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We evaluated invasive pneumococcal disease (IPD) during
8 years of infant pneumococcal conjugate vaccine (PCV)
programs using 10-valent (PCV10) and 13-valent (PCV13)
vaccines in 10 countries in Europe. IPD incidence declined
during 2011-2014 but increased during 2015-2018 in all
age groups. From the 7-valent PCV period to 2018, IPD in-
cidence declined by 42% in children <5 years of age, 32%
in persons 5—64 years of age, and 7% in persons >65 years
of age; non-PCV13 serotype incidence increased by 111%,

Starting in 2010-2011, most countries in Europe
progressively replaced the 7-valent pneumococcal
conjugate vaccines (PCV7) in the infant immunization
schedule with the 10-valent (PCV10) vaccine, 13-va-
lent (PCV13) vaccine, or both (Figure 1) (1). Programs

63%, and 84%, respectively, for these groups. Trends were
similar in countries using PCV13 or PCV10, despite dif-
ferent serotype distribution.Serotypes included in the 15-
valent PCV represented one third of cases and those in the
20-valent PCVs two thirds of cases in children <5 years of
age and in persons >65 years of age in 2018. Non-PCV13
serotype increases reduced the overall effect of childhood
PCV10/PCV13 programs on IPD. New vaccines providing
broader serotype protection are needed.

using these vaccines have substantially reduced the
burden of invasive pneumococcal disease (IPD)
caused by vaccine serotypes in children and in un-
vaccinated adults through indirect (herd) protection
(2-4). However, concomitant year-to-year increases
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Figure 1. Overall incidence rates of invasive pneumococcal disease
(pooled) per year, by age group in 13 SplDnet (Streptococcus
pneumoniae Invasive Disease network) sites, Europe.

of IPD incidence caused by nonvaccine serotypes
have also been reported in children and adults in most
European Union (EU) countries, which have restrict-
ed the overall benefits of the infant program on the
overall IPD incidence (3-6). These rises are primarily
attributable to vaccine introduction; however, other
factors, such as natural trends in IPD caused by indi-
vidual serotypes, might also play a role (7-10). In ad-
dition, in some countries, such as the United States, no
increase in non-PCV13 serotype disease after PCV13
implementation in 2010 has been observed (11). Sev-
eral hypotheses have been proposed to explain such
differences, but none have been verified (8,12).

Given the limited success of past and current
PCVs on the extent of IPD in many countries, several
questions need to be answered to inform policymak-
ers. In particular, IPD burden in older adults remains
very high, and whether this group should receive
pneumococcal conjugate or polysaccharide vaccine is
unclear. PCV13 is authorized in older adults, but the
PCV13 serotype group covers a limited and decreas-
ing proportion of IPD cases in this group because of
the indirect effect of childhood PCV10/PCV13 pro-
grams on PCV13 serotype incidence (1,3). The pneu-
mococcal polysaccharide 23-valent vaccine (PPV23)
covers 12 of the PCV13 serotypes and 11 additional
non-PCV13 serotypes, which were responsible for
72% of IPD cases in EU countries in 2017 across all age
groups (1). However, its efficacy against pneumococ-
cal disease, including pneumonia, and its duration of
protection remain controversial (13,14). New higher-
valent conjugate vaccines containing 15 (PCV15) and
20 (PCV20) serotypes (15,16) have been approved,
but the proportion of cases these could prevent and
its evolution over time is poorly documented.

128

SpIDnet (Streptococcus pneumoniae Invasive Dis-
ease network) was established in 2012, ideated and
funded by the European Centre for Disease Preven-
tion and Control to assess the effect of pneumococcal
conjugate vaccination on IPD in the EU (3,4). SpIDnet
collected IPD data from 13 sites across 10 countries:
the Czech Republic, Denmark, England, Finland,
France, Ireland, the Netherlands, Norway, Scotland,
Sweden, and Spain (the Madrid, Catalonia, and Na-
varra regions). PCV13, PCV10, or both were intro-
duced in these sites during 2010-2011 (Table 1).

In this study, we estimate the overall effect (di-
rect and indirect) of the childhood PCV10/PCV13
program on IPD across 13 sites in Europe during the
first 8 years of the program. We also describe trends
in serotypes included in current and future vaccines,
by age group, to support decision-making on pneu-
mococcal vaccination policies.

Materials and Methods

Using surveillance data provided by SplDnet sites,
we estimated the overall effect of the childhood
PCV10/PCV13 program by comparing IPD incidence
before and after vaccine introduction, as described
elsewhere (3,4,17,18). We describe the main features
in this section.

Data Sources

We conducted enhanced population-based IPD sur-
veillance in the 13 sites by using a common protocol
to ensure comparable approaches for data collection
and analysis (17). Reporting of IPD cases, referral of
strains, or both were mandatory in 10 sites and vol-
untary in 3 sites. The serotype responsible for IPD
was determined at national and regional reference
laboratories as described elsewhere (3,4). We col-
lected data from all surveillance sites on laboratory-
confirmed IPD cases (European Centre for Disease
Prevention and Control 2012 definition) (19) by cal-
endar year during PCV7 and PCV10/PCV13 peri-
ods. We classified serotypes into vaccine categories
(Table 2). The study was embedded in IPD routine
surveillance at individual sites and conducted ac-
cording to local ethics regulations. Data reported by
sites were anonymized.

Data Analysis

For each site, we accounted for missing serotype data
by assuming the same serotype distribution in cases
with and without serotype information, by year and
age group. For 3 sites in which a change in surveil-
lance sensitivity over the surveillance period was re-
ported (Czech Republic, Denmark, and France), we
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Table 1. PCV program uptake and history in 13 SplDnet sites according to national and ECDC reports, Europe, 2011-2018*

Vaccination of

Introduction of persons >65y

Introduction of PCV10 or in 2018 (uptake
childhood PCV13 and on all, 2015—- No PCV7y
Site PCV7 schedule 2011 2012 2013 2014 2015 2016 2017 2018 2018) included
Ccz Not universal, Universal PCV10 | 81% 80% 77% 74% 71% 68% 67% 64% PCV13 (low)+ 1
recommended and PCV13in PPV23
and used in 2010 (~equal
2009 shares), 3+1
doses
DK 2007, universal Universal PCV13 PCV13 (6%) + 3
in 2010, 2+1 PPV23 (11%)
doses
EN 2006, universal Universal PCV13 PPV23 (70%) 3
in 2010, 2+1
doses
Fl Not introduced  Universal PCV10 Groups at risk: ot
in 2010, 2+1 PCV13 (12%) +
doses PPV23 (2%)
FR 2003 for Universal PCV13 Groups at risk: 6
children at risk, in 2010, 2+1 PCV13 (4%) +
2006 for all <2y doses PPV23 (7%)
IE 2008, universal Universal PCV13 PPV23 (36%), 2
in 2010, 2+1 PCV13in
doses groups at risk
NL 2006, universal Universal PCV10 Groups at risk: 5
in 2011, 2+1 PPV23 (PPV23
doses for all in 2020)
NO 2006, universal Universal PCV13 PPV23 (15%) 5
in 2011, 2+1
doses
SC 2006, universal Universal PCV13 PPV23 (68%) 3
in 2010, 2+1
doses
SE 2009, universal Universal PCV10 Groups at risk: 1
and PCV13in PPV23
2010 (~equal
shares), 2+1
doses
CAT 2001 for groups PCV13 ~50% =~50% =~50% ~50% PPV23 (60%) 4
at highrisk and  recommended
recommended since 2010,
for allf universal since
2016, 3+1
doses§
MAD 2006, universal Universal PCV13 7% 77% PCV13q (since 3
in 2010, 2018, 9%) +
interrupted in PPV23 (71%)
2012-2014, 2+1
doses
NAV 2001 for groups PCV13 70% 73% 75% 78% PPV23 (57%) 5
at highrisk and  recommended
recommended since 2010,
for allt universal since
2016, 3+1
doses§

*Green denotes universal PCV10 and PCV13; dark blue denotes universal PCV13; light blue denotes PCV13 recommended (not universal); orange
denotes universal PCV10. CAT, Catalonia; CZ, Czech Republic; DK, Denmark; ECDC, European Centre for Disease Prevention and Control; EN,
England; Fl, Finland; FR, France; IE, Ireland; MAD, Madrid; NAV, Navarra; NL, the Netherlands; NOR, Norway; PCV, pneumococcal conjugate vaccine;
PCV7, 7-valent pneumococcal conjugate vaccine; PCV10, 10-valent pneumococcal conjugate vaccine; PCV13, 13-valent pneumococcal conjugate
vaccine; PPV23, 23-valent pneumococcal polysaccharide vaccine; SC, Scotland; SE, Sweden; SplDnet, Streptococcus pneumoniae Invasive Disease
network.

tBecause PCV7 was not used, the years 2005-2008 have been used as pre-PCV10/PCV13 years.

FRecommended by pediatricians and not funded; uptake ~50%.

§PCV13 used almost exclusively; the PCV10 uptake in children <2 years of age was minimal (<1% in NAV and <5% in CAT).

IPCV13 recommended in 2016 and 2017 for those 60 years of age, and since 2018 for all persons >60 years of age.
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Table 2. Categories of pneumococcal serotypes according to vaccine serotypes*

Category

Serotypes included

PCV7

PCV10 non-7 (in PCV10 and not PCV7)
PCV13 non-10 (in PCV13 and not PCV10)
Non-PCV10

Non-PCV13

PPV23 non-PCV13 (in PPV23 and not PCV13)
Nonvaccine (not in PCV13 or PPV23)

4, 6B, 9V, 14, 18C, 19F, and 23F
1,5,and 7F
3, 6A, and 19A
Any serotype not in PCV10
Any serotype not in PCV13
2, 8,9N, 10A, 11A, 12F, 15B, 17F, 20, 22F, and 33F
Any serotype not in PCV13 and not in PPV23

New vaccines
PCV15 non-13 (in PCV15 and not PCV13)
PCV20 non-13 (in PCV20 and not PCV13)

22F and 33F
8, 10A, 11A, 12F, 15B, 22F and 33F

*PCV, pneumococcal conjugate vaccine; PCV7, 7-valent pneumococcal conjugate vaccine; PCV10, 10-valent pneumococcal conjugate vaccine; PCV13,
13-valent pneumococcal conjugate vaccine; PPV23, 23-valent pneumococcal polysaccharide vaccine.

adjusted the number of reported cases to the sensitiv-
ity for each period, as described elsewhere (20,21).

We computed annual incidence rates by age
group (<5, 5-64, and >65 years) and incidence rate ra-
tios (IRR) per site, overall and by serotype category,
and by age group. We compared the IPD incidence
rate during the childhood PCV10/PCV13 program
(2011-2018) to the average incidence rate during the
PCV7 period, which varied across sites (Table 1), and
to the years 2005-2008 for Finland, where PCV7 was
not introduced. We performed sensitivity analyses by
using the 2009 incidence rate.

We computed pooled IRR and 95% CI, overall and
by serotype category, by using random effects meta-
analysis, because we assumed that the actual indirect
effect could vary across sites (22). In the <5 years and
>65 years age groups, we calculated IRR by pooling
sites with similar program characteristics in terms of
PCV history and uptake (Table 1). We compared the
6 sites with a universal PCV13 program during the
study period, the 3 sites in Spain (in which a universal
PCV13 program was delayed or interrupted during
the study period), and the 4 sites using PCV10 (with
or without PCV13). We also compared the 9 sites with
high vaccine uptake (>90% in all years during 2012-
2018) and the 4 sites with moderate uptake (50%-89%
in >1 year during 2012-2018; uptake in Madrid was
96% in 2018 but 77% in 2013-2014 because of program
interruption). Finally, we compared the 9 sites with a
long PCV7 immunization period (>3 years) and the 4
sites with short (<3 years) or no PCV7 immunization
period, which included 3 sites using PCV10.

We assessed statistical heterogeneity by esti-
mating the between-study variance by using 72 (23).
Heterogeneity between sites was considered low if
72<0.2, fairly reasonable for 7? 0.2-0.5, and fairly high
for 72 >0.5 and <1.0 (2). The PCV10/PCV13 overall ef-
fect was expressed as percentage change in incidence
([IRR-1] * 100).

We computed the percentage of each serotype
group covered by the current and future PCV, per
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year, on the basis of serotype-specific data provided by
a subset of sites (12 sites for the <5 years age group,
10 sites for the >65 years age group; Sweden was ex-
cluded in both age groups, and Finland and France
were excluded for the >65 years age group). We ana-
lyzed separately serotype 3 distribution because it is
unknown whether these vaccines protect against sero-
type 3 (24). Proportions were compared by using the
X* test and a p value <0.05 was considered significant.
Statistical analyses were performed by using Stata ver-
sion 15.1 (StataCorp, https:/ /www .stata.com).

Results

A total of 17,302 cases were reported in 2018, includ-
ing 964 in children <5 years of age, 6,928 in persons
5-64 years of age, and 9,410 in persons >65 years of
age. In the <5 years age group, 81% of IPD isolates
were serotyped; 90% of IPD isolates were serotyped
in the 5-64 years age group; and 91% of IPD isolates
were serotyped for cases in persons >65 years of age,
excluding France (20). (In France, the incidence and
serotype distribution are reported through 2 different
systems without case reconciliation. In 2018, Norway
had a very low serotyping rate, ranging from 40% to
47% per age group).

Change in IPD Incidence, Pooled Analysis of All Sites
IPD incidence varied across sites, age groups, and over
time (Table 3; Figure 1, Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/28/1/21-0734-Appl.
pdf). In 2018, rates per 100,000 population were high-
est in persons >65 years of age (pooled incidence
28.5), lowest in persons 5-64 years of age (pooled in-
cidence 5.3), and ranged from 4.6 to 29.1 in children
<5 years of age (pooled incidence 9.9). The pooled in-
cidence in each age group gradually declined to reach
a minimum in 2014 and increased during 2015-2018
(Figure 1).

In the <5 years age group, an initial 49% decline
in overall IPD incidence between the PCV7 period
and 2014 was followed by a 17% increase during
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2015-2018 compared with 2014, which resulted in a
net 42% decline between the PCV7 period and 2018
(Table 4; Figure 1). Over the same period, PCV7 vac-
cine serotype IPD declined by 88%, PCV10 non-7 vac-
cine serotype IPD (serotypes in PCV10 and not PCV7)
declined by 95%, and PCV13 non-10 vaccine serotype
IPD declined by 46%, whereas serotype 3 fluctuated
and returned to PCV7 values in 2018. Non-PCV13
IPD increased gradually until 2018, when it exceeded
by 111% the PCV7 period incidence.

Among persons 5-64 years of age, an initial 34%
decline in overall IPD incidence between the PCV7

Serotype Replacement after Pneumococcal Vaccines

period and 2014 was followed by an 18% increase
during 2015-2018, resulting in a net 22% decline be-
tween the PCV7 period and 2018 (Table 4; Figure 1).
Over the same period, IPD incidence caused by PCV7
and PCV7 non-10 serotypes declined by 83%-93%,
whereas PCV13 non-10 serotype incidence declined
until 2014 and then increased in 2017-2018, parallel
to an increase in serotype 3, and returned to levels
similar to the PCV7 period. IPD incidence due to non-
PCV13 serotypes increased progressively during the
PCV10/PCV13 period to 63% above the PCV7 period
incidence level in 2018.

Table 3. Population size by age group and site in 2018 and IPD incidence rates per PCV10/PCV13 year during 2011-2018 by age

group and site, SpIDnet multicenter study, Europe*

Annual incidence rate

Sites Population, 2018 2011 2012 2013 2014 2015 2016 2017 2018
In children <5y

Ccz 567,172 4.2 2.6 5.1 4.7 4.0 24 2.9 4.6
DK 300,798 10.1 11.6 11.2 11.7 7.5 8.1 9.6 5.7
EN 3,515,430 9.5 6.6 71 7.7 8.6 8.5 7.8 8.2
Fl 267,686 23.8 10.5 10.9 9.0 7.8 11.5 10.8 12.8
FR 2,655,339 13.5 10.7 8.4 7.1 9.4 9.5 9.2 10.0
IE 319,296 11.5 11.8 10.7 10.2 9.7 11.8 12.6 15.0
NL 217,025 7.8 438 3.1 7.1 6.8 5.0 7.3 7.4
NO 294,863 9.1 6.1 8.3 6.1 6.2 8.5 4.6 6.8
SC 276,862 121 11.5 12.2 8.9 16.1 14.8 14.9 15.2
SE 604,498 7.1 4.7 5.7 5.8 3.9 5.7 4.7 6.8
CAT 359,195 41.7 38.0 25.2 24.5 30.3 26.4 25.7 28.4
MAD 320,026 23.3 16.6 16.1 15.8 18.7 17.2 18.7 17.6
NAV 30,958 20.1 14.3 28.7 337 42.6 24.9 28.6 29.1
All 9,729,148 12.6 9.7 8.9 8.5 9.7 9.6 9.2 9.9
In persons 5-64 y

Cz 7,996,011 2.9 23 2.7 2.0 2.6 1.8 24 2.5
DK 4,364,329 9.7 8.6 9.1 5.9 6.5 6.3 6.5 6.1
EN 44,769,133 5.1 4.6 4.2 4.2 5.3 5.8 5.6 5.5
Fl 4,045,396 9.9 9.2 9.1 7.9 9.0 9.1 8.7 8.3
FR 35,961,594 6.1 5.0 4.3 3.6 3.7 3.9 4.0 4.2
IE 3,864,357 4.0 35 3.7 3.9 3.9 4.1 4.4 5.1
NL 3,268,467 8.6 8.2 8.2 6.7 7.7 7.0 71 7.5
NO 4,114,508 8.2 7.2 7.3 6.5 4.8 4.8 5.3 52
SC 4,135,124 6.0 5.1 6.4 4.6 6.7 8.0 7.3 6.8
SE 7,589,976 8.3 7.9 6.9 5.6 6.8 6.1 6.4 6.8
CAT 5,767,319 7.3 7.5 6.7 5.9 6.4 6.0 71 7.2
MAD 5,066,849 4.3 35 3.3 3.8 4.4 4.2 5.1 5.5
NAV 489,838 4.5 53 3.3 5.6 7.4 4.7 4.8 5.5
All 131,432,901 6.0 5.3 4.9 4.4 5.0 5.1 52 5.3
In persons >65y

Cz 2,086,617 8.0 8.2 10.2 8.3 9.9 8.3 1.7 12.5
DK 1,116,063 57.8 56.2 475 45.0 51.1 44.0 44.7 49.7
EN 10,831,246 23.0 22.4 214 214 26.3 29.6 30.1 29.3
Fl 1,192,077 30.3 33.6 30.2 32.5 38.0 36.1 37.2 32.9
FR 9,813,812 29.2 26.5 22.0 18.4 19.8 21.7 22.2 20.9
IE 673,362 30.1 322 30.1 28.6 31.2 30.1 31.9 39.4
NL 809,073 51.5 53.0 53.4 42.9 53.5 50.7 46.7 52.9
NO 897,368 51.3 42.6 38.8 38.3 37.4 441 37.8 38.0
SC 1,026,114 24.4 25.7 30.1 22.8 31.8 34.0 37.0 28.8
SE 2,035,711 41.6 45.5 421 38.8 411 43.7 42.6 1.7
CAT 1,417,311 27.2 32.1 34.5 29.0 33.0 31.0 344 37.5
MAD 1,154,255 18.9 19.1 17.9 22.6 23.5 24.5 26.6 23.9
NAV 126,482 29.2 29.5 22.2 20.6 24.7 28.5 36.1 25.3
All 33,179,491 28.3 27.7 25.6 23.6 27.0 28.5 291 28.5

*CAT, Catalonia; CZ, Czech Republic; DK, Denmark; EN, England; FI, Finland; FR, France; IE, Ireland; IPD, invasive pneumococcal disease; MAD,
Madrid; NAV, Navarra; NL, the Netherlands; NOR, Norway; PCV, pneumococcal conjugate vaccine; SC, Scotland; SE, Sweden; SplDnet, Streptococcus

pneumoniae Invasive Disease network.
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Table 4. IPD incidence per PCV10/PCV13 year during 2011-2018 compared with the PCV7 period by age group in the 13 sites of

SplDnet multicenter study, Europe*

Incidence rate ratio (95% Cl)

Serotype group 2011 2012 2013 2014 2015 2016 2017 2018
In children <5y
All types 0.70 0.52 0.53 0.51 0.54 0.54 0.54 0.58
(0.6-0.79) (0.43-0.63) (0.45-0.62) (0.43-0.60) (0.44-0.66) (0.45-0.64) (0.44-0.65) (0.49-0.70)
PCV7 0.22 0.18 0.13 0.11 0.11 0.09 0.10 0.12
(0.12-0.40) (0.11-0.29) (0.07-0.23) (0.05-0.23) (0.06-0.23) (0.04-0.20) (0.05-0.20) (0.07-0.22)
PCV10-non-71 0.59 0.36 0.22 0.13 0.07 0.05 0.03 0.05
(0.48-0.74) (0.26-0.48) (0.13-0.36) (0.07-0.24) (0.04-0.11) (0.03-0.11) (0.02-0.06) (0.02-0.12)
Non-PCV10 1.09 0.91 1.06 1.08 1.18 1.21 1.21 1.34
(0.89-1.34) (0.74-1.11) (0.85-1.33) (0.87-1.34) (0.98-1.43) (0.98-1.49) (0.98-1.48) (1.07-1.68)
PCV13-non-10% 0.77 0.40 0.45 0.37 0.35 0.50 0.47 0.54
(0.61-0.98) (0.27-0.61) (0.31-0.67) (0.23-0.58) (0.21-0.60) (0.32-0.78) (0.30-0.73) (0.32-0.93)
Serotype 3 0.97 0.58 0.80 0.60 0.64 1.02 1.01 1.03
(0.71-1.33) (0.34-0.99) (0.57-1.11) (0.40-0.89) (0.44-0.92) (0.74-1.40) (0.73-1.39) (0.67-1.58)
Non-PCV13 1.39 1.47 1.63 1.76 2.03 1.93 1.93 2.1
(1.05-1.85) (1.15-1.88) (1.28-2.09) (1.40-2.21) (1.65-2.50) (1.52-2.44) (1.54-2.43) (1.68-2.65)
In persons 5-64 y
All types 0.87 0.78 0.76 0.66 0.75 0.72 0.76 0.78
(0.79-0.96) (0.71-0.85) (0.69-0.84) (0.61-0.71) (0.67-0.84) (0.63-0.83) (0.69-0.85) (0.71-0.87)
PCV7 0.45 0.28 0.25 0.16 0.17 0.14 0.15 0.17
(0.32-0.62) (0.20-0.42) (0.17-0.37) (0.10-0.24) (0.11-0.24) (0.11-0.20) (0.10-0.23) (0.12-0.24)
PCV10-non-71 0.83 0.61 0.54 0.34 0.22 0.12 0.09 0.07
(0.70-1.00) (0.49-0.76) (0.42-0.69) (0.27-0.44) (0.15-0.32) (0.08-0.18) (0.06-0.13) (0.04-0.11)
PCV13-non-10% 1.10 0.92 0.95 0.77 0.90 0.89 0.99 1.06
(1.01-1.19) (0.79-1.07) (0.77-1.19) (0.59-0.99) (0.67-1.19) (0.65-1.22) (0.72-1.36) (0.80-1.41)
Serotype 3§ 1.03 1.03 1.10 0.90 1.03 1.06 1.19 1.28-1.01-
(0.90-1.17) (0.86-1.22) (0.86-1.42) (0.73-1.10) (0.86-1.22) (0.80-1.40) (0.92-1.54) 1.63)
Non-PCV13 1.04 1.14 1.17 1.21 1.48 1.59 1.61 1.63
(0.91-1.19) (1.02-1.28) (1.05-1.31) (1.08-1.35) (1.28-1.71) (1.37-1.85) (1.41-1.84) (1.42-1.88)
In persons >65y
All types 0.86 0.87 0.84 0.78 0.89 0.90 0.94 0.93
(0.81-0.92) (0.82-0.92) (0.78-0.90) (0.71-0.85) (0.79-1.00) (0.80-1.00) (0.83-1.07) (0.82-1.05)
PCV7 0.37 0.29 0.24 0.19 0.17 0.15 0.17 0.14
(0.29-0.47) (0.20-0.41) (0.16-0.34) (0.13-0.27) (0.11-0.26) (0.10-0.22) (0.11-0.24) (0.09-0.20)
PCV10-non-71 0.90 0.81 0.56 0.44 0.27 0.16 0.08 0.09
(0.77-1.06) (0.67-0.98) (0.46-0.68) (0.34-0.58) (0.19-0.39) (0.11-0.23) (0.05-0.12) (0.06-0.14)
PCV13-non-10% 1.02 0.89 0.87 0.73 0.87 0.88 0.95 0.97
(0.93-1.12) (0.79-1.00) (0.71-1.07) (0.58-0.92) (0.68-1.11) (0.71-1.10) (0.75-1.20) (0.73-1.29)
Serotype 3 0.99 0.93 0.99 0.93 1.1 1.22 1.28 1.32
(0.87-1.12) (0.82-1.05) (0.82-1.21) (0.72-1.19) (0.89-1.37) (1.05-1.42) (1.08-1.50) (1.05-1.66)
Non-PCV13 1.20 1.40 1.44 1.44 1.74 1.81 1.88 1.84
(1.09-1.34) (1.30-1.51) (1.33-1.54) (1.34-1.55) (1.58-1.90) (1.61-2.03) (1.68-2.11) (1.69-2.00)
PPV23- 1.14 1.25 1.30 1.30 1.63 1.75 1.83 1.76
non-PCV 13 (0.97-1.35) (1.12-1.41) (1.17-1.44) (1.20-1.41) (1.50-1.76) (1.54-1.99) (1.65-2.03) (1.61-1.92)
Nonvaccine# 1.31 1.65 1.71 1.67 1.97 1.97 2.03 2.13
(1.11-1.54) (1.40-1.95) (1.43-2.05) (1.39-2.01) (1.65-2.36) (1.66-2.35) (1.63-2.54) (1.81-2.50)

*See Table 1 for PCV7 period. IPD, invasive pneumococcal disease; PCV, pneumococcal conjugate vaccine; PCV7, 7-valent pneumococcal conjugate
vaccine; PCV10, 10-valent pneumococcal conjugate vaccine; PCV13: 13-valent pneumococcal conjugate vaccine; PPV23, 23-valent pneumococcal
polysaccharide vaccine; SplDnet, Streptococcus pneumoniae Invasive Disease network.

tSerotypes 1, 5, and 7F.

tSerotypes 3, 6A, and 19A.

§12 sites (all sites except Sweden).

{ISerotypes 2, 8, 9N, 10A, 11A, 12F, 15B, 17F, 20, 22F, and 33F.
#Serotypes not in PPV23 and not in PCV13.

In persons >65 years of age, overall IPD incidence
declined by 22% between the PCV7 period and 2014
and increased by 19% during 2015-2018, returning to
alevel close to the PCV7 period incidence (-7%; Table
4; Figure 1). IPD incidence due to PCV7 and PCV10
non-7 serotypes declined by 86%-91% between the
PCV7 period and 2018. The incidence of PCV13 non-
10 serotypes initially declined until 2014, and then in-
creased during 2015-2018 (parallel to a 44% increase

in serotype 3) to return to a level close to the PCV7 pe-
riod. The non-PCV13 IPD incidence increased gradu-
ally to exceed the PCV7 period incidence by 84% in
2018 and increased in each site by 38%-155%.

Changes in IPD Incidence According to PCV

Program Characteristics

Overall, IPD incidence in children <5 years of age de-
creased between the PCV7 period and 2018 by 33%
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(95% CI12%-50%) in the sites with universal PCV13,
54% (95% CI 44%-61%) in the sites in Spain, and 46 %
(95% CI 25%-61%) in sites using PCV10 (Appendix
Figure 2, panel A). In persons >65 years of age, the
change in overall IPD incidence ranged from -13% to
+2% (Appendix Figure 3, panel A). PCV10 non-7 sero-
type incidence declined by 80%-98% in both age and
vaccine policy groups. PCV13 non-10 serotype inci-
dence initially declined in the universal PCV13 and
Spain sites until 2014 and fluctuated in PCV10 sites.
It increased in all age and vaccine groups from 2015
onwards. In children <5 years of age, this change re-
sulted in a 63%-69% decline in the 2 groups of PCV13
sites and a 49% increase in the sites using PCV10
between the PCV7 period and 2018. In persons >65
years of age, this resulted in a 26%-30% decline in the
2 groups of PCV13 sites and a 78 % increase in the sites
using PCV10 between the PCV7 period and 2018. In
the same period, serotype 3 increased in all PCV and
age groups, in particular in sites using PCV10 (+51%
in children <5 years of age and +66% in persons >65
years of age), except in children <5 years of age in uni-
versal PCV13 sites (-22%; Appendix Figure 2, panel
A, and Figure 3, panel A). Non-PCV13 incidence also
rose in each vaccine policy and age group.

Changes in overall IPD incidence were similar
in sites with high or moderate uptake; incidence de-
clined by 39%-50% in children (Appendix Figure 2,
panel B) and no major change in IPD incidence oc-
curred among persons >65 years of age (-12% to
8%; Appendix Figure 3, panel B). Changes in IPD
incidence caused by vaccine serotype groups were
similar across the levels of uptake, except for PCV7
serotypes, which decreased more in high-uptake sites
than moderate-uptake sites and serotype 3 in children
<5 years of age, which decreased in high-uptake sites
and increased in moderate-uptake sites. Increases in
non-PCV13 IPD incidence ranged from 81% to 85%
in persons >65 years of age; in children, it increased
more in high-uptake sites than moderate-uptake sites
(223% vs. 56%; 95% Cls do not overlap).

Changes in overall IPD incidence were similar be-
tween sites with long and short duration of the PCV7
vaccination program (Appendix Figure 2, panel C,
and Figure 3, panel C). Changes in vaccine serotype
incidence also indicated similar patterns between the
2 groups, except for PCV13 non-10 serotype incidence,
which decreased in long-duration sites and increased
in short-duration sites. Serotype 3 incidence fluctuated
in long-duration sites and rose by ~70% in short-dura-
tion sites. In children, the increase in non-PCV13 sero-
type IPD was greater in short-duration sites than long-
duration sites (214% vs. 93%; 95% Cls do not overlap).
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Heterogeneity Testing

In pooled analyses of the 13 sites, 7> was <0.5 in all
analyses except for 2 in children <5 years of age and 1
in persons >65 years of age. In the analyses by vaccine
policy group, 72 was <0.5 in 89% of analyses in chil-
dren <5 years of age and 99% of analyses in persons
>65 years of age, and 7> was >0.5 in the remaining
11% and 1% analyses (392 analyses per age group).

Burden of Serotypes Covered by Current and Higher-
Valent Vaccines

This analysis included 4,083 IPD cases in children <5
years of age and 21,250 cases in persons >65 years of
age. The percentage of serotypes included in PCV13,
PCV15, and PCV20 declined significantly (p<0.001)
over the study period. In children <5 years of age,
serotypes included in PCV13 represented 42% of 539
cases in 2012, those in PCV15 represented 53 % of cas-
es, and those in PCV20 represented 72% of cases. In
2018, for the same age group, PCV13 serotypes repre-
sented 23% of 609 IPD cases, PCV15 serotypes 32% of
cases, and PCV20 serotypes 63% of cases. In persons
265 years of age, serotypes included in these vaccines
accounted for 45% (PCV13), 57% (PCV15), and 75%
(PCV20) of 2,003 cases in 2012 and 26% (PCV13), 36%
(PCV15), and 65% (PCV20) of 2,481 cases in 2018. The
percentage of IPD due to PCV20 nonPCV-13 sero-
types increased from 30% to 41% in children <5 years
of age and from 30% to 38% in persons >65 years of
age (p<0.001). In 2018, the most frequent PCV20 non-
13 serotypes were serotype 8 (7% of all IPD in chil-
dren <5 years and 17% in persons >65 years), 10A and
12F in children <5 years (7% each) and 22F in persons
>65 years (7%). The major contributor to the PCV20
non-13 increase was serotype 8 (3% of IPD cases in
2012 in children <5 years and 8% of IPD cases in 2012
in persons >65 years). The proportion of non-PCV20
serotype cases increased over time, from 28% in 2012
to 35% in 2018 in children <5 years and 27% in 2012
to 37% in 2018 in persons >65 years (p<0.002). The
main non-PCV20 serotypes in 2018 were 23B (21% of
non-PCV20), 24F (20%), and 15A (10%) in children <5
years and 9N (17%), 15A (9%), and 23A (8%) in per-
sons >65 years.

Serotype 3 represented 9% of all cases and ranked
as the most frequent serotype causing IPD in children
<5 years; in persons >65 years, it represented 13% of
all cases and ranked as the second most frequent se-
rotype causing IPD. Excluding serotype 3 from the
analysis, in 2018, PCV13 serotype represented 14%
of IPD in children <5 years and 13% in persons >65
years, PCV15 represented 23% of IPD in both children
<5 years and persons >65 years, and PCV20 serotype
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represented 54% of IPD in children <5 years and 51%
of IPD in persons >65 years. PPV23 covered 73% of
IPD cases in persons >65 years in 2018 or 60% if sero-
type 3 is excluded.

In 2018, proportions of serotypes included in
PCV13, PCV15, and PCV20 were greater in sites using
PCV10 than those using PCV13. In children <5 years,
these percentages accounted for 43% (PCV13), 52%
(PCV15) and 69% (PCV20) of 124 IPD cases in sites us-
ing PCV10 compared to 15% (PCV13), 26% (PCV15)
and 63% (PCV20) of 363 IPD cases in PCV13 universal
sites (Figure 2; p<0.001 except for PCV20, p = 0.18).
In sites using PCV10, serotypes included in PCV15
and not in PCV10 amounted to 48% of cases; sero-
types included in PCV20 and not PCV10 amounted
to 65% of cases. In persons >65 years, PCV13 serotype
proportions amounted to 36% of 664 cases in sites us-
ing PCV10 and 20% of 1,138 cases in PCV13 universal
sites; PCV15 serotype proportions amounted to 46%
of 664 cases in sites using PCV10 and 31% of 1,138
cases in PCV13 universal sites. PCV20 serotype pro-
portions amounted to 73% of 664 cases in sites using
PCV10 and 62% of 1,138 cases in PCV13 universal
sites (Figure 3; p<0.001).

Discussion

This study of 13 sites in Europe enabled us to estimate
the overall effect of 8 years of the childhood PCV10
and PCV13 program on IPD in the age groups target-
ed directly and indirectly by vaccination. The results
demonstrate an initial PCV effect on overall IPD inci-
dence in all age groups during the first 4 years of the

166 141 132 157 123 140 122

2012 2013 2014 2015 2016 2017 2018

PCV10/PCV13 program; incidence declined by 22%-
49% between the PCV7 period and 2014. This decline
was followed, however, by an increase in incidence
during 2015-2018, thereby reducing the benefits of
PCV10/PCV13, especially among older adults. This
reversing trend can be explained by a saturation of
the PCV effect on vaccine serotype (PCV10/PCV13)
incidence (i.e., no further decrease) alongside a grad-
ual increase in non-PCV13 incidence and an increase
in PCV13-non-10 incidence in more recent years.

The increase in non-PCV13 IPD incidence over
time was observed in all analyses and ranged from
63% to 111% by age group between the PCV7 pe-
riod and 2018. The greatest proportional increase in
non-PCV13 incidence was observed in children, par-
ticularly in the sites with high PCV10/PCV13 uptake
(+223% vs. +56% in sites with moderate uptake). This
increase is likely due to a combination of vaccine-in-
duced serotype replacement in carriage and disease
(25-27) and secular trends in individual serotypes,
but disentangling the 2 is difficult (7,10,26,27). Con-
sequently, the overall effect of the current PCVs on
overall IPD is diminishing in many EU settings, espe-
cially after 2014 (6,8,25,28).

In contrast to Europe and elsewhere, the Cen-
ters for Disease Control and Prevention Active
Bacterial Core surveillance reported consistently
stable rates of non-PCV13 serotype IPD in young
children and older persons after childhood PCV13
introduction, even when vaccine uptake was very
high (8,11). Several hypotheses have been proposed
to explain this divergence (8,12,29). Of note, some

— B

Figure 2. Percentage of cases
of invasive pneumococcal
disease caused by serotypes
covered by PCV10, PCV13,
PCV15, PCV20, and serotype
3 in children <5 years of age by
vaccine policy, in 13 SpIDnet
(Streptococcus pneumoniae
Invasive Disease network)
sites, Europe. A) Sites with
universal PCV13 program; B)
sites in Spain; C) sites using
PCV10. Serotypes 19A/6A are
included in PCV13 but not in
PCV10 (in addition to serotype
3). PCV, pneumococcal
conjugate vaccine.
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Figure 3. Percentage of cases of
invasive pneumococcal disease
caused by serotypes covered by
PCV10, PCV13, PCV15, PCV20,
and serotype 3 in persons >65
years of age by vaccine policy,

in 13 SpIDnet (Streptococcus
pneumoniae Invasive Disease
network) sites, Europe. A) Sites
with universal PCV13 program;
B) sites in Spain; C) sites using
PCV10. Serotypes 19A/6A are
included in PCV13 but not in
PCV10 (in addition to serotype 3).
PCV, pneumococcal conjugate
vaccine; PPV, pneumococcal
polysaccharide vaccine.
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similar serotypes are emerging in IPD in both re-
gions (i.e., serotypes 8, 9N, and 15A), but their con-
tribution to overall IPD differs (8).

A key finding of our study is that both PCV13
and PCV10 programs appear to result in a similar
change of overall IPD incidence after 8 years of uni-
versal implementation (-33% for PCV13 and -46% for
PCV10 in children and -13% for PCV13 to -3% for
PCV10 in older adults), albeit with different serotype
distribution of IPD cases. In particular, during the last
years of the study (2015-2018), PCV13 non-10 IPD in-
cidence increased in all vaccine policy and age groups
because of an increase of serotype 3 in most groups,
together with an increase in serotype 19A in PCV10
sites (data not shown). Serotype 3 remains a major
cause of disease in both age groups, ranking first or
second serotype in 2018, and its severity and associat-
ed high case-fatality rates, especially in older adults,
raises concern (30,31). Genomic analyses in England
and Wales suggested that a shift in clade distribu-
tions among invasive serotype isolates has led to the
expansion of clade II since 2014, representing 50% of
serotype 3 IPD isolates in 2018, which could account
for the recent reemergence of this serotype (32). In-
creases in serotype 19A in PCV10 countries are also
worrisome because this serotype is highly invasive
and has been associated with high rates of antibiotic
resistance (33,34).

In our study, the higher increase in non-PCV13
IPD incidence among children in the 8 sites with
higher PCV uptake suggests a dose-response mecha-
nism between uptake and nonvaccine rises. However,
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other factors, such as local differences in serotype dy-
namics, PCV used, vaccination schedule, timing, or
uptake, might also play a role; of note, 3 of 4 sites with
moderate uptake were in Spain.

Our study also provides evidence of a powerful
and rapid indirect effect of the childhood PCV10/
PCV13 vaccination in older adults, most of whom
did not receive PCV13. Of note, changes in vaccine
serotype IPD in older adults follow the same pattern
of serotype changes in children with very limited de-
lay but at a lower magnitude. As several other stud-
ies (25,35-37) have demonstrated, our study suggests
that the maximum effect of PCV10/PCV13 has been
reached; further declines in overall and vaccine-sero-
type IPD are unlikely to occur in countries with a high
vaccine uptake and a mature PCV program.

The emergence of >2 new higher-valent PCVs is
reassuring. In 2018, the serotypes in PCV15 covered
around one third of IPD cases, and PCV20 covered
around two thirds of IPD cases. Whether these 2 vac-
cines protect against serotype 3 IPD, however, re-
mains to be established. Among the PCV20 non-13
serotypes, 4 serotypes ranked in the 5 top serotypes
in children and older adults in 2018: serotype 8 in
both age groups, 10A and 12F in children, and 22F in
adults. Rises in serotype 8 have also been observed
elsewhere (1,25,30,35,38). The proportion of non-
PCV20 cases represented more than a third of all IPD
cases in 2018 and have increased substantially since
2012. Of the top non-PCV20 serotypes in 2018 (23A,
23B, 24F, 15A, and 9N), only 9N is included in PPV23.
Serotype 24F also ranked high in Italy and Germany
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during 2014-2016 (5,26). Including these serotypes in
future vaccines might be beneficial, although higher-
valency PCVs are likely to have only temporary ben-
efit because of serotype replacement (5,10,37). Alter-
native strategies that provide serotype-independent
protection, such as vaccines using antigens common
to all serotypes, are desperately needed.

Our study’s first limitation is that methods com-
paring incidence before and after the start of a new
vaccine program are prone to biases, whereby chang-
es in other factors over time, such as surveillance
methodologies, other health interventions, and secu-
lar trends of individual serotypes, might be attributed
to the vaccination program (18). We partly addressed
this limitation by adjusting for surveillance sensitiv-
ity and missing serotype data. Second, our network
presents heterogeneity across sites because of differ-
ences in healthcare practices and vaccination policies
(including duration of PCV7 use). We attempted to
address this heterogeneity by using random effects
meta-analysis and performing analysis stratified by
PCV program characteristics. We assumed that these
differences across sites would be constant over time,
limiting their influence on relative measures of effect
such as the IRR. Moreover, the 1? values suggest lim-
ited statistical heterogeneity.

Our results suggest that the benefits of childhood
PCV10/PCV13 programs on IPD incidence might
level off after 8 years of vaccination. The gradual in-
crease in nonvaccine serotype incidence countered
the decrease in vaccine serotypes in recent years. Our
results indicate that PCV15 serotypes could add 10%
coverage of IPD cases, and PCV20 serotypes could
add 30%-38% coverage of IPD cases compared with
PCV13. On the basis of current evidence, however,
protection at population level might be short-lived,
and vaccines providing serotype-independent pro-
tection are urgently needed. Impact studies across
multiple countries with different vaccines and
schedules are critical for assessing long-term effects.
In addition, studies to learn more about the mecha-
nisms leading to the rise of some serotypes, such as
3, 19A, and 8, are required, especially incorporating
genetic tools.
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