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ABSTRACT

Introduction: Limited changes in serotype 3
invasive pneumococcal disease (IPD) incidence
rates after a decade of 13-valent pneumococcal
conjugate vaccine (PCV13) introduction into
several national immunization programs (NIP)
have raised questions about PCV13’s effective-
ness against this serotype.
Methods: We analyzed the impact of pediatric
PCV programs on serotype 3 IPD with two
approaches. First, we reviewed the publicly
available surveillance data from countries
identified in two recently published reviews to
describe the population impact of pediatric
PCV13 or PCV10 vaccination programs on ser-
otype 3 IPD. We then compared the observed
trends in PCV10 and PCV13 countries to a
previously described dynamic transmission
model that simulates the spread of pneumo-
coccal carriage and development of IPD in a
population over time.

Results: When serotype 3 disease rates are
compared from countries that have introduced
either a 10-valent (PCV10) vaccine that does
not contain serotype 3 in its formulation or
PCV13 in their pediatric NIP, over time, ser-
otype 3 incidence rate trends are markedly dif-
ferent. Countries with a PCV10 NIP showed a
substantial linear increase in serotype 3 pneu-
mococcal disease among all age groups since the
time of PCV10 introduction, whereas countries
with a PCV13 NIP experienced a modest decline
during the 3–4 years after vaccine introduction
followed by an inflection upward in subsequent
years.
Conclusion: These data suggest that PCV13
provides a certain degree of direct and indirect
protection against serotype 3 at the population
level and direct adult vaccination with a ser-
otype 3-containing vaccine is likely to provide
substantial benefit in the context of a pediatric
PCV NIP. Further research around serotype 3
transmission patterns and epidemiology is
nonetheless warranted.
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Key Summary Points

Why carry out this study?

Limited changes in serotype 3 invasive
pneumococcal disease (IPD) incidence
rates after a decade of 13-valent
pneumococcal conjugate vaccine (PCV13)
introduction into several national
immunization programs (NIP) have raised
questions about PCV13’s effectiveness
against this serotype.

It is possible to compare settings in which
the pediatric NIP uses PCV13 (containing
serotype 3) versus PCV10 (which does not
contain serotype 3)—the null hypothesis
being that if PCV13 provides no direct or
indirect protection, PCV13 and PCV10
countries should have similar trends in
serotype 3 disease occurrence post vaccine
introduction in children.

What was learned from the study?

Countries with a PCV10 NIP showed a
substantial linear increase in serotype 3
pneumococcal disease among all age
groups since the time of PCV10
introduction, whereas countries with a
PCV13 NIP experienced a modest decline
during the 3–4 years after vaccine
introduction followed by an inflection
upward in subsequent years.

These data suggest that PCV13 provides a
certain degree of direct and indirect
protection against serotype 3 at the
population level and direct adult
vaccination with a serotype 3-containing
vaccine is likely to provide substantial
benefit in the context of a pediatric PCV
NIP.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13615010.

INTRODUCTION

The 13-valent pneumococcal conjugate vaccine
(PCV13) is the only currently licensed PCV that
contains serotype 3 polysaccharide in its for-
mulation. It was first approved for use in chil-
dren in 2009 and is now used in infant
immunization programs in approximately 120
countries. In addition, PCV13 is recommended
for use in adults (age-based or risk-based rec-
ommendations) in approximately 50 countries,
with or without public reimbursement [1].
Consequently, there is now a large body of
evidence regarding PCV13 direct vaccine effi-
cacy/effectiveness against serotype 3 disease
from both randomized controlled and observa-
tional trials in both infants and adults, though
not all reaching statistical significance (Table 1)
[2–6]. A recent study in Spain was one of the
first to compare PCV13 to the only other ser-
otype 3-containing adult vaccine—the plain
(unconjugated) polysaccharide vaccine
(PPV23)—against serotype 3 invasive pneumo-
coccal disease (IPD). This study showed that
regions using PCV13 for adults had a greater
reduction of IPD cases by PCV13 serotypes than
regions using PPV23 for adults (incidence rate
ratio [IRR] 0.73 vs. 0.86) including a decreasing
trend of serotype 3 (IRR 0.82 vs. 1.04) [7].

Despite this increasing body of evidence,
serotype 3 direct protection is still questioned,
primarily based on surveillance data showing
limited or no declines in serotype 3 IPD in all
age groups following PCV13 introduction into
national pediatric immunization programs [8].
This is in contrast to other vaccine serotypes,
where substantial declines have occurred in
disease incidence among persons of all ages
following PCV13 introduction in children [8].
However, surveillance data represent the com-
bined contribution of biological factors such as
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direct protection against disease and direct
protection against carriage (acquisition, trans-
mission, duration, density); epidemiologic fac-
tors such as population characteristics and
mixing, population risk factors, and serotype
distribution; and programmatic factors such as
surveillance system characteristics. Differences
in serotype 3 post PCV introduction could also
reflect differences in serotype 3 transmission
patterns by country, including the possibility of
adult to adult transmission. Consequently, data
from surveillance systems showing limited
population-based impact could be due to the
combination of PCV13 providing substantial
direct protection against serotype 3 disease
among vaccinated persons, while providing less
or no indirect protection through reductions in
carriage. This hypothesis has biological

plausibility since a randomized controlled trial
(RCT) in children showed no difference in ser-
otype 3 carriage in PCV7 vs. PCV13 vaccinated
children, although wide confidence intervals
allowed for some degree of efficacy [9].

Methodologically, use of surveillance data to
compare rates of vaccine-type disease pre- ver-
sus post-introduction has limitations, as there is
no control group to determine what the disease
epidemiology would have looked like in the
absence of a vaccination program within a cer-
tain country or setting. In addition, with respect
to adults, the plain polysaccharide vaccine
(PPV23) has been used in adults for several
decades with *70% coverage (i.e., in the USA
and the UK) [1]; thus, the use of PPV23 may also
influence surveillance data. Furthermore, most
surveillance systems do not stratify individuals

Table 1 13-valent pneumococcal conjugate vaccine’s efficacy or effectiveness against serotype 3 disease

End point Study type Age,
years

% Vaccine efficacy or effectiveness (95%
CI)

IPD [2] Meta-analysis B 5 50.5 (8.2, 73.3)a

IPD [5]b Randomized-controlled

trial

C 65 80 (-79, 100)

Clinical CAP [4]b,c Randomized-controlled

trial

C 65 61.5 (17.6, 83.4)

Chest radiology confirmed CAP

[3, 4]b,d
Randomized-controlled

trial

C 65 60.0 (5.2, 84.8)

Chest radiology confirmed CAP [6] Hierarchical statistical

model

C 65 50 (6.4, 83.4)

Chest radiology confirmed CAP [5] Test negative design C 65 52.8 (-100, 88.9)

Chest radiology confirmed CAP [5] Pooled analysis C 65 52.5 (6.2, 75.9)

IPD invasive pneumococcal disease, CAP community acquired pneumonia, CI confidence interval
a The value reported in reference [2] was 63.5% (95% CI 37.3–89.7%). The authors are aware that an erratum is under
review, and the corrected number is reflected in the above table
b Reported vaccine efficacy data are for the modified-intention-to-treat population
c At least two of the following symptoms: cough, production of purulent sputum, or a change in the character of sputum;
temperature[ 38 �C or\ 36.1 �C; auscultatory findings consistent with pneumonia; leukocytosis ([ 10 9 109 white
blood cells/l or[ 15% bands; C-reactive protein value[ 3 times the upper limit of normal; or hypoxemia with a partial
oxygen pressure[ 60 mmHg while breathing room air, regardless of radiographic findings. Reported vaccine efficacy data
are for first episodes of serotype 3 CAP in the modified intention-to-treat population
d Based on adjudication by an independent and blinded three-person committee whereby two of three agreed that a
radiograph (lateral and posterior-anterior chest radiograph if the clinical condition permitted and otherwise an anterior-
posterior image) was consistent with CAP
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by vaccination status. However, it is possible to
compare settings in which the pediatric immu-
nization program uses PCV13 (containing ser-
otype 3) versus PCV10 (which does not contain
serotype 3)—the null hypothesis being that if
PCV13 provides no direct or indirect protec-
tion against serotype 3, PCV13 and PCV10
countries should have similar trends in serotype
3 disease occurrence post vaccine introduction
in children. This is especially likely to be a valid
comparison if other potential confounding
factors such as dosing schedule, vaccine uptake,
PPV23 use, or serotype 3 epidemiology before
PCV introduction are comparable.

To test this hypothesis, we analyzed the
impact of pediatric PCV programs on serotype 3
IPD. In doing so, we took two approaches. First,
we reviewed the publicly available surveillance
data from countries identified in two recently
published reviews [10, 11] to describe the pop-
ulation impact of pediatric PCV13 or PCV10
vaccination programs on serotype 3 IPD (Anal-
ysis 1). We then compared the observed trends
in PCV10 and PCV13 countries to a previously
described dynamic transmission model that
simulates the spread of pneumococcal carriage
and development of IPD in a population over
time (Analysis 2) [12, 13].

METHODS

Analysis 1

To compare trends in serotype 3 IPD incidence
since the introduction of PCV10 and PCV13, we
derived serotype 3 IPD incidence from several
different countries or settings with PCV13 or
PCV10 childhood national immunization pro-
grams (NIP) that maintain robust pneumococ-
cal surveillance systems, as identified in a
recently published systematic review (Table 2)
[11]. We included high-income countries with
high-quality surveillance data available for at
least 2 years before PCV program initiation and
3 years after higher-valent PCV implementa-
tion. Though there are other countries such as
Germany, France, and Sweden that all have
high-quality surveillance data, there are no
publicly available longitudinal data for serotype

3 incidence from these countries, as far as the
authors are aware. In addition, we included
Colombia, with serotype 3 IPD distributions
reported from the SIREVA database and then
weighted against the all cause IPD incidence
derived from the Individual Registration of
Health Services (RIPS) database [14, 15]. For
each country, we stratified the incidence of
serotype 3 IPD by age (\5 years, C 65 years,
and all age groups combined). If the source
publication did not provide data for a specific
age group, we contacted the authors directly to
see if updated data were available. For example,
incidence data for Israel were provided by Prof.
Ron Dagan and incidence data for The Nether-
lands (2016–2018) were provided by Prof. Arie
van der Ende (personal communications).

To compare across settings, serotype 3 inci-
dence data were converted into IRR for years
where data were available (Table 3). The IRRs
were then evaluated and compared in two ways.
First, we generated IRRs comparing serotype 3
incidence for each year with 2009, which was
the last year before PCV13 or PCV10 was
introduced in the selected countries (Analysis
1A). Second, we generated IRRs comparing ser-
otype 3 incidence each year to the average ser-
otype 3 incidence for all years before higher
valent PCV introduction (Analysis 1B). This was
done to capture and mitigate for any changes in
serotype 3 incidence that may have been due to
serotype changes resulting from PCV7 use, non-
vaccine factors such as antibiotic use, changes
in serotype 3 antibiotic resistance, or natural
fluctuations. The first analysis was similar to
that conducted by the Streptococcus pneumoniae
Invasive Disease Network (SpIDnet), which
recently reported on the effect of childhood
PCV vaccination programs in older adults
[10, 16].

Confidence intervals for individual country
incidence rates were not included given that
individual case counts were not available in
source material for all countries. We calculated
95% confidence intervals for average IRRs for
PCV10 and PCV13 for each year; however, these
data should be interpreted with caution, given
the small number of countries included in the
analysis and that the surveillance systems
inherently capture full population incidence for
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Table 2 Countries included and data source in an analysis of 13-valent pneumococcal conjugate vaccine (PCV13) impact
against serotype 3

Countries
included

Data source Current PCV
used in infant
program

Age-based
recommendation with
reimbursement/funding
for adults ‡ 65 years of
age (yes/no)

PCV13 PPV23

Analysis 1

Australia National Notifiable Disease Surveillance System [30] PCV13 (3 ? 0)

[11]

No [30] Yes [30]

Canada

(Toronto)

Toronto Invasive Bacterial Disease Network population-

based active surveillance dataset [31]

PCV13 (2 ? 1)

[31]

No [32] Yes [32]

Colombia National Institute of Health. National report of SIREVA

II 2006–2015 and National surveillance of Public

Health (Individual registry of Provision of Health

Services (RIPS) [14, 15]

PCV10 (2 ? 1)

[15]

No [15] No [15]

Finland National Infectious Disease Register, National Institute

for Health and Welfare [33]

PCV10 (2 ? 1)

[11]

No [34] No [34]

Israel Prof Ron Dagan, personal communication PCV13 (2 ? 1) No Yes

The

Netherlands

Dutch National Reference Laboratory and Prof Van der

Ende, personal communication

PCV10 (2 ? 1)

[11]

No [35] No [35]

UK Public Health England National Surveillance System [8] PCV13 (2 ? 1)

[11]

No [36] Yes [36]

USA National Notifiable Diseases Surveillance System

(NNDSS); Active Bacterial Core Surveillance (ABCs)

[16, 42]

PCV13 (3 ? 1)

[11]

Yes [37] Yes [37]

Analysis 2

Czech

Republica
SpIDnet analysis, adapted from references [10, 16] PCV10 (2 ? 1)

[10]

No [10] No [10]

Denmark SpIDnet analysis, adapted from references [10, 16] PCV13 (2 ? 1)

[11]

No [10] No [10]

UK (England,

Wales,

Scotland)

SpIDnet analysis, adapted from references [10, 16] PCV13 (2 ? 1)

[11]

No [36] Yes [36]

France SpIDnet analysis, adapted from references [10, 16] PCV13 (2 ? 1)

[11]

No [11] No [11]

Ireland SpIDnet analysis, adapted from references [10, 16] PCV13 (2 ? 1)

[10]

No [38] Yes [38]
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the respective country. Finally, we completed a
sensitivity analysis weighting results based on
country-specific coverage data, which can be
found in Appendix 1.

Analysis 2

We updated a recently published transmission
dynamic model to ascertain whether PCV13
provides direct or indirect protection for ser-
otype 3 [12, 13]. Briefly, the model used the UK
surveillance system and stratified individuals by
the presence or absence of pneumococcal car-
riage, vaccine status, and age group. PCV13
vaccination with the 2 ? 1 schedule in the UK
(at 2, 4, and 12 months of age) was captured by
transitioning eligible age groups through vac-
cine dose compartments based on dosing
schedule and adherence.

In the model, individuals who acquire car-
riage may subsequently develop IPD. Entering a
vaccine dose compartment protects against
developing IPD by reducing the probability of
developing IPD or reducing the probability of
acquiring carriage. Using this model, several
scenarios can be evaluated testing different
vaccine effectiveness assumptions surrounding
serotype 3, specifically in the UK. To validate
the results in Analysis 1, we compared modeled
serotype 3 IRRs in the UK assuming PCV13

provided 0% protection against serotype 3 car-
riage and IPD in children to test the hypothesis
as to whether these predicted trends would
match the observed incidence in the UK or be
higher than actual observed incidence rates. We
then compared this scenario of null direct and
indirect protection against serotype 3 with the
data reported by SpIDnet [10, 16] in countries
using PCV13 or PCV10, as described in Table 2.

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

RESULTS

Analysis 1

Figures 1, 2, and 3 show serotype 3 IPD IRRs in
individuals\5 years of age (Fig. 1), adults
aged C 65 years (Fig. 2), and all ages (Fig. 3)
since the introduction of PCV10 or PCV13 in
seven countries. In each Figure, the IRRs are
shown for each PCV10/13 year (2010–2018)
compared with 2009 (Analysis 1A) or the pre-
PCV10/13 years combined (Analysis 1B). When
analyzing the averaged IRRs for serotype 3 IPD,
we excluded Australia, as this country has a
3 ? 0 infant program, which may constitute a

Table 2 continued

Countries
included

Data source Current PCV
used in infant
program

Age-based
recommendation with
reimbursement/funding
for adults ‡ 65 years of
age (yes/no)

PCV13 PPV23

The

Netherlands

SpIDnet analysis, adapted from references [10, 16] PCV10 (2 ? 1)

[11]

No [35] No [35]

Norway SpIDnet analysis, adapted from references [10, 16] PCV13 (2 ? 1)

[11]

No [39] No [39]

Swedena SpIDnet analysis, adapted from references [10, 16] PCV10 (2 ? 1)

[10]

No [40] No [40]

SpIDnet Streptococcus pneumoniae invasive disease network
a Some sites in the Czech Republic and Sweden have PCV13 use in some private markets
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Table 3 Serotype 3 invasive pneumococcal disease incidence and calculated incidence rate ratios (IRR) per year

Country
Year

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
A. Individuals < 5 years of age - PCV13 Countries

Australia

Incidence -- -- -- -- -- -- -- -- 1.1 0.49 1.33 1.02 1.3 1.97 1.34 3.53 -- --

IRR (Analysis 1A) 1 0.45 1.21 0.93 1.18 1.79 1.22 3.21

IRR (Analysis 1B) 1 0.45 1.21 0.93 1.18 1.79 1.22 3.21

Canada (Toronto)

Incidence 0.46 0 0 0.46 0.48 0.46 2.4 0.53 2.56 0.92 1.79 0.5 0.53 1.03 1.39 -- -- --

IRR (Analysis 1A) 1 0.36 0.70 0.20 0.21 0.40 0.54

IRR (Analysis 1B) 1 1.13 2.19 0.61 0.65 1.26 1.70

Israel

Incidence -- -- -- 0.45 0.33 0.6 0.36 0.44 0.25 0.93 0.8 0.51 0.86 0.73 0.12 0.35 0.34 0.33

IRR (Analysis 1A) 1 3.72 3.2 2.04 3.44 2.92 0.48 1.4 1.36 1.32

IRR (Analysis 1B) 1 2.30 1.98 1.26 2.12 1.80 0.30 0.86 0.84 0.81

United Kingdom

Incidence 0.26 0.39 0.45 0.37 0.59 0.78 0.53 0.84 0.87 0.71 0.69 0.32 0.39 0.26 0.31 0.49 0.57 --

IRR (Analysis 1A) 1 0.82 0.79 0.37 0.45 0.30 0.36 0.56 0.66

IRR (Analysis 1B) 1 1.26 1.22 0.57 0.69 0.46 0.55 0.87 1.01

United States

Incidence 0.53 0.59 1.51 1.03 0.61 0.94 0.97 0.46 0.63 0.99 0.66 0.24 0.48 0.34 0.43 0.48 -- --

IRR (Analysis 1A) 1 1.57 1.05 0.38 0.76 0.54 0.68 0.76

IRR (Analysis 1B) 1 1.23 0.82 0.30 0.59 0.42 0.53 0.59
Average IRRs with 95% Confidence Intervals

IRR (Analysis 1A) 1 1.62
(0.16,3.08)

1.43 
(0.27, 
2.60)

0.75
(-

0.10, 
1.60)

1.21
(-

0.26, 
2.69)

1.04
(-

0.19, 
2.27)

0.52
(0.38, 
0.65)

IRR (Analysis 1B) 1
1.48

(0.94, 
2.01)

1.55
(0.92, 
2.18)

0.68
(0.28, 
1.08)

1.01
(0.29, 
1.74)

0.99
(0.33, 
1.64)

0.77
(0.15, 
1.39)

B. Individuals < 5 years of age - PCV10 Countries
Colombia

Incidence -- -- -- -- -- -- -- -- 0.9 0.87 0.84 0.8 2.11 1.23 1.58 1.87 -- --

IRR (Analysis 1A) 1 0.97 0.93 0.89 2.34 1.37 1.76 2.08

IRR (Analysis 1B) 1 0.97 0.93 0.89 2.34 1.37 1.76 2.08

Finland

Incidence -- -- -- 0.35 0 0.7 0 0.68 0.34 0.67 0.99 0.99 1.65 1.66 0.34 1.37 2.06 --

IRR (Analysis 1A) 1 1.97 2.91 2.91 4.85 4.88 1.00 4.03 6.06

IRR (Analysis 1B) 1 1.94 2.87 2.87 4.78 4.81 0.99 3.97 5.97

The Netherlands

Incidence -- -- -- -- 0.38 0.42 0.42 0.45 0.42 0 0.42 0.38 0.42 0.38 0.9 0.91 0.46 0.46

IRR (Analysis 1A) 1 0 1 0.90 1 0.90 2.14 2.17 1.10 1.10

IRR (Analysis 1B) 1 0 1 0.91 1 0.91 2.15 2.18 1.10 1.10

Average IRRs with 95% Confidence Intervals

IRR (Analysis 1A) 1
0.98

(-0.14, 
2.09)

1.62
(0.34, 
2.89)

1.57
(0.25, 
2.88)

2.73
(0.52, 
4.95)

2.38
(-

0.08, 
4.85)

1.63
(0.98, 
2.29)

IRR (Analysis 1B) 1
0.97

(-0.13, 
2.07)

1.60
(0.36, 
2.84)

1.56
(0.27, 
2.84)

2.71
(0.54, 
4.88)

2.36
(-

0.05, 
4.78)

1.63
(0.96,
2.30)

C. Individuals ≥ 65 years - PCV13 Countries
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Table 3 continued

Country
Year

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Australia

Incidence -- -- -- -- -- -- -- -- 1.8 2.14 1.82 2.26 1.51 1.59 1.23 1.86 -- --

IRR (Analysis 1A) 1 1.19 1.01 1.26 0.84 0.88 0.68 1.03

IRR (Analysis 1B) 1 1.19 1.01 1.26 0.84 0.88 0.68 1.03

Canada (Toronto)

Incidence 2.28 3.64 3.74 4.84 2.96 3.66 2.37 5.02 3.91 2.82 2.24 3.21 3.23 1.86 1.23 -- -- --

IRR (Analysis 1A) 1 0.72 0.57 0.82 0.83 0.48 0.31

IRR (Analysis 1B) 1 0.78 0.62 0.89 0.90 0.52 0.34

Israel

Incidence -- -- -- -- -- -- -- -- -- 3.44 4.05 3.42 3.26 1.98 1.8 2.72 3.11 2.6

United Kingdom

Incidence 1.99 2.21 2.47 2.64 2.75 2.76 2.19 2.69 2.93 2.81 2.76 2.33 1.91 1.63 2.2 2.64 3.34 --

IRR (Analysis 1A) 1 0.96 0.94 0.80 0.65 0.56 0.75 0.90 1.14

IRR (Analysis 1B) 1 1.12 1.10 0.93 0.76 0.65 0.87 1.05 1.33

United States

Incidence -- -- -- -- -- -- -- 3.42 3.81 3.76 3.86 3.44 3.7 2.5 3.35 2.98 3.71 --

IRR (Analysis 1A) 1 0.99 1.01 0.90 0.97 0.66 0.88 0.78 0.97

IRR (Analysis 1B) 1 1.04 1.07 0.95 1.02 0.69 0.93 0.82 1.03

Average IRRs with 95% Confidence Intervals

IRR (Analysis 1A) 1
0.89

(0.72, 
1.05)

0.84
(0.58, 
1.11)

0.84
(0.78, 
0.90)

0.82
(0.64, 
1.00)

0.56
(0.46, 
0.67)

0.65
(0.31, 
0.98)

IRR (Analysis 1B) 1
0.98

(0.78, 
1.18)

0.93
(0.63, 
1.23)

0.92
(0.89, 
0.96)

0.89
(0.74, 
1.04)

0.62
(0.52, 
0.72)

0.71
(0.35, 
1.08)

D. Individuals ≥ 65 years - PCV10 Countries
Colombia

Incidence -- -- -- -- -- -- -- -- 2.21 2.72 3.56 3.46 4.55 3.4 4.73 6.11 -- --

IRR (Analysis 1A) 1 1.23 1.61 1.57 2.06 1.54 2.14 2.76

IRR (Analysis 1B) 1 1.23 1.61 1.57 2.06 1.54 2.14 2.76

Finland

Incidence -- -- -- 1.82 2.15 2.34 1.95 2.94 2.88 3.24 3.64 3.4 3.57 5.77 7.04 6.6 6.44 --

IRR (Analysis 1A) 1 1.13 1.26 1.18 1.24 2.00 2.44 2.29 2.24

IRR (Analysis 1B) 1 1.38 1.55 1.45 1.52 2.46 3.00 2.81 2.74

The Netherlands

Incidence -- -- -- -- 3.34 3.76 3.23 4.8 3.1 4.28 5.53 3.55 3.65 2.99 4.9 4.22 3.92 5.68

IRR (Analysis 1A) 1 1.38 1.78 1.15 1.18 0.96 1.58 1.36 1.26 1.83

IRR (Analysis 1B) 1 1.17 1.52 0.97 1.00 0.82 1.34 1.16 1.08 1.56

Average IRRs with 95% Confidence Intervals

IRR (Analysis 1A) 1
1.25

(1.10, 
1.39)

1.55
(1.25, 
1.85)

1.30
(1.03, 
1.56)

1.49
(0.94, 
2.05)

1.50
(0.91, 
2.09)

2.06
(1.56, 
2.55)

IRR (Analysis 1B) 1
1.26

(1.14, 
1.38)

1.56
(1.51, 
1.61)

1.33
(0.97, 
1.68)

1.53
(0.93, 
2.13)

1.61
(0.68, 
2.54)

2.16
(1.22, 
3.10)

E. All ages – PCV13 Countries
Australia

Incidence -- -- -- -- -- -- -- -- 0.71 0.73 0.71 0.68 0.56 0.67 0.57 0.85 -- --

IRR (Analysis 1A) 1 1.03 1.00 0.96 0.79 0.94 0.80 1.20

IRR (Analysis 1B) 1 1.03 1.00 0.96 0.79 0.94 0.80 1.20

Canada (Toronto)

Incidence 0.5 0.84 0.69 0.88 0.83 0.82 0.65 0.92 0.99 0.72 0.55 0.77 0.85 0.77 0.57 -- -- --

IRR (Analysis 1A) 1 0.73 0.56 0.78 0.86 0.78 0.58

IRR (Analysis 1B) 1 0.91 0.70 0.97 1.07 0.97 0.72

Israela

Incidence -- -- -- -- -- -- -- -- -- 0.52 0.61 0.58 0.57 0.39 0.27 0.48 0.52 0.51
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Table 3 continued

Country
Year

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
United Kingdom

Incidence 0.66 0.72 0.76 0.79 0.7 0.7 0.62 0.72 0.78 0.71 0.7 0.59 0.51 0.4 0.5 0.67 0.9 --

IRR (Analysis 1A) 1 0.91 0.90 0.76 0.65 0.51 0.64 0.86 1.15

IRR (Analysis 1B) 1 0.99 0.98 0.82 0.71 0.56 0.70 0.93 1.26

United Statesb

Incidence -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --

Average IRRs with 95% Confidence Intervals

IRR (Analysis 1A) 1
0.82

(0.64, 
1.00)

0.73
(0.39, 
1.06)

0.77
(0.75, 
0.79)

0.76
(0.56, 
0.96)

0.65
(0.39, 
0.90)

0.61
(0.54, 
0.67)

IRR (Analysis 1B) 1
0.95

(0.87, 
1.03)

0.84
(0.56, 
1.11)

0.90
(0.75, 
1.05)

0.89
(0.54, 
1.25)

0.77
(0.36, 
1.17)

0.71
(0.69, 
0.73)

F. All ages – PCV10 Countries
Colombia

Incidence -- -- -- -- -- -- -- -- 0.65 0.64 0.85 0.88 1.18 0.9 1.28 1.55 -- --

IRR (Analysis 1A) 1 0.98 1.31 1.35 1.82 1.38 1.97 2.38

IRR (Analysis 1B) 1 0.98 1.31 1.35 1.82 1.38 1.97 2.38

Finland

Incidence -- -- -- 0.94 1.05 1.03 1.25 1.79 1.46 1.9 1.71 1.61 1.88 2.71 3.25 3.73 3.62 --

IRR (Analysis 1A) 1 1.30 1.17 1.10 1.29 1.86 2.23 2.55 2.48

IRR (Analysis 1B) 1 1.52 1.36 1.28 1.50 2.16 2.59 2.98 2.89

The Netherlands

Incidence -- -- -- -- 0.85 0.89 0.69 1.01 0.82 1.04 1.32 1.03 1.02 0.86 1.27 1.18 1.24 1.65

IRR (Analysis 1A) 1 1.27 1.61 1.26 1.24 1.05 1.55 1.44 1.51 2.01

IRR (Analysis 1B) 1 1.22 1.55 1.21 1.20 1.01 1.49 1.38 1.46 1.94

Average IRRs with 95% Confidence Intervals

IRR (Analysis 1A) 1
1.18

(0.99, 
1.38)

1.36
(1.11, 
1.62)

1.24
(1.09, 
1.38)

1.45
(1.09, 
1.81)

1.43
(0.97, 
1.89)

1.91
(1.53, 
2.30)

IRR (Analysis 1B) 1
1.24

(0.94, 
1.54)

1.41
(1.26, 
1.55)

1.28
(1.20, 
1.36)

1.50
(1.15, 
1.85)

1.52
(0.85, 
2.18)

2.02
(1.39, 
2.64)

G. Countries with Mixed PCV10/PCV13 use
New Zealand: PCV7 (2008); PCV10 (2011); PCV13 (2014); PCV10 (2017)

< 5 years

Incidence -- -- -- -- -- -- -- 0 0.96 1.26 0 0.64 0.97 2.93 0.66 1.31 1.31 0.66

IRR (Analysis 1A) 1 1.31 0 0.67 1.01 3.05 0.69 1.36 1.36 0.69

IRR (Analysis 1B) 1 2.63 0 1.33 2.02 6.1 1.38 2.73 2.73 1.38

≥ 65 years

Incidence -- -- -- -- -- -- -- 2.22 1.98 1.4 2.7 2.28 1.72 2.27 2.33 1.41

IRR (Analysis 1A) 1 0.71 1.36 1.15 0.87 1.15 1.18 0.71

IRR (Analysis 1B) 1.0 0.67 1.29 1.09 0.82 1.08 1.11 0.67

All ages

Incidence 0.65 0.6 0.48 0.86 0.56 0.51 0.92 0.71 0.57 0.67 0.68

IRR (Analysis 1A) 1 0.92 0.74 1.32 0.86 0.78 1.42 1.09 0.88 1.03

IRR (Analysis 1B) 1.0 0.77 1.38 0.9 0.82 1.47 1.14 0.91 1.07 1.09

Analysis 1A: IRRs comparing serotype 3 incidence for each year were compared with 2009, the last year before PCV13 or
PCV10 was introduced in the infant immunization program. Analysis 1B: IRRs compared serotype 3 incidence each year to
the average serotype 3 incidence for all years before higher valent PCV introduction
‘‘–’’ = not available
a Incidence data for Israel were not available prior to 2010 in this age group
b Incidence data for the US were not available in this age group
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Fig. 1 Serotype 3 incidence and differences in PCV10 vs.
PCV13 countries for individuals\ 5 years of age. Com-
plete data were available for all countries through 5 years
post PCV implementation in the pediatric program. Panel
A: Serotype 3 incidences for each year were compared with
2009, the last year before PCV13 or PCV10 was

introduced in the infant immunization program (Analysis
1A). Panel B: Serotype 3 incidence each year was compared
to the average serotype 3 incidence for all years before
higher valent PCV introduction (Analysis 1B)
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Fig. 2 Serotype 3 incidence and differences in PCV10 vs.
PCV13 countries for individuals C 65 years of age. Com-
plete data were available for all countries through 5 years
post PCV implementation in the pediatric program. Panel
A: Serotype 3 incidences for each year were compared with
2009, the last year before PCV13 or PCV10 was

introduced into the infant immunization program (Anal-
ysis 1A). Panel B: Serotype 3 incidence each year was
compared to the average serotype 3 incidence for all years
before higher valent PCV introduction (Analysis 1B)
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Fig. 3 Serotype 3 incidence and differences in PCV10 vs.
PCV13 countries for all ages. Complete data were available
for all countries through 5 years post PCV implementation
in the pediatric program. Panel A: Serotype 3 incidence for
each year were compared with 2009, the last year before
PCV13 or PCV10 was introduced in the infant

immunization program (Analysis 1A). Panel B: Serotype
3 incidence each year was compared to the average serotype
3 incidence for all years before higher valent PCV
introduction (Analysis 1B)
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confounder (data for Australia are however
provided in Table 3).

Figure 1a, b illustrates the yearly fluctuation
observed for serotype 3 by individual country as
well as the low incidence of serotype 3 IPD in
children \ 5 years of age. For example, in Fin-
land, the incidence of serotype 3 IPD was six
times higher in 2017 compared to 2015; how-
ever, the actual number of cases was one in
2015 and six in 2017. Despite the overall low
incidence, there was a difference in the IRRs
between PCV10 and PCV13 countries—with a
204% (Fig. 1a) and 113% (Fig. 1b) difference in
the averaged IRRs 5 years after the introduction
of each vaccine (2015), the last year for which
complete data were available for all countries.
Of note, of the seven countries shown in Fig. 1,
only Colombia did not have incidence data
before 2009.

For the C 65 year age group (Fig. 2), serotype
3 IPD incidence before PCV13 introduction was
not available for Israel. Of the six countries in
this analysis, only the US had an age-based
PCV13 program in adults, which was initiated
in late 2014, so any impact of the adult rec-
ommendation would not be reflected in the
data prior to 2015. Thus, any changes in the
incidence of serotype 3 attributable to vaccina-
tion would be driven primarily by indirect
effects of pediatric immunization programs. As
shown in Fig. 2a, b, a 216% (Analysis 1A) to
202% (Analysis 1B) difference was observed for
persons C 65 years of age between PCV13 and
PCV10 countries 5 years post PCV introduction
in children. In the last year complete data were
available (2015), 95% confidence intervals
between PCV10 and PCV13 countries did not
cross, and average PCV10 incidence was statis-
tically increasing in both Analysis 1A and 1B
(Table 3). A similar magnitude in the differences
was observed for all age groups combined;
however, only five countries had data available
(Fig. 3).

Sensitivity analysis weighting incidence rates
based on local coverage rates can be found in
Appendix 1. This analysis was consistent with
equal weighting and did not impact the direc-
tion or interpretation of the results.

Analysis 2

Figure 4 shows data published by SpIDnet that
used methodology similar to Analysis 1A. The
six sites with universal PCV13 programs showed
a general decrease in serotype 3 IPD from 2011
to 2014, followed by a plateau and slight
increase of 12% in 2017. In contrast, data from
four sites with universal PCV10 programs
showed a general increase in serotype 3 IPD IRRs
starting at the time of PCV10 introduction, with
an increase of 56% in 2017. The UK modeled
IPD IRRs in adults C 65 years of age, assuming
0% PCV efficacy against serotype 3 disease or
carriage in children, are aligned more closely
with the observed data from PCV10 sites,
although serotype 3 increases were significantly
higher in PCV10 sites than those predicted by
the model. Two PCV10 countries (Czech
Republic and Sweden) included regions that
used PCV13, which could potentially underes-
timate the increases of serotype 3.

DISCUSSION

Since PCV13’s introduction into routine infant
immunization programs globally, the incidence
of disease caused by PCV13 serotypes dramati-
cally decreased among vaccinated children and
among unvaccinated individuals, including
adults C 65 years of age who are at high risk of
pneumococcal disease [17, 18]. The notable ex-
ception has been serotype 3 disease. A recent
SAGE report suggests there is no difference in
disease burden due to serotype 3 in countries
that use PCV13 or PCV10 in the infant NIP [19];
however, surveillance data were not included in
their assessment in the same manner as repor-
ted here. RCTs and observational studies have
shown that PCV13 provides direct protection
against serotype 3 IPD in children and IPD and
CAP in adults [2–6]. By contrast, fewer data exist
for PCV13’s impact on serotype 3 carriage with
the only RCT conducted to date showing no
efficacy, although with wide confidence inter-
vals [9]. To better interpret the direct and
potential indirect effect, if any, of PCV13 on
serotype 3, we examined surveillance data from
several countries. We found that countries that
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have introduced PCV10 in routine infant vac-
cination programs showed a substantial linear
increase in serotype 3 pneumococcal disease
among all age groups since the time of PCV10
introduction. By contrast, countries with
PCV13 in their routine pediatric programs
experienced a modest decline during the
3–4 years after introduction followed by an
inflection upward in subsequent years, which
was most pronounced in the C 65 year age
group. It is also possible that as every year new
infants are vaccinated according to the NIP, this
population could represent the reservoir and
the source of transmission to the adults. How-
ever, numerous studies have shown that older
children (1 to 4 years of age) are the main
reservoir for PCV transmission [20–22]. We also
found that, using a model based on 0% vaccine
effectiveness against serotype 3 IPD and carriage
in children, the projected trajectory of serotype

3 disease in adults more closely resembled the
epidemiology in PCV10 countries (although
underestimating incidence rates of serotype 3
disease observed in PCV10 countries) and dif-
fered significantly from PCV13 countries.

The initial declines in serotype 3 IPD among
unvaccinated older adults in all countries
implementing public PCV13 programs suggest
that at least some indirect effect occurs. In
theory, this seems at odds with the RCT of
PCV13 vaccine efficacy against carriage, which
showed no impact on serotype 3. However,
confidence intervals in this study were wide
(rate ratio, 0.99; 95% CI 0.48–2.06) [9], and the
study did not assess PCV13’s impact against
carriage density or duration, the latter being
important, as a human challenge RCT for ser-
otype 6B has shown that the primary effect of
PCV13 vs. unconjugated 23-valent pneumo-
coccal polysaccharide vaccine was against

Fig. 4 Serotype 3 type IPD incidence rate ratios from
2011 to 2017 in adults C 65 years (adapted from
references [10] and [16]) and the dynamic transmission
model assuming PCV13 vaccine efficacy of 0% against

serotype 3 invasive pneumococcal disease and carriage in
children
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density and not acquisition [23, 24]. In addi-
tion, although the aggregate correlate of pro-
tection of 0�35 lg/ml is used in the licensing of
new PCVs, at least one study has suggested
serotype-specific correlates of protection vary
widely, with a very high serum IgG concentra-
tion of 2�83 lg/ml needed for protection against
serotype 3—a concentration that is rarely
attained from vaccination [25]. In addition,
serum IgG concentrations may not be the cor-
rect correlate for protection, but rather memory
B cells, or other aspects of the immune systems
such as mucosal IgA, may play a role.

If there is an indirect effect of PCV13 against
serotype 3 carriage, it appears to be incomplete
and possibly of relatively short duration, based
on gradual increases in serotype 3 IPD that
occur in unvaccinated persons within approxi-
mately 4 years. Several explanations exist.
PCV13 immune responses (e.g., antibody levels)
against serotype 3 may be sufficient to provide
direct protection but insufficient for sustained
protection against carriage, which may be
mediated by additional immunological mecha-
nisms such as memory B cells [25, 26]. This in
combination with increased global circulation
of serotype 3 strains with reduced antibiotic
susceptibility could lead to increases in serotype
3 over time [27]. Aging within the elderly pop-
ulation, including increasing prevalence of co-
morbidities, could increase the percent of the
population susceptible to serotype 3 diseases.
Lastly, serotype 3 could consist of multiple
variants. For example, it could be a serogroup
with multiple serotypes (similar to the earlier
experience with serotypes 6A/6C and 19A/19F)
with PCV13 reducing phenotypes that are more
similar to the polysaccharide used in vaccine
construction. Alternatively, the polysaccharide
could be consistent across different serotype 3
genotypes, but subcapsular proteins mediating
immunological effects such as complement
binding could differ [28]. Regardless, a holistic
analysis of surveillance data has shown that
countries using PCV10 experience a substan-
tially different population-based evolution of
serotype 3 IPD than countries using PCV13,
which in turn supports some degree of PCV13-
induced indirect protection in addition to the

previously documented direct protection
against IPD and pneumonia.

A secondary conundrum is why PCV7 did
not lead to the increases in serotype 3 that
appear to have occurred following PCV10
introduction. While no definitive answer exists,
this likely points to the multifactorial nature of
serotype 3 dynamics. For example, serotype 3
has historically been antibiotic sensitive, while
during the PCV10/PCV13 periods a much more
antibiotic resistant clade has emerged from Asia
to become the dominant strain in some loca-
tions [27]. It is possible that PCV7 did not create
the optimal circumstances for serotype 3, pos-
sibly because of more aggressive replacement by
serotype 19A, which is not present in PCV7. As
above, population aging and increases in co-
morbidities predisposing to serotype 3 disease
may have reached a critical level.

The current study relied on surveillance data,
which can have numerous limitations. For
example, the number of IPD cases was not
available for each country; thus, we could not
calculate confidence intervals. Instead, we
relied on a standardized reporting of incidence
per 100,000, allowing for comparisons between
countries. Though we used the most robust
publicly available information, including stud-
ies that used similar methodologies across
multiple countries, we excluded some countries
from the analysis, such as: (1) Australia, which
uses a 3 ? 0 schedule; (2) New Zealand, which
had multiple switches between PCV10 and
PCV13; (3) countries in Latin America such as
Brazil, where incidence data are not available.
In addition, South Africa did not meet the
inclusion criteria as it is a middle income
country that introduced a novel three-dose
schedule, with two primary doses given to
infants at 6 and 14 weeks of age and a booster
given at 9 months of age [29]. Nonetheless, in
South Africa, data collected in the 1–2 years
following PCV13 introduction in children
showed a decrease of serotype 3 IPD in
those\2 years of age compared to the baseline
years (i.e., 2005–2008 vs. 2012). Surveillance
data also showed a decrease in the number of
serotype 3 IPD isolates in the first 4 years fol-
lowing PCV13 introduction, followed by an
increase [29, 41]. The trends in these countries
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show the epidemiology of serotype 3 IPD post
PCV13 introduction is similar to that of the
other countries in our analysis.

To our knowledge, only one other study has
analyzed surveillance data in a similar manner.
The aforementioned study by SpIDnet reported
the indirect effect of all PCV10/PCV13 serotypes
through 2015 [10]. Among the sites with uni-
versal pediatric PCV13 programs, a general
decrease in serotype 3 IPD was observed from
2011 to 2014, followed by an increase, resulting
in an 11% decrease from baseline during the last
surveillance year. In contrast, data from four
sites with universal PCV10 programs showed a
general increase in serotype 3 IPD IRRs starting
at the time of PCV10 introduction, with an
increase of 58% in 2015 (Fig. 5). As a control,
the shared serotypes (1, 5, and 7F) showed a
decrease in both sets of countries, whereas the
other non-shared serotypes, 6A and 19A, also
decreased in PCV13 countries and increased in
PCV10 countries.

CONCLUSIONS

Our data support the hypothesis that PCV13
provides some indirect protection against ser-
otype 3. Additional research should focus on
why the overall population-level impact
remains less for serotype 3 than that for other
PCV13 serotypes, the contribution of non-vac-
cine factors to serotype 3 epidemiology, assess-
ment of potential variants (at either the
capsular or subcapsular level) within the ser-
otype 3 population, and development of a bet-
ter serotype 3 vaccine. In the meantime, direct
vaccination of groups at higher risk of serotype
3 disease, such as the elderly and persons with
underlying co-morbidities, may help overcome
the relatively limited ability of pediatric PCV13
programs to protect unvaccinated persons.

Fig. 5 Ratio of IPD incidence in adults aged C 65 years post PCV10/13 compared to 2009, by PCV serotype and vaccine
policy adapted from reference [10]
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