios greater 
than 1 remained regardless of whether the syndromic outcome 
was pediatric OM, pediatric or adult pneumonia, or pediatric 
IPD. Moreover, we have quantified with this re-analysis the de-
gree of under-ascertainment—most commonly approximately 
1.5-fold to 4-fold—which may inform immunization program 
decision making as well as economic models.

While we did not evaluate mechanisms for the VPDI ratios 
being greater than 1, numerous issues likely contributed, most 
importantly that chest radiographs and biologic tests have lim-
ited sensitivity [20]. For pneumonia chest radiography, sen-
sitivity may be reduced because most studies include only a 
single view, which increases the risk that a lesion behind the 
heart will be missed [21]; furthermore, dehydration may re-
duce the radio-opaque nature of an infectious process [22]. 
Outcome definitions based on specific types of infiltrates—such 
as World Health Organization outcome consolidation for pedi-
atrics and a consolidation consistent with community-acquired 
pneumonia (CAP) for adults [23, 24]—may not include the full Ta
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spectrum of infiltrates caused by pneumococcus, particularly 
when influenced by access to medical care, timing of antibi-
otic use, and ongoing viral respiratory disease epidemics [25]. 
Similarly, etiologically defined outcomes depend on test sensi-
tivity, which, in turn, may be reduced by early antibiotic use (eg, 

cultures for OM or IPD) or by the characteristics of a test, such 
as the serotype-specific urine antigen detection assay that was 
designed to emphasize specificity over sensitivity [26].

Among the 3 OM studies, 1 study reported all 3 VPDI ratios 
less than or equal to 1 including 2 values less than 1 [12], and 

Table 2. Outcomes of Randomized Placebo-Controlled Pneumococcal Conjugate Vaccine Trials Organized by Clinical Syndromes and Outcomes

Outcomea Episodes
OM Clinical Diagnosis 

(O-5)
Confirmed by MEF 

Detection (O-4)
Any Bacteria  

Identification (O-3)
Sp Identification 

(O-2)
VST Sp Identification 

(O-1)

Otitis media       

 Eskola, 2001 [10] All X X  X X

 Prymula, 2006 [16] All X X X X X

 Tregnaghi, 2014 [17] All X  X X X

  LRTI Clinical  
Diagnosis (P-5)

Pneumonia Clinical 
Diagnosis (P-4)

Confirmed by  
X-ray (P-3)

Sp Identification  
(P-2)

VST Sp Identification 
(P-1)

Pediatric pneumonia or adult 
pneumonia

      

 Black, 2002 [8] First  X X   

 Cutts, 2005 [9] First  X X   

 Gessner, 2019 [11] All  X X X X

 Kilpi, 2018 [12] All  X X   

 Lucero, 2009 [13] First  X X   

 Madhi, 2005 [14] First X X X X X

 Tregnaghi, 2014 [17] First  X X   

  ICD-Defined IPD or  
Unspecified Sepsis (I-2)

  Sp Identification  
(I-1)

 

Invasive pneumococcal 
disease

      

 Palmu, 2018 [15] All X   X  

Abbreviations: ICD, International Classification of Diseases; IPD, invasive pneumococcal disease; LRTI, lower respiratory tract infection; MEF, middle-ear fluid; OM, otitis media; Sp, 
Streptococcus pneumoniae; VST, vaccine serotype.
aNomenclature used for levels of outcomes hierarchically organized within clinical syndromes is as follows: O for otitis media, P for pneumonia, and I for invasive pneumococcal disease. 
Numbering varies by clinical syndromes from 1 up to 5, where 1 is the most specific outcome; the highest number within the clinical syndrome corresponds to the most sensitive outcome.

Figure 2. Illustrations of potential levels for outcomes, hierarchically organized within clinical syndromes. Note. Nomenclature used for potential levels of outcomes 
hierarchically organized within clinical syndromes is as follows: O for otitis media, P for pneumonia, and I for invasive pneumococcal disease. Numbering varies by clinical 
syndromes from 1 to 5, where 1 is the least sensitive and most specific outcome. The highest number within the clinical syndrome corresponds to the most sensitive and least 
specific outcome. Abbreviations: ICD, International Classification of Diseases; IPD, invasive pneumococcal disease; LRTI, lower respiratory tract infection; MEF, middle ear 
fluid; OM, otitis media; Sens, sensitivity; Sp, Streptococcus pneumoniae; Spec, specificity; VT, vaccine-type; unspec., unspecified.
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for 1 pediatric pneumonia study, the VPDI for the clinical out-
come was just below 0, which would have yielded a negative 
VPDI ratio [14]. In the absence of serotype replacement, hier-
archically organized outcomes always should provide a VPDI 
ratio greater than or equal to 1, since more specific outcomes 
are logical subsets of more sensitive outcomes. However, PCV-
induced pneumococcal serotype replacement, at population 
and individual levels, might simultaneously reduce VST disease 
and increase non-VST disease, which could lead to a VPDI ratio 
less than 1. The degree of measured replacement, in turn, may 
be related to study design. For example, compared with the 
control group incidence in the 2 OM studies with a VPDI ratio 
greater than 1 [11, 17], the OM study with a VPDI ratio less 
than 1 had a substantially larger incidence value in the control 
group (Supplementary Table 2). Additionally, general practi-
tioners enrolled cases for the study with a VPDI ratio less than 
1 in contrast to ear, nose, and throat specialist referrals for at 
least 1 of the 2 OM studies with a VPDI ratio greater than 1 
(while for the other study details were not provided). Similarly, 
the outlying pediatric pneumonia study, where the VPDI ratio 
could not be calculated, enrolled the majority of children with 
radiologically confirmed pneumonia from hospitals but most 
of the clinical pneumonia episodes from outpatient clinics [14]; 
furthermore, it had a control-group clinical pneumonia inci-
dence that was larger than 4 of the 5 other pediatric pneumonia 
studies (Supplementary Table 3). That both studies (acute OM 
where the VPDI ratio <1 and pneumonia where the VPDI ratio 
was not calculated) enrolled a relatively larger number of cases, 
many of which were clinically nonsevere, raises the possibility 
that non-VST replacement disease is more likely to cause mild 
than severe clinical disease. It is also possible that in one or both 
of the OM studies with a VPDI ratio greater than 1, the more 
specific outcomes were not a complete subset of more sensitive 
outcomes, as this was difficult to confirm from the methods 
provided in the manuscripts. Regardless, however, 24 of 27 
calculated VPDI ratios were greater than 1. This suggests that, 
to the extent that PCV introduction might cause an increase 
in clinically defined outcomes due to non-VST disease, this is 
more than compensated for by reductions in clinically defined 
outcomes due to reductions in VST disease.

Our study had several strengths such as the systematic 
nature of the review and inclusion of only RCTs. We also 
had several limitations. Results were not always consist-
ently reported in the original publications (eg, person-time 
information was missing from some studies), meaning that 
several high-quality trials had to be excluded, and even 
within included studies not all outcomes of interest could 
be calculated. This resulted in the inclusion of only 10 trials, 
which limits the strength of our conclusion. We hope that 
publication of this review will prompt investigators in the 
future to include data necessary to calculate VPDI for clin-
ical outcomes. These clinical trials were conducted mostly in S
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high- and medium-income countries (9/10) as only 1 low-
income country was included. Because we did not have access 
to original databases, we relied on the precision of estimates 
reported in studies, which may have reduced the precision of 
calculated results, including VPDI ratios. In 1 study, the sen-
sitive outcome for IPD was based on ICD codes that might 
involve misclassification of IPD, potentially overestimating 
the VPDI ratio (eg, by including noninvasive cases). In addi-
tion, while our results indicate the additional public health 
value of considering clinically defined outcomes among di-
rectly immunized persons, a full accounting of PCVs’ value 
also should include indirect protection of unimmunized 
persons [27]. The data described in this study were mostly 
obtained from pneumococcal vaccine-naive populations. 
As introduction of pneumococcal vaccination into pedi-
atric national immunization programs is becoming more 
widespread globally, and as expanded valency PCVs further 
reduce pneumococcal disease, VPDI ratios could increase 
further or decrease depending on availability of more sen-
sitive and specific diagnostic tests, frequency of chest X-ray 
use, and other factors. The availability of only 1 adult study 
may limit generalizability of our findings in nonpediatric 
populations. Finally, while inclusion of only RCTs increased 
methodological rigor, it has the limitation that results may 
differ from real-world vaccine use—for example, due to in-
clusion of all persons regardless of underlying diseases or 
completion of vaccination schedule. Where possible, we also 
excluded populations at higher risk of pneumococcal di-
sease. The higher underlying pneumococcal disease burden 
in this group may result in a higher VPDI for the numerator 
or the denominator that could result in a higher or lower 
VPDI ratio. Consequently, our conclusions apply mostly to 
nonimmunocompromised persons. Nevertheless, 5 of 10 
trials included any subject, regardless of immune status.

Our results have several implications. We recognize that 
VE against etiologically or radiologically confirmed outcomes 
should remain the primary regulatory outcome for vaccine li-
censure. To better assess the preventable disease burden, vac-
cine technical committees might also consider VPDI for the 
most sensitive available outcomes when informing decision 
making on immunization policy. As vaccine technical com-
mittees need to make decisions based on public health value, 
vaccine RCTs—whether phase III or IV—should always include 
sensitive clinical outcomes, even if these are designated as ex-
ploratory. To encourage this, regulatory agencies should con-
sider inclusion of broader clinical outcomes in product labels, 
as was recently done by the European Medicines Agency for 
PCV13 and adult CAP [28]. In the future, standardized clinical 
outcome case definitions should be developed to improve com-
parison and interpretation of results, and studies should seek 
to understand the specific mechanisms driving the additional 
disease reduction for clinical outcomes.
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