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ABSTRACT
Background  13-valent pneumococcal conjugate 
vaccine (PCV13) has been part of publicly funded 
childhood immunisation programmes in Ontario and 
British Columbia (BC) since 2010. We assessed the 
indirect impact of infant PCV13 programmes on invasive 
pneumococcal disease (IPD) and all-cause pneumonia 
hospitalisation in older adults (aged ≥65 years) using a 
retrospective observational study.
Methods  We extracted monthly IPD and all-
cause pneumonia cases from laboratory and health 
administrative databases between January 2005 and 
December 2018. Using a quasi-experimental difference-
in-differences design, we calculated the ratio of risk 
ratios (RRRs) using incidence rates of IPD or all-cause 
pneumonia cases before (pre-PCV13 period) and after 
(PCV13 period) 2010 with rates of fractures as controls.
Results  The rates of all IPD or PCV serotype-specific 
IPD for older adults in both Ontario and BC did not 
change in 8 years after childhood PCV13 programme 
implementation. All-cause pneumonia increased in 
Ontario (RRR 1.38, 95% CI 1.11 to 1.71) but remained 
unchanged in BC.
Conclusions  Indirect community protection of 
older adults from hospitalisation with pneumococcal 
disease stalled despite maturation of childhood PCV13 
vaccination programmes in two Canadian provinces.

INTRODUCTION
Adults aged ≥65 years are more susceptible to 
severe outcomes from infectious diseases because 
of immunosenescence and chronic comorbidities, 
such as chronic obstructive pulmonary disease, 
asthma, diabetes and chronic heart disease. This 
also includes an increase in the risk of pneumo-
coccal disease and its more severe outcomes, 
invasive pneumococcal disease (IPD) such as bacte-
raemia, meningitis and bacteraemic pneumonia.1 2 
Nasopharyngeal carriage plays a key role in pneu-
mococcal disease causation and transmission, with 
children being the major reservoir of Streptococcus 
pneumoniae.3 4

Routine vaccination of infants and young chil-
dren with pneumococcal conjugate vaccines 
(PCVs) has led to community protection with 

significant decreases in nasopharyngeal carriage 
rates, hospitalised pneumonia and IPD in several 
high-income and low-income countries, for all age 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Older adults have benefited from community 
protection provided by childhood 7-valent 
pneumococcal conjugate vaccine (PCV7) 
programmes, reducing severe outcomes such as 
hospitalisation for pneumonia.

	⇒ Invasive pneumococcal disease (IPD) incidence 
in older adults decreased in Ontario but 
increased in British Columbia (BC) after PCV13 
replaced earlier conjugated vaccines in the 
routine childhood programme.

	⇒ It remains unknown if after maturation, 
childhood PCV13 vaccination programmes 
benefited older adults in reducing IPD and all-
cause pneumonia hospitalisation in Ontario and 
BC.

WHAT THIS STUDY ADDS
	⇒ Using 8 years of continuous data and a quasi-
experimental difference-in-differences design, 
this study quantified the population-level 
indirect benefit of community protection of 
publicly funded childhood PCV13 programme 
on pneumococcal disease burden in older 
adults.

	⇒ This study found that 8 years of paediatric 
PCV13 programmes in Ontario and BC did not 
reduce incidence rates of pneumococcal disease 
(IPD or all-cause pneumonia) in the older 
populations in either province.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study highlights the importance of 
ongoing surveillance to monitor serotypes 
in the Canadian population to aid evidence-
based decision-making and the need for an 
improved approach to the prevention of IPD in 
older adults given the low uptake of 23-valent 
pneumococcal polysaccharide vaccine and 
the potential benefit of higher-valency PCVs 
recently made available in Canada.

    1Nasreen S, et al. Thorax 2024;0:1–9. doi:10.1136/thorax-2023-220377
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Respiratory epidemiology

groups including older adults.5–8 In a meta-analysis of indirect 
effects of childhood PCV programmes on IPD for older adults, 
maturation of a childhood 13-valent PCV (PCV13) programme 
was predicted to result in a 50% and 90% reduction in IPD 
caused by the additional serotypes in PCV13 approximately 4 
years and 10 years, respectively, after vaccine introduction.8 
Publicly funded childhood PCV programmes with successively 
higher-valency PCVs, PCV7, PCV10 and PCV13, have been 
in use in Canada for almost two decades. However, IPD rates 
have not been consistently declining. A study from Ontario 
reported substantial declines in pneumonia hospitalisations 
in older adults, but this study assessed the impact of PCV13 
only 3 years after its introduction before the programme had 
matured.9

In our previous study covering two provinces in Canada, 
we observed a decreased incidence of IPD caused by serotypes 
covered by PCV7, but the incidence caused by serotypes unique 
to 23-valent pneumococcal polysaccharide vaccine (PPV23) (ie, 
serotypes not present in PCV13) and non-vaccine serotypes 
increased in older adults in both provinces during 2007–2018.10 
We also observed a decrease in the incidence of outpatient and 
inpatient all-cause community-acquired pneumonia during the 
PCV13 period in Ontario and British Columbia (BC) in older 
adults.11

The benefit of mature PCV13 childhood vaccination 
programmes on community protection for older adults in a 
Canadian context is unknown. In this study, we examined the 
impact of paediatric PCV13 vaccination programmes on IPD 
and all-cause pneumonia in older adults in two large Canadian 
provinces.

METHODS
Study population, setting and design
We conducted a population-based retrospective observational 
study in Ontario and BC between 2005 and 2018 to estimate 
the indirect impact of 8 years of childhood PCV13 programmes 
on IPD and hospitalised pneumonia in adults aged ≥65 years. 
Ontario is the largest province with approximately 15 million 
population, whereas BC is the third largest province with a 
population of approximately 5 million. These two provinces 
with high-quality data represent different regions of the country 
and comprise 53% of the Canadian population.

There is no established standard for defining the maturation 
of pneumococcal vaccination programmes, but we defined the 
programmes in Canada as mature based on previous studies.12 
The PCV programmes were publicly funded in Ontario and BC 
at somewhat different times.13 In BC, PCV7 was introduced in 
September 2003 and replaced by PCV13 in June 2010, whereas 
in Ontario, PCV7 was introduced in January 2005, and it was 
replaced by PCV10 in October 2009, and then PCV10 was 
replaced by PCV13 in November 2010. Publicly funded PCV13 
has been available to immunocompromised adults aged ≥50 
years in Ontario since December 201414 and to adults with a 
stem cell transplant (February 2013) or HIV infection (March 
2015) in BC.15 Publicly funded PPV23 has been available for 
adults aged ≥65 years since 1996 in Ontario and 1998 in BC; 
however, PPV23 uptake remains low (48% for males and 60% 
for females in 2021).16

We employed a quasi-experimental difference-in-differences 
(DID) study design that can be used to estimate potential causal 
effects of an intervention on observed outcomes in settings 
where randomised controlled trials are infeasible.17 18

Data sources
We obtained data on laboratory-confirmed IPD, including IPD 
serotype, from Ontario’s integrated Public Health Information 
System and the BC Centre for Disease Control Public Health 
Laboratory data. Hospitalisations for all-cause pneumonia and 
two negative control outcomes, fractures and skin and soft 
tissue infections (SSTIs), were identified from the Canadian 
Institute for Health Information’s Discharge Abstract Database 
(DAD).19 Information on age and sex were obtained from the 
Registered Persons Database in Ontario and the Medical Services 
Plan Registration and Premium Billing patient registry in BC.20 
Data were analysed separately in Ontario and BC using similar 
methods. Datasets were linked using unique identifiers; Ontario 
datasets were analysed at ICES, and BC datasets were analysed 
at Population Data BC.

Outcomes
A laboratory-confirmed IPD case was defined as isolation of S. 
pneumoniae and/or identification of S. pneumoniae DNA from 
a normally sterile site (eg, blood, cerebrospinal fluid, synovial 
or peritoneal fluid and bone), excluding the middle ear.21 22 IPD 
cases with serotype information were grouped into four catego-
ries based on serotypes covered by PCVs: (1) PCV7 (4, 6B, 9V, 
14, 18C, 19F and 23F), (2) additional PCV13 (serotypes not 
present in PCV7: 1, 3, 5, 6A, 7F and 19A), (3) unique PPV23 
(11 serotypes not present in PCV13: 2, 8, 9N, 10A, 11A, 12F, 
15B, 17F, 20, 22F and 33F) and (4) non-vaccine (serotypes not 
included in PCV13 or PPV23).

We used fractures and SSTIs as negative control outcomes 
because pneumococcal vaccination is not expected to impact or 
be causally related to these outcomes; these outcomes capture 
secular, but still distinct, trends in healthcare system use during 
the study period.

Cases of all-cause pneumonia, fractures and SSTIs assigned as 
the primary or secondary diagnosis were identified using diag-
nostic codes from the International Statistical Classification of 
Diseases and Related Health Problems, 10th Revision, Canada 
(ICD-10-CA)23 in DAD (online supplemental table S1). We 
included all-cause pneumonia hospitalisation without a concur-
rent IPD diagnosis (ie, included non-invasive pneumonia). 
Concurrent IPD diagnoses were identified using the following: 
pneumococcal meningitis (ICD-10-CA: G00.1), pneumococcal 
septicaemia (ICD-10-CA: A40.3), pneumococcus elsewhere 
(eg, infective pericarditis, acute peritonitis, puerperal sepsis and 
congenital pneumonia) (ICD-10-CA: B95.3) or pneumococcal 
arthritis and polyarthritis (ICD-10-CA: M00.1). We included 
fractures and SSTIs without concurrent pneumonia or IPD.

We removed duplicate records using unique identifiers and 
the admission date in hospitalised patients (ie, DAD database). 
To identify recurrent cases, we used the discharge date (DAD) 
to account for the length of hospital stay. We considered IPD 
and SSTI episodes >30 days and all-cause pneumonia episodes 
>90 days to be separate episodes and included them. For frac-
ture, we included the first diagnosis.

Statistical analysis
The study period was divided into two intervals: (1) pre-PCV13 
period and (2) PCV13 period. Age was categorised into the 
following groups: ≥65 years, 65–74 years, 75–84 years and 
≥85 years. For each age group, we estimated annual and period-
specific incidence rates of IPD, all-cause pneumonia, fractures 
and SSTIs using Poisson regression models, with population esti-
mates from Statistics Canada as the offset parameter.24

2 Nasreen S, et al. Thorax 2024;0:1–9. doi:10.1136/thorax-2023-220377
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For the indirect effect evaluation using the DID method, we 
used fractures and SSTIs as controls for primary and secondary 
analyses, respectively. We visually inspected the annual incidence 
rates for all identified cases to check that the parallel trend 
assumption for IPD, pneumonia, fractures and SSTIs during the 
pre-PCV13 period was not violated. The trends were parallel, 
except in 2007 due to an outbreak of serotype 5 IPD among 
socioeconomically disadvantaged populations in BC25 26 (online 
supplemental figure  1). Thus, the change in the incidence of 
fractures or SSTIs from the pre-PCV13 period to the PCV13 
period was assumed to be a valid counterfactual for the change 
that would have occurred in the incidence of IPD and all-cause 
pneumonia in the absence of a publicly funded childhood PCV13 
immunisation programme.

In Ontario, we employed propensity score matching with 
the DID method to select controls with similar characteristics 
in order to make the common trend assumption more plau-
sible. Propensity scores were computed using logistic regression 
models using age group, sex, comorbidity using the Charlson 

comorbidity score, month and year. We used the Greedy method 
to match three controls for each IPD and two controls for each 
all-cause pneumonia with a standard deviation of less than 20% 
in absolute value. We tested the parallel trend assumption in the 
propensity score matched sample using general linear model 
regressions with the rate of the outcome as the dependent vari-
able, case/control status and time since PCV13 as independent 
variables and an interaction between case/control status and time 
since PCV13. A statistically non-significant coefficient for the 
interaction term suggested that the parallel trend assumption 
was held. In BC, we matched three controls for each case by age 
group, sex, month and year.

We estimated the indirect effect as the ratio of risk ratios 
(RRRs) (ie, the ratio of ‘PCV13 risk ratio’ and ‘pre-PCV13 risk 
ratio’) to determine whether IPD and all-cause pneumonia inci-
dence increased or decreased for older adults after PCV13 intro-
duction into the childhood immunisation programme compared 
with the pre-PCV13 period. ‘PCV13 risk ratio’ was calculated 
from the ratio of the cumulative incidences of either IPD or 

Figure 1  Indirect impact of 13-valent pneumococcal conjugate vaccine on invasive pneumococcal disease and all-cause pneumonia in older adults 
aged ≥65 years in Ontario, 2005–2018. IPD, invasive pneumococcal disease; PCV, pneumococcal conjugate vaccine; PPV, pneumococcal polysaccharide 
vaccine; RRR, ratio of risk ratio.

3Nasreen S, et al. Thorax 2024;0:1–9. doi:10.1136/thorax-2023-220377
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Respiratory epidemiology

all-cause pneumonia and either fractures or SSTIs during the 
PCV13 period; ‘pre-PCV13 risk ratio’ was calculated from the 
ratio of the cumulative incidences of IPD or all-cause pneumonia 
and fractures or SSTIs during the pre-PCV13 period. We anal-
ysed monthly incidence data from January 2005 to December 
2018 for each disease outcome, with the number of IPD, all-
cause pneumonia, fracture and SSTI outcomes for those aged 
≥65 years overall and by age group using Poisson regression 
models with the log link function and population as the offset. 
Monthly serotype group-specific IPD incidence was available 
from January 2005 to December 2018 in BC and only from 
January 2007 to December 2018 in Ontario. In Ontario, using 
the propensity score matched DID analysis, we accounted for 
the PCV10 programme by incorporating PCV10 fixed effects in 
the regression models by including a separate binary variable; we 
also accounted for publicly funded PCV13 for immunocompro-
mised adults aged ≥50 years since December 2014 by including 
a separate binary variable. All analyses were conducted using 
SAS V.9.4 (SAS Institute) software. All tests were two sided and 
used p<0.05 as the level of statistical significance.

RESULTS
The total number of identified cases and the calculated mean 
age-specific incidence rates for IPD, all-cause pneumonia and the 
two control groups in each of the provinces are shown in table 1. 
We identified a total of 6575 IPD, 132 023 all-cause pneumonia, 
268 468 fracture and 103 405 SSTI cases in Ontario during 
2005–2018 with mean annual incidence rates per 100 000 popu-
lation of 23.9 for IPD, 479.2 for all-cause pneumonia, 974.4 for 
fracture and 375.3 for SSTI. In BC, we identified a total of 1710 
IPD, 35 513 all-cause pneumonia, 91 852 fracture and 19 812 
SSTI cases, with mean annual incidence rates per 100 000 popu-
lation of 16.9 for IPD, 350.5 for all-cause pneumonia, 906.5 for 
fracture and 195.5 for SSTI. Annual incidence by age group is 
shown in online supplemental figure 1 and online supplemental 
table S2.

Serotype information were available for 4591 IPD (79% out of 
5812) cases during 2007–2018 in Ontario, with a mean annual 
incidence per 100 000 population of 1.5 for PCV7 IPD, 5.7 for 
additional PCV13 IPD, 5.6 for unique PPV23 IPD and 6.0 for 
non-vaccine serotype IPD among adults aged ≥65 years (online 
supplemental figure 2, table 2, online supplemental table S3). In 
BC, serotype information were available for 1686 IPD (99% of 
1710) cases during 2005–2018; the mean annual incidence per 
100 000 population of IPD according to vaccine serotype was 
2.1 for PCV7 IPD, 4.7 for additional PCV13 IPD, 5.4 for unique 
PPV23 IPD and 4.5 for non-vaccine serotype IPD among adults 
aged ≥65 years (table 2).

Indirect effect of childhood PCV13 immunisation on IPD and 
all-cause pneumonia
Ontario
The propensity score matched DID analytic sample for all IPD 
included 5811 IPD and 17 416 matched fracture controls and 
5783 IPD matched with 17 244 SSTI controls. For all-cause 
pneumonia, the sample included 129 791 all-cause pneumonia 
and 261 273 matched fracture controls and 106 652 all-cause 
pneumonia matched with 103 354 SSTI controls. Tests for 
parallel trend assumption suggested that during the pre-PCV13 
period, the parallel trend assumption was not violated using 
both control conditions, except for the additional PCV13 IPD 
and SSTI control (data not shown).

In the primary analysis, using fracture as the control condi-
tion, we did not observe any statistically significant changes in 
trends of all IPD or serotype-specific IPD in Ontario for adults 
aged ≥65 years (figure 1, table 3, online supplemental table S4). 
Similar findings were observed in the secondary analysis using 
SSTI as the control condition. For all-cause pneumonia, we 
observed a statistically significant increase in all-cause pneumonia 
incidence in adults aged ≥65 years and across all age groups 
with fracture used as controls; however, a statistically significant 

Table 1  Total counts and mean age-specific annual incidence of invasive pneumococcal disease identified from public health laboratory data, and 
all-cause pneumonia, fractures and skin and soft tissue infections from health administrative data in adults aged ≥65 years in Ontario and British 
Columbia, Canada, 2005–2018

Age group, years

Invasive pneumococcal disease All-cause pneumonia Fracture Skin and soft tissue infection

No.
Incidence/100 000 
population (95% CI) No.

Incidence/100 000 
population (95% CI) No.

Incidence/100 000 
population (95% CI) No.

Incidence/100 000 
population (95% CI)

Ontario

 � 65–74 2669 17.7
(16.8 to 18.8)

39 262 261.0
(249.8 to 272.7)

64 599 429.4
(417.5 to 441.7)

36 113 240.1
(235.5 to 244.7)

 � 75–84 2244 25.0
(23.5 to 26.6)

50 893 567.5
(546.2 to 589.7)

101 826 1135.5
(1110.3 to 1161.3)

39 048 435.5
(427.5 to 443.6)

 � ≥85 1662 46.9
(43.7 to 50.4)

41 868 1181.7
(1132.7 to 1232.7)

102 043 2880.0
(2816.0 to 2945.4)

28 244 797.1
(780.0, to 814.7)

 � Overall (≥65) 6575 23.9
(22.9 to 24.9)

132 023 479.2
(458.9 to 500.3)

268 468 974.4
(929.0 to 1021.9)

103 405 375.3
(364.0 to 387.0)

British Columbia

 � 65–74 760 13.6 (12.1 to 15.2) 11 441 204.1
(193.4 to 215.5)

24 846 443.3
(412.3 to 476.7)

7305 130.3
(122.9 to 138.2)

 � 75–84 554 17.3 (15.6 to 19.1) 13 684 427.1
(401.8 to 454.1)

32 686 1020.2
(945.2 to 1101.3)

7209 225.0
(209.0 to 242.3)

 � ≥85 396 29.9 (26.5 to 33.7) 10 388 784.2
(738.5 to 832.8)

34 320 2591.0
(2417.8 to 2776.6)

5298 400.0
(360.8 to 443.5)

 � Overall (≥65) 1710 16.9 (15.6 to 18.3) 35 513 350.5
(330.3 to 371.9)

91 852 906.5
(838.2 to 980.3)

19 812 195.5
(182.1 to 210.0)

4 Nasreen S, et al. Thorax 2024;0:1–9. doi:10.1136/thorax-2023-220377
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decrease in all-cause pneumonia was observed in adults aged 
≥75 years using SSTI controls. The effect estimates (RRRs) with 
and without (data not shown) accounting for publicly funded 
PCV13 for immunocompromised adults aged ≥50 years and the 
brief PCV10 programme were similar.

British Columbia
The age group and sex matched DID analytic sample for all IPD 
included 1677 IPD and 5031 matched fracture controls and 
1676 IPD matched with 5026 SSTI controls. For all-cause pneu-
monia, the sample included 32 408 all-cause pneumonia and 
97 251 matched fracture controls and 32 402 all-cause pneu-
monia matched with 97 158 SSTI controls.

In the primary analysis, using fracture as the control condi-
tion, we did not observe any statistically significant changes in 

trends of all IPD, serotype-specific IPD or all-cause pneumonia 
incidence after PCV13 programme implementation in adults 
aged ≥65 years (figure 2, table 3, online supplemental table S5). 
Similar findings were observed in the secondary analysis using 
SSTI as the control condition.

DISCUSSION
We analysed 8 years of data on cases of IPD and all-cause pneu-
monia requiring hospitalisation representative of two large 
Canadian provinces before and after the integration of PCV13 
into routine childhood vaccination programme. We showed 
that publicly funded mature childhood PCV13 immunisation 
programme (2+1 schedule) in Ontario and BC did not reduce 
IPD or all-cause pneumonia hospitalisation among older adults 
in either province. Rates of all-cause pneumonia increased in 

Table 2  Total counts and mean age-specific annual incidence of invasive pneumococcal disease identified from public health laboratory data 
according to vaccine serotype group in older adults in Ontario and British Columbia, Canada, 2005–2018

Age group, years

PCV7 IPD Additional PCV13 IPD Unique PPV23 IPD Non-vaccine serotype IPD

No.
Incidence/100 000 
population (95% CI) No.

Incidence/100 000 
population (95% CI) No.

Incidence/100 000 
population (95% CI) No.

Incidence/100 000 
population (95% CI)

Ontario (2007–2018)

 � 65–74 160 1.2 (1.0 to 1.4) 595 4.5 (4.0 to 5.0) 576 4.3 (3.9 to 4.8) 552 4.2 (3.7 to 4.6)

 � 75–84 112 1.4 (1.2 to 1.7) 468 6.0 (5.3 to 6.7) 454 5.8 (5.2 to 6.5) 511 6.6 (5.9 to 7.3)

 � ≥85 99 3.1 (2.6 to 3.8) 329 10.4 (9.0 to 11.9) 338 10.6 (9.4 to 12.1) 397 12.5 (11.1 to 14.2)

 � Overall (≥65) 371 1.5 (1.4 to 1.7) 1392 5.7 (5.3 to 6.2) 1368 5.6 (5.3 to 6.0) 1460 6.0 (5.6 to 6.5)

British Columbia (2005–2018)

 � 65–74 101 1.8 (1.3 to 2.6) 220 3.9 (3.3 to 4.7) 253 4.5 (3.8 to 5.3) 176 3.1 (2.4 to 4.1)

 � 75–84 69 2.2 (1.4 to 3.2) 149 4.7 (4.1 to 5.3) 187 5.8 (4.5 to 7.5) 144 4.5 (3.2 to 6.3)

 � ≥85 41 3.1 (1.9 to 5.1) 103 7.8 (5.8 to 10.5) 107 8.1 (6.5 to 10.1) 136 10.3 (8.1 to 13.0)

 � Overall (≥65) 211 2.1 (1.5 to 2.9) 472 4.7 (4.1 to 5.3) 547 5.4 (4.6 to 6.3) 456 4.5 (3.5 to 5.8)

IPD, invasive pneumococcal disease; PCV, pneumococcal conjugate vaccine; PPV, pneumococcal polysaccharide vaccine.

Table 3  Indirect impact of PCV13 on invasive pneumococcal disease and all-cause pneumonia in older adults aged ≥65 years in Ontario and 
British Columbia, 2005–2018*

Outcome

Fracture control Skin and soft tissue infection control

Incidence per 100 000

Ratio of risk 
ratios (95% CI) P value

Incidence per 100 000

Ratio of risk ratios 
(95% CI) P value

Case,
pre-PCV13, PCV13

Control, pre-
PCV13, PCV13

Case,
pre-PCV13, PCV13

Control, pre-
PCV13, PCV13

Ontario

 � All IPD 21.2, 22.2 63.3, 66.7 1.00 (0.82 to 1.22) 0.9794 21.0, 21.7 62.0, 65.1 0.98 (0.82 to 1.19) 0.8642

 � PCV7 IPD 2.6, 0.9 7.9, 2.6 1.00 (0.64 to 1.55) 1.0000 2.6, 0.8 7.6, 2.5 0.96 (0.63 to 1.47) 0.8644

 � Additional PCV13 IPD 4.7, 5.8 14.1, 17.4 0.99 (0.74 to 1.34) 0.9729 4.7, 5.5 13.9, 16.6 0.98 (0.74 to 1.30) 0.9144

 � Unique PPV23 IPD 2.6, 5.0 7.8, 15.1 0.99 (0.70 to 1.39) 0.9403 2.7, 4.9 7.9, 14.8 0.99 (0.71 to 1.37) 0.9371

 � Non-vaccine serotype IPD 2.5, 5.9 7.5, 17.7 0.99 (0.68 to 1.44) 0.9666 2.5, 5.9 7.4, 17.8 0.99 (0.69 to 1.42) 0.9508

 � All-cause pneumonia 391.6, 507.9 974.9, 918.4 1.38 (1.11 to 1.71) 0.0041 376.9, 366.8 344.1, 366.8 0.91 (0.79 to 1.05) 0.2156

British Columbia

 � All IPD 15.4, 17.1 46.3, 51.2 1.00 (0.83 to 1.20) 0.9794 15.4, 17.1 46.1, 51.2 1.00 (0.83 to 1.19) 0.9678

 � PCV7 IPD 3.5, 1.4 10.5, 4.1 0.99 (0.67 to 1.45) 0.9476 3.5, 1.4 10.6, 4.1 1.00 (0.68 to 1.47) 0.9882

 � Additional PCV13 IPD 4.9, 4.5 14.8, 13.5 1.00 (0.76 to 1.31) 1.00 4.9, 4.5 14.7, 13.5 0.99 (0.76 to 1.30) 0.9635

 � Unique PPV23 IPD 4.3, 5.8 12.9, 17.5 1.00 (0.76 to 1.32) 1.00 4.3, 5.8 12.9, 17.5 1.00 (0.76 to 1.31) 0.9863

 � Non-vaccine serotype IPD 2.3, 5.4 6.8, 16.3 1.00 (0.72 to 1.39) 1.00 2.3, 5.4 6.8, 16.3 1.00 (0.72 to 1.39) 1.00

 � All-cause pneumonia 330.0, 315.0 990.2, 945.0 1.00 (0.92 to 1.09) 0.9932 329.4, 315.3 986.6, 945.9 1.00 (0.92 to 1.09) 0.9664
*Invasive pneumococcal disease identified from public health laboratory data and pneumonia identified from health administrative data.
IPD, invasive pneumococcal disease; PCV, pneumococcal conjugate vaccine; PPV, pneumococcal polysaccharide vaccine.
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Ontario in all older adult age groups. These findings collectively 
suggest that the indirect benefits of childhood PCV vaccination 
programmes in older adults may have been attenuated by a lower 
impact of community immunity for strains in PCV13 and not in 
PCV7 and by a failure of adult PPV23 programmes to reduce 
the incidence of PPV23 strains (which might be due to either or 
both of the limited uptake of PPV23 in older adults or waning of 
protection from PPV23 in these populations).

Indirect effects of PCV on older populations depend on 
high PCV coverage among children and the longer duration of 
PCV programme implementation.7 A previous study predicted 
that 90% reduction in IPD caused by PCV7 serotypes in adults 
aged ≥65 years could be achieved in an average of 8.9 (cred-
ible interval 7.9–10.3) years following the introduction of PCV7 
vaccination.8 Modelling predicted a 90% reduction in the addi-
tional PCV13 serotype IPD in older adults in an average of 10.3 
(credible interval 6.4–20.7) years from the time when PCV7 was 
replaced by PCV13.8 However, neither Ontario nor BC had the 
PCV13 programme for this duration during our study period to 
experience discernible level of reduction. In addition, up-to-date 

relevant PCV (PCV7, PCV10 and PCV13) vaccine coverage in 
children (ie, valid doses according to the vaccine schedule for 
age) aged 7 years was lower in Ontario, 74%–80% during 2014–
2018,27 than the up-to-date PCV7 or PCV13 vaccine coverage in 
2-year-olds in BC, 82%–86% during 2011–2018.28 These may 
explain the observed lack of indirect effect against IPD in both 
provinces.

Because pneumococcal vaccines target only some of the more 
than 100 pneumococcal serotypes, concerns have been raised that 
non-vaccine serotypes could increase in prevalence and reduce 
the benefits of vaccination. Nationally, among Canadian older 
adults during 2011–2015, additional PCV13 serotypes 3, 7F and 
19A and unique PPV23 serotype 22F were prevalent vaccine-
preventable serotypes with an increase in serotype 3, while 
serotypes 15A and 23A were prevalent non-vaccine-preventable 
serotype IPD.13 We observed no change in the incidence of IPD 
in older adults in Ontario and BC. This is not surprising in the 
context of low PPV23 vaccine uptake in Canadian older adults16; 
the lower vaccine effectiveness against IPD, pneumococcal pneu-
monia and all-cause pneumonia with increasing age; and waning 

Figure 2  Indirect impact of 13-valent pneumococcal conjugate vaccine on invasive pneumococcal disease and all-cause pneumonia in older adults 
aged ≥65 years in British Columbia, 2005–2018. IPD, invasive pneumococcal disease; PCV, pneumococcal conjugate vaccine; PPV, pneumococcal 
polysaccharide vaccine; RRR, ratio of risk ratio.
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of protection over time in older adults.29 Contrary to our find-
ings, increases in IPD caused by non-PCV13 serotypes in older 
adults have been reported in the UK, European countries and 
the USA.8 30–34 Partial replacement by non-vaccine serotypes and 
increases in unique PPV23 serotype IPD have been observed in 
other high-income countries.35 36

All-cause pneumonia incidence appears to have increased 
during the PCV13 period in Ontario, which may have resulted 
from increases in pneumonia caused by PCV13 serotypes 3, 6A 
and 19A and PPV23 serotypes,37 as well as from increases in 
pneumonia caused by other bacterial and non-bacterial patho-
gens, ageing of the population and increased prevalence of 
comorbidities.

The strength of this study is that the multijurisdictional anal-
ysis allowed us to evaluate the entire population of adults aged 
≥65 years in Ontario and BC. We were able to examine the 
indirect impact of PCV13 vaccine on IPD, PCV serotype-specific 
IPD and hospitalised all-cause pneumonia in older adults up to 
more than 8 years since the implementation of the paediatric 
PCV13 vaccine programme in Ontario and BC.

Our retrospective observational study has some limitations. 
The lack of validation of diagnostic codes in administrative data 
may have biased our impact estimates. However, we used diag-
nostic codes used in previous studies evaluating the impact of 
PCVs.9 38 The lack of individual-level pneumococcal vaccina-
tion data precluded us from accounting for PCV13 and PPV23 
vaccination status in older adults and removing any direct effects 
imparted by these vaccines. Nationally, the reported uptake of 
pneumococcal vaccine in adults aged ≥65 years was around 40% 
from 2006 to 2016 and was 58% during 2018–2019.39 However, 
with higher vaccine coverage among children, the assumption is 
that we would be measuring the indirect impact more than the 
direct impact of adult vaccination programmes. We accounted 
for publicly funded PCV13 for immunocompromised adults aged 
≥50 years in Ontario that was implemented in December 2014. 
We were unable to account for confounders such as smoking 
because of a lack of data. We could employ matching only by 
age group and sex in BC because of a lack of information on 
comorbidity in the analytic dataset for this study, and there 
remains the potential for residual confounding. However, in DID 
analysis, the covariates do not need to be balanced between the 
intervention and control groups, and only if a covariate differs 
between the treatment and control groups and if the relationship 
between the covariate and the outcome varies over time, then 
that covariate is considered as a confounder in a DID analysis.40 
Additionally, an absence of selection bias resulting from unob-
served characteristics is not testable. The parallel trend assump-
tion was assessed with graphical inspection in BC, and it was 
assumed that IPD, pneumonia, fracture and SSTI rates trended 
closely during the pre-PCV13 period. We used monthly counts 
to model our DID analysis resulting in numerous pre-PCV13 and 
PCV13 period time points. As such, the parallel trend assumption 
(unmeasured variables are either time-invariant group attributes 
or time-varying factors that are group invariant) may not hold 
across all groups and time points, although it may hold for some 
groups and time points, and the results should be interpreted 
with caution.41 We employed two negative control conditions to 
account for secular trends in the healthcare system. The impact of 
PCV13 programme on all-cause pneumonia in Ontario was not 
comparable between the control conditions suggesting that the 
SSTI control may not have adequately captured the secular trends 
and may have been subject to residual confounding.

In conclusion, we observed limited indirect benefit of child-
hood PCV13 vaccination on pneumococcal disease burden in 

Canadian older adults even after 8 years of publicly funded 
childhood PCV13 vaccination programme implementation. 
Although publicly funded PPV23 has been available to adults 
aged ≥65 years in Canada since the mid-1990s, its uptake 
remains low in older adults.16 Our study would suggest that the 
decreasing IPD trend has plateaued or reversed and warrants 
consideration of the potential benefits of immunising older 
adults with PCV,42–44 particularly higher-valency vaccines 
(PCV15 and PCV20) recently authorised and recommended for 
pneumococcal programmes in Canada45 or newer products in 
the pipeline (PCV21 an PCV24). Taking into consideration the 
current evidence on disease burden and the efficacy, effective-
ness, immunogenicity, safety and cost-effectiveness of PCV15 
and PCV20, Canada’s National Advisory Committee on Immu-
nization has recently provided a strong recommendation for 
PCV20 for older adults, as well as individuals under 65 years of 
age with specific risk factors.45
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Supplementary Table S1: Diagnostic codes used to identify all-cause pneumonia, fracture, and 

skin and soft tissue infection in Ontario and British Columbia 

 

Study Outcome and Diagnosis ICD-10 codes for 

hospitalization  

All-cause pneumonia  

Pneumococcal pneumonia J13 

Bronchopneumonia and lobar pneumonia, unspecified J18.0, J18.1 

Other pneumonia J14, J15, J16, J17, J10.0, J11.0 

Viral pneumonia J12 

Empyema J86.9 

Abscess of lung with pneumonia J85.1 

  

Fracture  

Fracture of skull and facial bones S02 

Fracture of neck S12 

Fracture of rib(s), sternum and thoracic spine S22 

Fracture of lumbar spine and pelvis S32 

Fracture of shoulder and upper arm S42 

Fracture of forearm S52 

Fracture at wrist and hand level S62 

Fracture of femur S72 

Fracture of lower leg, including ankle S82 

Fracture of foot, except ankle S92 

  

Skin and soft tissue infection  

Staphylococcal scalded skin syndrome L00 

Impetigo L01 

Cutaneous abscess, furuncle and carbuncle L02 

Cellulitis L03 

Acute lymphadenitis L04 
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Supplemental Table S2: Annual incidence of invasive pneumococcal disease (IPD) and 

hospitalized all-cause pneumonia, fracture, and skin and soft tissue infection (SSTI) in adults 

aged ≥65 years in Ontario and British Columbia, 2005–2018 

Year  Incidence per 100,000 population (95% Confidence interval) 

Ontario British Columbia 

IPD All-cause 

pneumonia 

Fracture SSTI IPD All-cause 

pneumonia 

Fracture SSTI 

≥65 years 

2005 20.9 

(17.3, 

25.2) 

429.2 

(357.0, 

516.0) 

1121.3 

(932.7, 

1348.0) 

354.2 

(311.1, 

403.3) 

12.2 (8.5, 

17.3) 

367.6 

(327.7, 

412.3) 

1180.9 

(1126.4, 

1238.1) 

169.9 

(156.7, 

184.3) 

2006 25.8 

(21.8, 

30.5) 

394.1 

(325.9, 

476.5) 

1078.9 

(896.2, 

1298.9) 

342.3 

(300.4, 

390.0) 

12.4 (8.7, 

17.5) 

362.4 

(323.3, 

406.2) 

1158.6 

(1105.3, 

1214.5) 

180.0 

(166.5, 

194.6) 

2007 22.8 

(19.12, 

27.2) 

383.2 

(316.7, 

463.5) 

1053.0 

(874.6, 

1267.7) 

329.6 

(289.0, 

375.9) 

19.2 

(14.6, 

25.3) 

358.3 

(319.9, 

401.3) 

1004.1 

(955.1, 

1055.6) 

155.7 

(143.3, 

169.1) 

2008 24.2 

(20.5, 

28.6) 

386.5 

(320.5, 

466.0) 

1037.3 

(862.5, 

1247.6) 

340.0 

(299.2, 

386.3) 

18.9 

(14.4, 

24.8) 

378.3 

(339.2, 

421.8) 

967.5 

(920.1, 

1017.4) 

168.8 

(156.0, 

182.6) 

2009 26.3 

(22.4, 

30.8) 

390.8 

(325.2, 

469.5) 

991.3 

(822.8, 

1194.3) 

342.5 

(302.1, 

388.3) 

16.2 

(12.1, 

21.6) 

335.4 

(299.3, 

375.9) 

922.8 

(877.2, 

970.9) 

189.3 

(175.9, 

203.6) 

2010 27.6 

(23.7, 

32.2) 

404.6 

(338.7, 

483.5) 

978.0 

(812.8, 

1176.7) 

365.2 

(323.9, 

411.8) 

13.0 (9.5, 

17.9) 

333.7 

(298.1, 

373.5) 

934.8 

(889.5, 

982.4) 

202.8 

(189.4, 

217.4) 

2011 26.4 

(22.7, 

30.8) 

445.7 

(377.2, 

526.6) 

978.6 

(815.8, 

1174.0) 

380.5 

(338.9, 

427.1) 

14.9 

(11.1, 

20.0) 

378.1 

(340.7, 

419.6) 

931.0 

(886.5, 

977.8) 

209.3 

(195.6, 

223.9) 

2012 27.8 

(24.0, 

32.2) 

439.3 

(372.6, 

518.1) 

973.8 

(814.3, 

1164.5) 

385.1 

(344.0, 

431.0) 

18.0 

(13.8, 

23.3) 

391.5 

(354.1, 

432.8) 

914.2 

(871.0, 

959.6) 

213.3 

(199.8, 

227.7) 

2013 23.1 

(19.7, 

27.1) 

453.0 

(386.3, 

531.1) 

976.7 

(819.8, 

1163.7) 

391.8 

(351.1, 

437.2) 

17.2 

(13.3, 

22.4) 

399.2 

(362.2, 

439.9) 

902.3 

(860.2, 

946.4) 

228.6 

(214.9, 

243.2) 

2014 22.9 

(19.6, 

26.8) 

529.5 

(458.2, 

612.0) 

957.6 

(804.8, 

1139.4) 

391.2 

(351.2, 

435.7) 

18.6 

(14.5, 

23.8) 

395.6 

(359.5, 

435.3) 

917.4 

(875.8, 

960.9) 

221.8 

(208.5, 

235.8) 

2015 22.4 

(19.2, 

26.2) 

534.9 

(464.3, 

616.3) 

920.3 

(772.9, 

1095.8) 

392.4 

(352.9, 

436.2) 

16.5 

(12.8, 

21.3) 

352.0 

(318.7, 

388.8) 

845.5 

(806.4, 

886.5) 

225.6 

(212.5, 

239.5) 

2016 20.4 

(17.4, 

23.9) 

539.6 

(469.7, 

619.9) 

912.6 

(768.1, 

1084.3) 

393.4 

(354.5, 

436.5) 

18.8 

(14.9, 

23.8) 

301.1 

(271.0, 

334.6) 

811.7 

(774.1, 

851.1) 

212.6 

(200.2, 

225.9) 

2017 22.4 

(19.3, 

26.0) 

600.2 

(527.4, 

683.0) 

901.3 

(760.1, 

1068.9) 

403.3 

(364.5, 

446.1) 

19.8 

(15.8, 

24.8) 

317.0 

(286.6, 

350.6) 

782.3 

(746.1, 

820.2) 

194.0 

(182.4, 

206.5) 

2018 22.7 

(19.6, 

26.2) 

638.0 

(564.0, 

721.7) 

876.9 

(739.9, 

1039.3) 

401.6 

(363.5, 

443.6) 

17.9 

(14.1, 

22.5) 

275.4 

(247.7, 

306.2) 

656.3 

(623.9, 

690.5) 

151.4 

(141.3, 

162.2) 

65-74 years 
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2005 16.1 

(12.3,  

21.0) 

240.1 

(208.9, 

276.1) 

484.6 

(444.0,  

528.9) 

230.1 

(209.1, 

253.2) 

9.2 (5.5, 

15.2) 

205.9 

(181.8, 

233.2) 

575.5 

(537.2, 

616.5) 

115.7 

(102.2, 

130.9) 

2006 19.8 

(15.6,  

25.1) 

228.3 

(198.1, 

263.1) 

465.6 

(426.2,  

508.8) 

223.0 

(202.5, 

245.6) 

11.5 (7.3, 

18.0) 

203.9 

(180.2, 

230.7) 

570.5 

(532.8, 

610.8) 

117.1 

(103.7, 

132.2) 

2007 16.8 

(13.0,  

21.7) 

220.5 

(191.1, 

254.3) 

464.6 

(425.6,  

507.2) 

210.8 

(191.1, 

232.5) 

18.0 

(12.7, 

25.6) 

213.3 

(189.3, 

240.3) 

500.5 

(465.7, 

537.9) 

113.5 

(100.5, 

128.2) 

2008 17.3 

(13.5,  

22.1) 

215.6 

(187.0, 

248.6) 

462.9 

(424.5,  

504.8) 

211.2 

(191.8, 

232.6) 

12.9 (8.6, 

19.5) 

220.7 

(196.6, 

247.7) 

469.3 

(436.2, 

504.9) 

120.7 

(107.5, 

135.6) 

2009 20.0 

(15.9,  

25.1) 

231.6 

(202.2, 

265.1) 

438.4 

(401.6,  

478.6) 

220.8 

(201.2, 

242.3) 

12.8 (8.5, 

19.1) 

205.0 

(182.2, 

230.5) 

443.9 

(412.3, 

477.9) 

120.6 

(107.6, 

135.2) 

2010 21.4 

(17.3,  

26.6) 

219.7 

(191.7, 

251.9) 

419.4 

(384.0  

458.0) 

226.8 

(207.2, 

248.2) 

9.2 (5.8, 

14.7) 

200.8 

(178.7, 

225.6) 

423.4 

(393.1, 

456.0) 

137.6 

(123.9, 

152.8) 

2011 18.9 

(15.1,  

23.7) 

241.9 

(212.9, 

274.8) 

424.2 

(389.2,  

462.3) 

231.3 

(211.9, 

252.5) 

9.9 (6.4, 

15.4) 

220.6 

(197.8, 

246.0) 

448.9 

(418.3, 

481.8) 

137.1 

(123.7, 

152.0) 

2012 19.8 

(16.0,  

24.5) 

245.6 

(217.1, 

277.9) 

425.6 

(391.5,  

462.6) 

236.5 

(217.3, 

257.3) 

13.4 (9.3, 

19.4) 

231.4 

(208.7, 

256.6) 

447.2 

(417.5, 

479.0) 

133.4 

(120.6, 

147.7) 

2013 17.8 

(14.3,  

22.2) 

244.1 

(216.3, 

275.3) 

431.9 

(398.4,  

468.3) 

241.1 

(222.3, 

261.6) 

12.9 (9.0 

18.6) 

231.8 

(209.7, 

256.3) 

446.5 

(417.6, 

477.3) 

149.5 

(136.2, 

164.0) 

2014 16.4 

(13.1,  

20.5) 

286.1 

(256.6, 

319.0) 

425.2 

(392.6,  

460.5) 

248.4 

(229.6, 

268.6) 

13.6 (9.6, 

19.2) 

225.8 

(204.6, 

249.3) 

446.0 

(417.9, 

476.0 

144.2 

(131.5, 

158.1) 

2015 15.7 

(12.6,  

19.7) 

276.1 

(247.6, 

307.8) 

402.2 

(371.1,  

435.8) 

260.2 

(241.3, 

280.5) 

11.6 (8.0, 

16.7) 

194.9 

(175.7, 

216.1) 

414.7 

(388.4, 

443.0) 

141.5 

(129.2, 

154.9) 

2016 15.9 

(12.7,  

19.8) 

286.2 

(257.7, 

317.8) 

406.7 

(376.0,  

439.8) 

258.2 

(239.8, 

278.02) 

18.0 

(13.5, 

23.9) 

183.5 

(165.3, 

203.6) 

406.5 

(381.0, 

433.7) 

145.9 

(133.7, 

159.1) 

2017 17.6 

(14.3,  

21.6) 

310.6 

(281.4, 

342.9) 

416.9 

(386.4,  

449.8) 

262.5 

(244.3, 

282.1) 

16.4 

(12.3, 

22.0) 

179.7 

(162.1, 

199.2) 

411.3 

(386.2, 

438.1) 

132.8 

(121.4, 

145.2) 

2018 16.6 

(13.5,  

20.4) 

334.8 

(305.0, 

367.6) 

394.0 

(364.9,  

425.4) 

263.0 

(245.0, 

282.2) 

16.5 

(12.4, 

22.0) 

168.4 

(151.7, 

186.9) 

333.0 

(310.9, 

356.6) 

104.3 

(94.5, 

115.1) 

75-84 years 

2005 20.55 

(15.8,  

26.72) 

532.7 

(459.5, 

617.5) 

1333.5 

(1209.2,  

1470.7) 

428.9 

(401.4, 

458.3) 

11.1 (6.9, 

18.0) 

460.1 

(412.1, 

513.7) 

1306.4 

(1231.3, 

1386.0) 

207.8 

(187.8, 

230.0) 

2006 25.75 

(20.41,  

32.48) 

484.0 

(415.1, 

564.3) 

1259.7 

(1140.1,  

1391.9) 

407.3 

(380.7, 

435.7) 

11.9 (7.5, 

18.9) 

427.2 

(381.3, 

478.5) 

1286.3 

(1212.4, 

1364.7) 

216.2 

(195.9, 

238.7) 

2007 22.89 

(17.92,  

29.24) 

466.6 

(399.5, 

544.9) 

1229.9 

(1112.6,  

1359.6) 

401.1 

(374.9, 

429.0) 

15.1 

(10.0, 

22.7) 

432.9 

(387.0, 

484.3) 

1115.5 

(1047.2, 

1188.2) 

181.8 

(163.4, 

202.4) 

2008 26.41 

(21.06,  

33.13) 

484.4 

(416.3, 

563.6) 

1206.8 

(1091.2,  

1334.5) 

398.3 

(372.4, 

426.1) 

20.0 

(14.1, 

28.5) 

462.7 

(415.4, 

515.5) 

1062.9 

(996.6, 

1133.6) 

188.7 

(170.0, 

209.5) 
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2009 26.33 

(21.01,  

33) 

461.5 

(395.4, 

538.6) 

1149.6 

(1037.5,  

1273.9) 

403.0 

(377.0, 

430.7) 

15.7 

(10.6, 

23.4) 

402.4 

(358.6, 

451.5) 

1049.6 

(984.0, 

1119.5) 

225.4 

(204.9, 

248.0) 

2010 25.84 

(20.6,  

32.41) 

491.8 

(423.8, 

570.6) 

1135.0 

(1024.3,  

1257.7) 

429.1 

(402.5, 

457.5) 

14.6 (9.7, 

22.0) 

404.8 

(361.2, 

453.8) 

1033.5 

(968.8, 

1102.4) 

238.0 

(217.0, 

260.9) 

2011 29.15 

(23.59,  

36.03) 

534.8 

(464.2, 

616.2) 

1137.8 

(1027.7,  

1259.7) 

451.6 

(424.5, 

480.6) 

17.0 

(11.7, 

24.8) 

446.0 

(400.4, 

496.8) 

1037.3 

(973.0, 

1105.7) 

224.6 

(204.4, 

246.7) 

2012 31.4 

(25.64,  

38.45) 

514.7 

(446.0, 

594.0) 

1129.0 

(1020.1,  

1249.6) 

458.3 

(431.1, 

487.2) 

15.9 

(10.8, 

23.4) 

476.5 

(429.7, 

528.4) 

1020.5 

(957.3, 

1087.9) 

258.5 

(237.0, 

282.0) 

2013 24.7 

(19.7,  

30.98) 

543.9 

(473.7, 

624.5) 

1133.8 

(1025.5,  

1253.5) 

459.9 

(432.9, 

488.6) 

17.8 

(12.4, 

25.5) 

503.2 

(455.4, 

556.0) 

1004.6 

(942.4, 

1070.9) 

259.6 

(238.2, 

282.9) 

2014 23.18 

(18.39,  

29.22) 

628.9 

(553.7, 

714.3) 

1116.1 

(1009.6,  

1233.7) 

455.7 

(429.1, 

484.0) 

20.4 

(14.6, 

28.5) 

478.7 

(432.5, 

529.7) 

1046.6 

(983.7, 

1113.5) 

255.1 

(234.1, 

278.0) 

2015 26.51 

(21.39,  

32.86) 

640.3 

(565.0, 

725.6) 

1064.8 

(961.8,  

1178.8) 

439.8 

(413.9, 

467.4) 

22.0 

(16.0, 

30.3) 

430.0 

(386.9, 

478.0) 

927.4 

(869.0, 

989.8) 

265.8 

(244.5, 

288.8) 

2016 20.87 

(16.42,  

26.51) 

643.4 

(568.6, 

728.0) 

1040.1 

(939.4,  

1151.7) 

442.2 

(416.4, 

469.5) 

18.6 

(13.2, 

26.2) 

371.2 

(331.7, 

415.3) 

917.6 

(860.2, 

978.8) 

242.5 

(222.5, 

264.2) 

2017 23.12 

(18.48,  

28.94) 

704.3 

(626.9, 

791.3) 

1032.6 

(933.6,  

1142.2) 

458.8 

(432.9, 

486.2) 

21.6 

(15.8, 

29.4) 

385.2 

(345.6, 

429.3) 

871.4 

(816.4, 

930.1) 

218.2 

(199.6, 

238.6) 

2018 24.01 

(19.33,  

29.81) 

737.5 

(659.4, 

824.8) 

1006.7 

(910.6,  

1113.1) 

448.3 

(423.1, 

475.0) 

18.1 

(12.9, 

25.2) 

326.7 

(291.1, 

366.7) 

740.0 

(690.4, 

793.1) 

166.7 

(150.9, 

184.3) 

≥85 years 

2005 45.03 

(32.93,  

61.58) 

1004.2 

(819.3, 

1230.9) 

3501.2 

(3236.2,  

3787.9) 

709.3 

(662.2, 

759.7) 

28.0 

(16.3, 

48.0) 

792.1 

(669.4, 

937.3) 

3410.5 

(3215.5, 

3617.4) 

292.5 

(252.2, 

339.3) 

2006 53.34 

(40.43,  

70.37) 

870.7 

(705.3, 

1074.9) 

3310.8 

(3062.3,  

3579.5) 

684.5 

(639.9, 

732.3) 

17.1 (8.8, 

33.4) 

837.5 

(714.5, 

981.6) 

3232.7 

(3048.4, 

3428.0) 

339.7 

(297.3, 

388.2) 

2007 49.16 

(37.16,  

65.04) 

849.0 

(690.4, 

1044.1) 

3104.3 

(2870.8,  

3356.3) 

638.6 

(596.8, 

683.3) 

35.0 

(22.2, 

55.1) 

742.8 

(630.4, 

875.3) 

2731.6 

(2567.0 

2906.7) 

255.9 

(220.3, 

297.3) 

2008 47.46 

(35.97,  

62.61) 

838.5 

(684.8, 

1026.7) 

3005.8 

(2782.4,  

3247.1) 

724.0 

(680.6, 

770.2) 

39.4 

(25.9, 

59.9) 

787.2 

(673.5, 

920.1) 

2699.7 

(2539.6, 

2870.0 

308.2 

(269.7, 

352.2) 

2009 52.48 

(40.61,  

67.83) 

863.6 

(711.1, 

1048.7) 

2869.0 

(2656.4,  

3098.5) 

686.7 

(645.5, 

730.5) 

30.9 

(19.5, 

49.1) 

684.5 

(581.2, 

806.3) 

2500.0 

(2349.3, 

2660.5) 

370.9 

(329.2, 

417.8) 

2010 57.44 

(45.23,  

72.96) 

935.1 

(779.4, 

1121.8) 

2855.9 

(2649.0,  

3079.0) 

765.7 

(723.2, 

810.6) 

24.2 

(14.5, 

40.5) 

685.3 

(583.7, 

804.6) 

2711.4 

(2557.1, 

2875.1) 

374.6 

(333.5, 

420.8) 

2011 50.13 

(39.03,  

64.39) 

1050.8 

(888.4, 

1243.0) 

2834.4 

(2632.6,  

3051.6) 

808.2 

(765.4, 

853.3) 

29.9 

(18.9, 

47.1) 

842.1 

(730.3, 

971.1) 

2593.5 

(2445.1, 

2751.0) 

459.4 

(414.4, 

509.4) 

2012 51.76 

(40.68,  

65.86) 

1051.0 

(891.8, 

1238.5) 

2846.6 

(2648.7,  

3059.2) 

816.7 

(774.3, 

861.0) 

41.3 

(28.3, 

60.5) 

845.5 

(735.1, 

972.5) 

2571.6 

(2426.0, 

2726.0) 

433.1 

(390.0, 

480.9) 
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2013 41.26 

(31.67,  

53.75) 

1104.5 

(944.0, 

1292.2) 

2866.5 

(2671.7,  

3075.5) 

855.8 

(813.6, 

900.2) 

34.1 

(22.6, 

51.5) 

861.1 

(751.2, 

987.1) 

2579.3 

(2435.6, 

2731.4) 

489.2 

(443.9, 

539.1) 

2014 49.81 

(39.32,  

63.1) 

1317.4 

(1143.9, 

1517.3) 

2818.8 

(2628.9,  

3022.4) 

838.9 

(797.8, 

882.1) 

35.9 

(24.2, 

53.4) 

935.3 

(822.1, 

1064.1) 

2647.6 

(2504.2, 

2799.2) 

478.8 

(434.8, 

527.4) 

2015 41.28 

(31.97,  

53.3) 

1383.9 

(1208.5, 

1584.8) 

2773.0 

(2587.7,  

2971.5) 

840.7 

(800.3, 

883.3) 

25.5 

(16.0, 

40.5) 

866.8 

(759.5, 

989.3) 

2557.0 

(2418.1, 

2703.9) 

505.2 

(460.4, 

554.2) 

2016 38.35 

(29.57,  

49.73) 

1371.9 

(1200.5, 

1567.7) 

2754.7 

(2573.6,  

2948.5) 

852.2 

(812.3, 

894.2) 

22.9 

(14.2, 

37.1) 

670.3 

(578.0, 

777.3) 

2390.4 

(2258.1, 

2530.5) 

444.7 

(403.5, 

490.2) 

2017 40.9 

(31.94,  

52.38) 

1590.5 

(1408.0, 

1796.6) 

2654.9 

(2480.1,  

2842.0) 

873.7 

(833.9, 

915.4) 

31.3 

(20.8, 

47.0) 

788.5 

(689.1, 

902.3) 

2273.6 

(2146.4, 

2408.5) 

418.8 

(379.4, 

462.4) 

2018 45.35 

(35.97,  

57.17) 

1705.2 

(1518.4, 

1915.0) 

2641.7 

(2469.7,  

2825.6) 

886.8 

(847.2, 

928.2) 

23.5 

(14.8, 

37.3) 

652.0 

(563.3, 

754.6) 

1959.3 

(1842.9, 

2083.0) 

333.8 

(299.2, 

372.4) 
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Supplemental Table S3: Annual incidence of pneumococcal conjugate vaccine (PCV) serotype-

specific invasive pneumococcal disease in adults aged ≥65 years in Ontario and British 
Columbia, 2005–2018. 

Year  Incidence per 100,000 population (95% Confidence interval) 

Ontario British Columbia 

PCV7 Additional 

PCV13 

Unique 

PPV23 

Non-

vaccine 

serotype 

PCV7 Additional 

PCV13 

Unique 

PPV23 

Non-

vaccine 

serotype 

≥65 years 

2005 - - - - 5.82 

(3.90, 

8.68) 

3.25 (1.85, 

5.73) 

2.40 

(1.25, 

4.60) 

0.68 

(0.23, 

2.00) 

2006 - - - - 3.50 

(2.11, 

5.83) 

3.34 (1.92, 

5.80) 

3.17 

(1.81, 

5.55) 

1.67 

(0.85, 

3.29) 

2007 2.96 

(2.25,  

3.89) 

3.84 (2.81,  

5.26) 

2.19 (1.47,  

3.26) 

2.37 

(1.57,  

3.56) 

3.91 

(2.43, 

6.29) 

5.70 (3.75, 

8.65) 

5.05 

(3.26, 

7.83) 

3.09 

(1.89, 

5.06) 

2008 2.94 

(2.24,  

3.86) 

5.99 (4.68,  

7.67) 

2.71 (1.90,  

3.86) 

3.05 

(2.14,  

4.35) 

3.65 

(2.24, 

5.93) 

5.39 (3.53, 

8.24) 

6.34 

(4.31, 

9.33) 

3.33 

(2.09, 

5.32) 

2009 2.58 

(1.94,  

3.44) 

7.68 (6.19,  

9.53) 

4.32 (3.28,  

5.69) 

3.42 

(2.46,  

4.76) 

2.00 

(1.05, 

3.82) 

6.78 (4.67, 

9.84) 

4.47 

(2.84, 

7.03) 

2.77 

(1.67, 

4.60) 

2010 2.13 

(1.56,  

2.90) 

9.76 (8.08,  

11.79) 

5.29 (4.14,  

6.77) 

5.02 

(3.83,  

6.57) 

1.20 

(0.53, 

2.73) 

5.84 (3.93, 

8.67) 

3.29 

(1.96, 

5.55) 

2.10 

(1.18, 

3.72) 

2011 1.06 

(0.68,  

1.63) 

8.62 (7.07,  

10.50) 

4.70 (3.64,  

6.08) 

7.03 

(5.62,  

8.80) 

0.87 

(0.34, 

2.25) 

4.50 (2.89, 

7.00) 

4.50 

(2.90, 

6.97) 

5.08 

(3.53, 

7.29) 

2012 1.17 

(0.78,  

1.75) 

7.97 (6.52,  

9.75) 

6.09 (4.88,  

7.60) 

6.20 

(4.90,  

7.83) 

1.25 

(0.58, 

2.72) 

5.43 (3.66, 

8.06) 

5.57 

(3.78, 

8.19) 

5.57 

(3.97, 

7.81) 

2013 0.93 

(0.59,  

1.45) 

5.62 (4.44,  

7.11) 

6.30 (5.09,  

7.80) 

6.06 

(4.80,  

7.64) 

0.67 

(0.24, 

1.89) 

5.47 (3.72, 

8.05) 

5.60 

(3.85, 

8.17) 

5.34 

(3.80, 

7.49) 

2014 0.80 

(0.50,  

1.29) 

4.72 (3.66,  

6.07) 

6.32 (5.13,  

7.79) 

7.12 

(5.77,  

8.79) 

0.64 

(0.23, 

1.82) 

4.61 (3.06, 

6.96) 

6.92 

(4.96, 

9.64) 

6.41 

(4.73, 

8.67) 

2015 1.10 

(0.74,  

1.63) 

4.61 (3.59,  

5.93) 

7.04 (5.79,  

8.55) 

7.04 

(5.71,  

8.66) 

0.98 

(0.43, 

2.24) 

3.94 (2.54, 

6.09) 

5.04 

(3.44, 

7.39) 

6.52 

(4.86, 

8.75) 

2016 1.02 

(0.68,  

1.53) 

4.20 (3.24,  

5.44) 

5.97 (4.84,  

7.35) 

6.45 

(5.21,  

7.99) 

1.77 

(0.97, 

3.24) 

3.19 (1.99, 

5.14) 

7.10 

(5.18, 

9.73) 

6.50 

(4.87, 

8.68) 

2017 1.15 

(0.79,  

1.68) 

3.67 (2.80,  

4.82) 

7.13 (5.91,  

8.60) 

8.46 

(7.04,  

10.16) 

2.16 

(1.27, 

3.69) 

3.98 (2.62, 

6.05) 

7.17 

(5.27, 

9.75) 

6.37 

(4.79, 

8.49) 

2018 1.32 

(0.94,  

1.86) 

3.71 (2.85,  

4.85) 

7.51 (6.27,  

8.99) 

7.67 

(6.35,  

9.28) 

2.30 

(1.38, 

3.82) 

4.38 (2.97, 

6.47) 

6.68 

(4.89, 

9.13) 

4.49 

(3.21, 

6.28) 

65-74 years 
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2005 - - - - 3.92 

(2.13, 

7.22) 

1.96 (0.78, 

4.91) 

2.94 

(1.35, 6.4) 

0.33 

(0.04, 

2.43) 

2006 - - - - 3.19 

(1.64, 

6.22) 

2.23 (0.95, 

5.23) 

3.51 

(1.74, 

7.09) 

2.23 

(1.05, 

4.77) 

2007 2.47 

(1.64,  

3.74) 

2.70 (1.59,  

4.59) 

1.35 (0.68,  

2.69) 

1.57 

(0.82,  

3.01) 

3.11 

(1.59, 

6.06) 

6.22 (3.76, 

10.28) 

4.66 

(2.55, 

8.51) 

2.49 

(1.22, 

5.05) 

2008 2.08 

(1.33,  

3.23) 

4.48 (2.98,  

6.72) 

1.75 (0.96,  

3.17) 

1.75 

(0.95,  

3.21) 

3.01 

(1.54, 

5.87) 

4.82 (2.74, 

8.45) 

3.01 

(1.44, 

6.29) 

2.11 

(0.99, 

4.50) 

2009 2.75 

(1.88,  

4.02) 

5.82 (4.10,  

8.26) 

2.96 (1.89,  

4.65) 

2.54 

(1.55,  

4.17) 

2.03 

(0.91, 

4.51) 

5.80 (3.51, 

9.59) 

3.77 

(1.97, 

7.19) 

1.16 

(0.43, 

3.16) 

2010 1.43 

(0.86,  

2.40) 

8.71 (6.57,  

11.55) 

5.02 (3.57,  

7.06) 

3.07 

(1.97,  

4.79) 

1.12 

(0.39, 

3.22) 

4.19 (2.35, 

7.50) 

2.52 

(1.16, 

5.47) 

1.12 

(0.41, 

3.05) 

2011 0.39 

(0.15,  

1.04) 

6.80 (4.97,  

9.30) 

3.55 (2.38,  

5.28) 

4.63 

(3.25,  

6.60) 

1.34 

(0.52, 

3.45) 

2.68 (1.32, 

5.47) 

4.02 (2.2, 

7.35) 

1.88 

(0.88, 

4.01) 

2012 0.84 

(0.44,  

1.60) 

5.97 (4.32,  

8.27) 

5.04 (3.64,  

6.97) 

4.20 

(2.93,  

6.03) 

0.51 

(0.11, 

2.26) 

4.81 (2.87, 

8.06) 

3.80 

(2.08, 

6.93) 

4.3 (2.65, 

7.00) 

2013 0.53 

(0.24,  

1.17) 

4.52 (3.14,  

6.50) 

4.87 (3.53,  

6.72) 

4.96 

(3.59,  

6.86) 

0.24 

(0.03, 

1.97) 

4.77 (2.89, 

7.90) 

4.06 

(2.31, 

7.14) 

3.58 

(2.13, 

6.01) 

2014 0.51 

(0.23,  

1.12) 

3.39 (2.25,  

5.12) 

4.92 (3.60,  

6.73) 

4.16 

(2.94,  

5.88) 

0.68 

(0.20, 

2.30) 

3.84 (2.23, 

6.63) 

3.84 

(2.18, 

6.76) 

5.20 

(3.42, 

7.90) 

2015 0.73 

(0.39,  

1.40) 

3.59 (2.42,  

5.31) 

4.81 (3.53,  

6.56) 

4.65 

(3.37,  

6.41) 

0.43 

(0.10, 

1.91) 

2.79 (1.49, 

5.20) 

4.72 

(2.87, 

7.75) 

3.64 

(2.24, 

5.93) 

2016 0.86 

(0.48,  

1.55) 

2.98 (1.96,  

4.55) 

4.63 (3.39,  

6.32) 

4.94 

(3.64,  

6.71) 

2.25 

(1.19, 

4.25) 

3.88 (2.32, 

6.50) 

6.95 

(4.66, 

10.36) 

4.70 

(3.09, 

7.14) 

2017 0.98 

(0.57,  

1.68) 

3.17 (2.12,  

4.74) 

5.82 (4.43,  

7.63) 

6.04 

(4.61,  

7.93) 

2.15 

(1.14, 

4.07) 

2.54 (1.36, 

4.74) 

6.65 

(4.46, 

9.91) 

4.89 

(3.27, 

7.30) 

2018 1.53 

(1.00,  

2.33) 

3.06 (2.05,  

4.57) 

5.32 (4.02,  

7.03) 

5.17 

(3.88,  

6.90) 

2.44 

(1.36, 

4.39) 

4.70 (2.99, 

7.37) 

6.01 

(3.98, 

9.08) 

3.38 

(2.11, 

5.43) 

75-84 years 

2005 - - - - 6.77 

(4.15, 

11.04) 

2.90 (1.18, 

7.13) 

0.97 

(0.23, 

4.11) 

0.48 

(0.06, 

4.11) 

2006 - - - - 3.33 

(1.67, 

6.66) 

5.24 (2.69, 

10.18) 

2.86 

(1.24, 

6.59) 

0.48 

(0.06, 

4.05) 

2007 2.17 

(1.29,  

3.65) 

3.51 (2.09,  

5.90) 

2.34 (1.27,  

4.30) 

2.84 

(1.63,  

4.94) 

3.77 

(1.97, 

7.20) 

4.71 (2.35, 

9.46) 

3.30 

(1.52, 

7.14) 

2.83 

(1.18, 

6.77) 

2008 3.14 

(2.04,  

4.82) 

5.45 (3.60,  

8.24) 

3.47 (2.11,  

5.70) 

4.29 

(2.74,  

6.72) 

3.26 

(1.63, 

6.52) 

3.26 (1.42, 

7.51) 

8.39 

(5.18, 

13.58) 

4.66 

(2.37, 

9.17) 
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2009 1.31 

(0.68,  

2.53) 

8.18 (5.84,  

11.45) 

4.58 (2.98,  

7.04) 

3.92 

(2.46,  

6.26) 

1.39 

(0.48, 

3.99) 

6.01 (3.26, 

11.07) 

5.54 

(3.07, 

10.01) 

2.77 

(1.16, 

6.64) 

2010 1.13 

(0.56,  

2.29) 

9.21 (6.72,  

12.62) 

4.36 (2.81,  

6.76) 

5.98 

(4.10,  

8.70) 

1.82 

(0.73, 

4.55) 

6.84 (3.87, 

12.08) 

2.74 

(1.19, 

6.31) 

1.82 

(0.63, 

5.32) 

2011 1.27 

(0.66,  

2.47) 

10.04 (7.44,  

13.55) 

4.62 (3.03,  

7.05) 

7.81 

(5.63,  

10.82) 

0.45 

(0.07, 

2.80) 

5.83 (3.16, 

10.74) 

4.48 

(2.35, 

8.56) 

6.28 

(3.54, 

11.12) 

2012 1.10 

(0.54,  

2.23) 

8.64 (6.26,  

11.90) 

5.97 (4.12,  

8.64) 

6.91 

(4.90,  

9.75) 

1.76 

(0.71, 

4.41) 

4.41 (2.20, 

8.86) 

5.29 

(2.93, 

9.56) 

4.41 

(2.24, 

8.68) 

2013 1.54 

(0.86,  

2.79) 

5.25 (3.49,  

7.90) 

6.95 (4.95,  

9.76) 

6.18 

(4.30,  

8.86) 

0.87 

(0.24, 

3.16) 

5.20 (2.75, 

9.83) 

6.50 

(3.83, 

11.02) 

5.20 

(2.80, 

9.65) 

2014 1.36 

(0.73,  

2.54) 

4.54 (2.94,  

7.02) 

6.21 (4.35,  

8.87) 

8.33 

(6.12,  

11.34) 

0.00 4.25 (2.12, 

8.54) 

11.48 

(7.74, 

17.01) 

4.68 

(2.45, 

8.92) 

2015 1.04 

(0.51,  

2.11) 

5.81 (3.97,  

8.50) 

8.04 (5.90,  

10.97) 

8.19 

(6.02,  

11.15) 

1.25 

(0.43, 

3.59) 

4.57 (2.35, 

8.89) 

5.82 

(3.37, 

10.06) 

10.40 

(6.78, 

15.95) 

2016 1.02 

(0.50,  

2.07) 

5.11 (3.42,  

7.64) 

6.86 (4.92,  

9.56) 

6.27 

(4.43,  

8.89) 

1.21 

(0.42, 

3.49) 

3.24 (1.48, 

7.06) 

6.48 

(3.88, 

10.80) 

7.69 

(4.71, 

12.57) 

2017 0.99 

(0.49,  

2.01) 

3.40 (2.09,  

5.53) 

7.23 (5.26,  

9.96) 

9.50 

(7.19,  

12.57) 

2.74 

(1.37, 

5.48) 

4.70 (2.49, 

8.89) 

8.23 

(5.27, 

12.86) 

5.88 

(3.38, 

10.21) 

2018 1.37 

(0.76,  

2.48) 

3.70 (2.34,  

5.86) 

8.09 (6.01,  

10.89) 

7.41 

(5.43,  

10.11) 

2.26 

(1.07, 

4.77) 

4.14 (2.13, 

8.05) 

7.90 

(5.06, 

12.35) 

3.76 

(1.91, 

7.41) 

≥85 years 

2005 - - - - 11.20 

(6.46, 

19.40) 

9.80 (4.45, 

21.57) 

4.20 

(1.25, 

14.16) 

2.80 

(0.66, 

11.88) 

2006 - - - - 5.27 

(2.42, 

11.46) 

2.63 (0.60, 

11.53) 

2.63 

(0.59, 

11.67) 

2.63 

(0.62, 

11.18) 

2007 7.37 

(4.68,  

11.63) 

9.83 (5.93,  

16.31) 

5.41 (2.78,  

10.53) 

4.42 

(2.00,  

9.77) 

7.49 

(3.97, 

14.13) 

6.24 (2.45, 

15.88) 

11.24 

(5.57, 

22.66) 

6.24 

(2.50, 

15.58) 

2008 6.05 

(3.71,  

9.87) 

13.96 (9.23,  

21.11) 

4.65 (2.31,  

9.36) 

5.12 

(2.50,  

10.48) 

7.17 

(3.80, 

13.52) 

13.14 

(7.00, 

24.67) 

14.33 

(7.81, 

26.32) 

4.78 

(1.72, 

13.28) 

2009 5.29 

(3.18,  

8.81) 

14.11 (9.46,  

21.06) 

9.26 (5.72,  

15.00) 

5.73 

(2.97,  

11.09) 

3.43 

(1.40, 

8.43) 

12.59 

(6.71, 

23.64) 

4.58 

(1.60, 

13.12) 

9.16 

(4.44, 

18.87) 

2010 7.55 

(4.98,  

11.44) 

15.51 

(10.69,  

22.51) 

8.81 (5.44,  

14.26) 

10.48 

(6.52,  

16.86) 

0.00 9.92 (4.94, 

19.89) 

7.71 

(3.48, 

17.09) 

6.61 

(2.87, 

15.23) 

2011 3.21 

(1.72,  

5.99) 

12.43 (8.28,  

18.67) 

9.63 (6.13,  

15.11) 

14.84 

(10.04,  

21.94) 

0.00 0 8.53 (4.08, 

17.85) 

6.40 

(2.71, 

15.11) 

14.92 

(8.64, 

25.78) 

2012 2.68 

(1.38,  

5.23) 

14.57 

(10.09,  

21.04) 

10.74 

(7.07,  

16.30) 

12.65 

(8.36,  

19.14) 

3.10 

(1.26, 

7.61) 

10.34 

(5.34, 

20.01) 

13.44 

(7.49, 

24.09) 

13.44 

(7.62, 

23.69) 
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2013 1.11 

(0.40,  

3.06) 

11.05 (7.31,  

16.71) 

10.68 

(7.09,  

16.10) 

10.32 

(6.58,  

16.17) 

2.00 

(0.67, 

6.02) 

9.02 (4.50, 

18.10) 

10.02 

(5.15, 

19.51) 

13.03 

(7.39, 

22.98) 

2014 0.71 

(0.20,  

2.48) 

10.67 (7.06,  

16.14) 

12.45 

(8.57,  

18.09) 

16.72 

(11.82,  

23.65) 

1.94 

(0.65, 

5.83) 

8.74 (4.36, 

17.54) 

9.71 

(4.99, 

18.9) 

15.54 

(9.32, 

25.91) 

2015 2.75 

(1.47,  

5.14) 

6.19 (3.63,  

10.56) 

14.10 

(9.99,  

19.91) 

14.45 

(10.01,  

20.85) 

2.83 

(1.15, 

6.95) 

7.55 (3.61, 

15.81) 

4.72 

(1.84, 

12.1) 

10.39 

(5.61, 

19.24) 

2016 1.65 

(0.75,  

3.64) 

7.27 (4.49,  

11.79) 

9.59 (6.36,  

14.45) 

13.22 

(9.08,  

19.26) 

0.92 

(0.19, 

4.34) 

0.00 9.17 

(4.71, 

17.84) 

11.92 

(6.76, 

21.02) 

2017 2.24 

(1.15,  

4.36) 

6.39 (3.85,  

10.60) 

12.46 

(8.75,  

17.75) 

16.30 

(11.68,  

22.74) 

0.89 

(0.19, 

4.23) 

8.93 (4.61, 

17.29) 

7.14 

(3.39, 

15.04) 

14.29 

(8.57, 

23.82) 

2018 0.31 

(0.05,  

1.81) 

6.52 (3.98,  

10.69) 

15.53 

(11.36,  

21.22) 

18.95 

(13.97,  

25.69) 

1.74 

(0.58, 

5.22) 

3.48 (1.22, 

9.88) 

6.95 (3.3, 

14.64) 

11.30 

(6.41, 

19.93) 
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Supplemental Table S4: Indirect impact of PCV13 on invasive pneumococcal disease and 

hospitalized pneumonia in older adults by age group in Ontario, 2005–2018* 

Age group, 

years 

Fracture control  Skin and soft tissue infection control 

Incidence per 

100,000 

Ratio 

of risk 

ratios  

(95% 

CI)  

P-value Incidence per 

100,000 

Ratio 

of risk 

ratios 

(95% 

CI) 

P-

value 

Case,  

pre-

PCV13, 

PCV13 

Control,  

pre-

PCV13, 

PCV13 

Case,  

pre-

PCV13, 

PCV13 

Control,  

pre-

PCV13, 

PCV13 

         

All IPD         

65-74 15.1, 

15.4 

45.0, 

46.2 

0.99 

(0.79, 

1.26) 

0.9651 15.0, 

15.0 

44.4, 

45.1 

0.99 

(0.79, 

1.23) 

0.8959 

75-84 22.1, 

24.7 

66.4, 

74.0 

1.00 

(0.79, 

1.26) 

1.0000 22.0, 

24.3 

65.2, 

72.9 

0.99 

(0.80, 

1.22) 

0.8914 

≥85 45.3, 

44.5 

135.5, 

133.5 

1.00 

(0.77, 

1.30) 

0.9857 44.6, 

42.8 

130.9, 

128.5 

0.98 

(0.77, 

1.24) 

0.8640 

PCV7 IPD         

65-74 2.3, 

0.4 

6.8, 

1.3 

1.00 

(0.59, 

1.71) 

1.0000 2.2 

0.4 

6.4, 

1.2 

0.95 

(0.56, 

1.62) 

0.8615 

75-84 2.0, 

1.2 

6.1, 

3.5 

1.00 

(0.51, 

1.97) 

1.0000 2.0, 

1.2 

6.0, 

3.5 

0.98 

(0.52, 

1.82) 

0.9367 

≥85 6.0, 

1.9 

17.9, 

5.7 

1.00 

(0.49, 

2.02) 

1.0000 6.0, 

1.6 

17.5, 

4.9 

0.97 

(0.49, 

1.92) 

0.9270 

Additional 

PCV13 IPD 

        

65-74 3.3, 

4.4 

9.8, 

13.1 

0.99 

(0.65, 

1.52) 

0.9686 3.3, 

4.1 

10.0, 

12.4 

1.00 

(0.66, 

1.49) 

0.9836 

75-84 4.8, 

6.3 

14.4, 

18.8 

1.00 

(0.66, 

1.52) 

1.0000 4.7, 

6.0 

13.9, 

17.9 

0.99 

(0.67, 

1.45) 

0.9406 

≥85 10.7, 

10.6 

31.9, 

31.9 

0.99 

(0.62, 

1.59) 

0.9769 10.6, 

10.4 

30.6, 

31.1 

0.97 

(0.62, 

1.51) 

0.8774 

Unique 

PPV23 IPD 

        

65-74 1.6, 

3.8 

4.7, 

11.4 

 0.98 

(0.63, 

1.52) 

0.9173 1.6, 

3.8 

4.9, 

11.4 

0.99 

(0.65, 

1.51) 

0.9570 

75-84 2.9, 

5.2 

8.7, 

15.5 

 1.00 

(0.63, 

1.60) 

1.0000 2.9, 

5.0 

8.7, 

15.0 

0.99 

(0.63, 

1.54) 

0.9576 
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≥85 6.3, 

9.9 

18.4, 

29.7 

0.98 

(0.58, 

1.67) 

0.9504 6.4, 

9.4 

18.8, 

28.3 

0.98 

(0.60, 

1.60) 

0.9462 

Non-vaccine 

serotype IPD 

        

65-74 1.6, 

3.8 

4.7, 

11.5 

1.00 

(0.59, 

1.67) 

0.9854 1.6, 

3.8 

4.7, 

11.5 

1.00 

(0.60, 

1.66) 

1.0000 

75-84 3.2, 

6.9 

9.6, 

20.8 

1.00 

(0.66, 

1.53) 

1.0000 3.2, 

7.1 

9.6, 

21.4 

1.00 

(0.66, 

1.51) 

1.0000 

≥85 4.7, 

11.9 

13.7, 

35.7 

0.98 

(0.56, 

1.70) 

0.9301 4.4, 

11.6 

12.7, 

34.9 

0.96 

(0.56, 

1.63) 

0.8656 

All-cause 

pneumonia 

        

65-74 223.7, 

269.3 

461.1, 

406.1 

1.37 

(1.27, 

1.47) 

<0.0001 220.4, 

232.3 

220.2, 

232.3 

1.00 

(0.93, 

1.08) 

0.9806 

75-84 484.1, 

603.7 

1221.8, 

1068.8 

1.43 

(1.32, 

1.54) 

<0.0001 470.5, 

428.3 

411.2, 

428.3 

0.87 

(0.80, 

0.95) 

0.0019 

≥85 865.7, 

1262.7 

2517.2, 

2667.8 

1.38 

(1.23, 

1.54) 

<0.0001 793.7, 

773.2 

694.5, 

773.2 

0.87 

(0.78, 

0.98) 

0.0166 

*
Invasive pneumococcal disease (IPD) identified from public health laboratory data, and pneumonia identified from 

CIHI hospital admission discharge abstract database (DAD) 
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Supplemental Table S5: Indirect impact of PCV13 on invasive pneumococcal disease and 
hospitalized pneumonia in older adults by age group in British Columbia, 2005–2018 

Age group, 

years 

Fracture control Skin and soft tissue infection control 

Incidence per 

100,000 

Ratio of 

risk 

ratios  

(95% 

CI)  

P-

value 

Incidence per 

100,000 

Ratio of 

risk 

ratios 

(95% 

CI) 

P-

value 

Case,  

pre-

PCV13, 

PCV13 

Control,  

pre-

PCV13, 

PCV13 

Case,  

pre-

PCV13, 

PCV13 

Control,  

pre-

PCV13, 

PCV13 

All IPD         

65-74 12.5, 

13.6 

37.3, 

41.0 

1.00 

(0.77, 

1.28) 

0.9795 12.5, 

13.7 

37.5, 

40.9 

1.00 

(0.78, 

1.29) 

0.9991 

75-84 14.8, 

18.1 

44.2, 

54.2 

0.99 

(0.79, 

1.26) 

0.9533 14.7, 

18.1 

44.0, 

54.4 

1.00 

(0.79, 

1.26) 

0.9766 

≥85 29.1, 

29.4 

87.8, 

88.1 

1.01 

(0.76, 

1.33) 

0.9693 29.4, 

29.4 

87.1, 

88.1 

0.99 

(0.75, 

1.31) 

0.9384 

PCV7 IPD         

65-74 2.9, 

1.3 

8.5, 

3.9 

0.97 

(0.58, 

1.64) 

0.9197 2.9, 

1.3 

8.6, 

3.9 

1.00 

(0.59, 

1.69) 

1.00 

75-84 3.5, 

1.4 

10.6, 

4.1 

1.00 

(0.55, 

1.82) 

1.00 3.5, 

1.4 

10.6, 

4.1 

1.00 

(0.55, 

1.83) 

1.00 

≥85 6.2, 

1.5 

18.7, 

4.6 

1.00 

(0.50, 

2.01) 

1.00 6.2, 

1.5 

18.5, 

4.6 

0.99 

(0.49, 

1.98) 

0.971 

Additional 

PCV13 IPD 

        

65-74 4.1, 

3.8 

12.4, 

11.3 

1.00 (0. 

69, 

1.45) 

1.00 4.1, 

3.8 

12.4, 

11.3 

1.00 

(0.69, 

1.45) 

1.00 

75-84 4.7, 

4.6 

14.0, 

13.8 

1.00 

(0.66, 

1.51) 

1.00 4.7, 

4.6 

13.8, 

13.9 

0.98 

(0.65, 

1.48) 

0.924 

≥85 8.9, 

7.3 

26.6, 

21.8 

1.00 

(0.59, 

1.69) 

1.00 8.9, 

7.3 

26.6, 

21.8 

1.00 

(0.59, 

1.69) 

1.00 

Unique 

PPV23 IPD 

        

65-74 3.5, 

4.9 

10.6, 

14.7 

1.00 

(0.69, 

1.45) 

1.00 3.5, 

4.9 

10.6, 

14.7 

1.00 

(0.69, 

1.45) 

1.00 

75-84 4.3, 

6.5 

12.9, 

19.5 

1.00 

(0.66, 

1.52) 

1.00 4.3, 

6.5 

12.9, 

19.5 

1.00 

(0.66, 

1.52) 

1.00 
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≥85 7.4, 

8.2 

22.3, 

24.5 

1.00 

(0.59, 

1.68) 

1.00 7.4, 

8.2 

22.0, 

24.5 

0.99 

(0.59, 

1.66) 

0.9674 

Non-vaccine 

serotype IPD 

        

65-74 1.7, 

3.7 

5.0 

11.0 

1.00 

(0.61, 

1.63) 

1.00 1.7, 

3.7 

5.0, 

11.0 

1.00 

(0.62, 

1.62) 

1.00 

75-84 2.1, 

5.7 

6.4, 

17.1 

1.00 

(0.54, 

1.85) 

1.00 2.1, 

5.7 

6.4, 

17.1 

1.00 

(0.54, 

1.84) 

1.00 

≥85 5.2, 

12.4 

15.5, 

37.2 

1.00 

(0.59, 

1.70) 

1.00 5.2, 

12.4 

15.5, 

37.2 

1.00 

(0.59, 

1.70) 

1.00 

All-cause 

pneumonia 

        

65-74 189.3, 

183.0 

568.2, 

549.0 
1.00 

(0.92, 

1.09) 

0.998 189.0, 

183.3 

566.6, 

549.6 

1.00 

(0.92, 

1.09) 

0.9919 

75-84 397.6, 

381.0 

1191.7, 

1142.9 
1.00 

(0.91, 

1.09) 

0.9853 396.4, 

381.2 

1190,0, 

1144.9 

1.00 

(0.92, 

1.09) 

0.992 

≥85 721.1, 

731.9 

2167.2, 

2194.6 
1.00 

(0.90, 

1.12) 

0.9664 721.3, 

732.1 

2150.7, 

2195.0 

0.99 

(0.89, 

1.11) 

0.9217 
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Supplemental Figure 1: Annual incidence of invasive pneumococcal disease, IPD (left-hand axes), all-
cause pneumonia (right-hand axes), fracture (right-hand axes), and skin and soft tissue infection, SSTI 
(right-hand axes), ≥65 years and for each age group in Ontario (A) and British Columbia (B), 2005–2018. 
Red vertical line indicates the introduction of PCV13 in publicly funded childhood vaccination program 
in 2010.  
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Supplemental Figure 2: Annual incidence of pneumococcal conjugate vaccine (PCV) serotype-specific 
invasive pneumococcal disease, ≥65 years and for each age group in Ontario (A) and British Columbia 
(B), 2005–2018. Red vertical line indicates the introduction of PCV13 in publicly funded childhood 
vaccination program in 2010. 
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