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Abstract

Background

A significant reduction in invasive pneumococcal disease (IPD) has been reported, across

all ages, following the implementation of 7-valent conjugate pneumococcal vaccine (PCV7)

globally, as part of infant immunization programs. We explored the additional impact of

PCV13 on IPD over a 14-year period.

Methods

Using provincial laboratory surveillance and hospitalization data (N = 5791), we calculated

the annual incidence of IPD following the implementation of PCV13 vaccine. Poisson

regression was used to evaluate changes in the overall incidence of IPD, and serotype-spe-

cific IPD between PCV7 (2004–10) and PCV13 (2011–2015) eras.

Results

Overall, IPD rates have seen a modest decline in the PCV13 compared to the PCV7 era (IRR

0.84; 95% CI: 0.79–0.89); this was seen in children�2 years of age, and the majority of the adult

cohort. Rates of vaccine-type IPD (PCV7 and PCV13) also decreased in the PCV13 era. In con-

trast, IPD incidence related to non-PCV13 (IRR: 1.56; 95%CI:1.43–1.72) and non-vaccine sero-

types (IRR: 2.12; 95%CI:1.84–2.45) increased in the PCV13 era compared to the PCV7 era.

Conclusions

A modest reduction in IPD from the PCV13 vaccine was observed, with gains limited to the

immunized cohort and adults. However, a significant increase in non-vaccine serotypes

emphasizes the need for continued surveillance.
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Introduction

A common pathogen, Streptococcus pneumoniae colonizes the nasopharynx of individuals across all

ages [1]. While this gram-positive bacterium is carried asymptomatically in most healthy individu-

als, it causes substantial morbidity and mortality in high risk populations, through a wide range of

invasive (pneumococcal meningitis, pneumococcal bacteremia, and pneumococcal septicemia) and

non-invasive (pneumococcal pneumonia, acute otitis media, sinusitis) pneumococcal syndromes

[1]. At-risk individuals include children under 2 years of age, adults 65 years and over, individuals

with underlying co-morbidities, immunosuppressive diseases, high risk behaviors (e.g. smoking,

alcoholism) or environmental conditions (e.g. homelessness, crowded living conditions) [2–5].

In 2003, the Province of British Columbia (BC), Canada introduced the 7-valent pneumo-

coccal conjugate vaccine (PCV7) to their routine, infant immunization program as a 3+1 dos-

ing schedule at 2, 4, 6 months, followed by booster at 15–18 months [6]. The vaccine dose

schedule for PCV7 was changed to a 2+1 schedule in 2007, whereby two doses were adminis-

tered at 2 and 4 months of age with a booster at 12 months [6–8]; the vaccination rate of PCV7

was between 79–83% among the eligible population, between 2007 and 2009 [9]. In 2010 BC

adopted PCV13, containing an additional six serotypes: 1, 3, 5, 6A, 7F, and 19A for their infant

immunization program [10]; the vaccination rate of PCV13 has remained over 82% for the eli-

gible population since 2010 [9]. BC has recommended the 23-valent pneumococcal vaccine

(PPV23), with additional 11 serotypes: 2, 8, 9N, 10A, 11A, 12F, 15B, 17F, 20, 22F and 33F, uni-

versally for adults aged 65 years and older and individuals over 2 years of age with underlying

co-morbidities and immunocompromised health conditions since the early 80’s [11].

The early impact of PCV7 and PCV13 vaccine has been reported in many countries across

the world, with an overall reduction in IPD [12–15]. Multiple regions in Canada have reported

this trend [2, 12, 16], with the most prominent reduction in children younger than 5 years [2,

12]. In BC, the impact of PCV7 implementation in provincial infant immunization program

in BC was previously reported [6], but the effect of PCV13 has not yet been evaluated. Further

reason to conduct this study was the recent studies that have shown a possible increase in IPD

rates due to an increase in non-PCV13 serotypes, particularly in countries wherein a switch to

a 2+1 schedule occurred [13, 14]. This study evaluates the impact of the 13-valent pneumococ-

cal conjugate vaccine, over a 14-year period, on children and adults in British Columbia, a

Canadian province with approximately 4.8 million residents [17].

Methods

Ethics statement

Study protocols were approved by the University of British Columbia Institutional Review

Board (IRB) as well as the BC Ministry of Health. Datasets used for this study were obtained

from Population Data BC, which uses personal health numbers of patients to link the various

datasets, and provides an anonymized dataset to researchers.

Study population and duration

In 2002, British Columbia implemented a passive surveillance program, wherein all invasive S.

pneumoniae isolates are submitted to the provincial public health laboratory for serotyping. In

addition, all patients admitted to a hospital with an IPD diagnosis are recorded in the Discharge

Abstract Database (DAD) through ICD9/10 codes. This retrospective cohort study utilized these

administrative databases to identify all IPD cases, between January 1, 2002 to December 31, 2015,

that were submitted to the provincial laboratory and/or reported in the hospitalization (DAD)

database with a primary or secondary diagnosis of IPD. This cohort was then linked to a
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provincial patient registry containing information regarding patient age, sex and geographic loca-

tion [18]. Missing sex and location data was approximated using known proportions.

Case definition and laboratory testing

An IPD case was defined as: a patient for whom the laboratory culture confirmed the presence

of S. pneumoniae in cerebrospinal fluid, blood or a normally sterile site [10] and/or was hospi-

talized with one of the following diagnoses: pneumococcal meningitis (ICD9:320.1, ICD10:

G00.1), pneumococcal bacteremia (ICD9:790.7, ICD10:R78.81) or pneumococcal septicemia

(ICD9:038.9, ICD10:A40.3). Any additional laboratory data or hospitalization episode, within

30 days, was considered to be a part of the same index case. Positive blood or cerebrospinal

fluid samples, wherein diagnostic codes were missing, were considered cases of pneumococcal

bacteremia and pneumococcal meningitis, respectively. Isolates were tested for S. pneumoniae
at the BCCDC using the Quellung reaction (Staten Serum Institute, Copenhagen, Denmark)

and sent on to the National Microbiology Laboratory, Winnipeg, Canada for enhanced sero-

typing. When serotype data were missing, the serotype was approximated using vaccine and

non-vaccine serotype case proportion for the specific age groups in the specific year.

The vaccine-type serotypes described in this study are those included in the PCV7 vaccine

(4B, 6B, 9V, 14, 18C, 19F, 23F), the additional six serotypes included in the PCV13 vaccine

(Δ6 = 1, 3, 5,6A, 7F, 19A), and the additional 11 serotypes included in the PPV23 vaccine

(Δ11 = 2, 8, 9N, 10A, 11A, 12F, 15B, 17F, 20, 22F and 33F). All remaining serotypes, not included

in any formulation, were labeled: non- vaccine-type serotypes (NVT). Non-PCV13 serotypes

comprised of aforementioned additional 11 serotypes included in the PPV23 and NVT serotypes.

Underlying comorbidities and immunosuppressive conditions of the IPD cases were identified

through hospitalization data, and were used to calculate Charlson comorbidity score [19].

Statistical analysis

Incidence and mortality rate calculations used population estimates from Statistics Canada and BC

Statistics, as recorded in the registry [17]. For age-specific reporting, cases were grouped as follows:

0–2 years, 3–5 years, 6–17 years, 18–49 years, 50–64 years, 65–74 years, 75–84 years and 85 years

and above. Annual crude, age, and vaccine serotype-specific incidence of IPD was calculated by

dividing cases by population size for specific year in BC. Average annual age- and sex-specific rates

were calculated across vaccine program periods: (i) pre-vaccine period or baseline (2002–2003), (ii)

PCV-7 vaccination period or era (2004–2010), and (iii) PCV13 vaccination period or era (2011–

2015). The Generalized linear regression (Poisson-family) models were used to assess the impact of

vaccine programs by estimating rate ratios. The primary analysis was the comparison of PCV13

vaccination period (2011–2015) to PCV-7 vaccination period (2004–2010) for overall IPD rates. A

number of secondary analyses were conducted including comparing overall IPD rates, vaccine-spe-

cific, non-vaccine serotypes and mortality in the PCV7 and PCV13 vaccine periods to the pre-vac-

cine period (2002–2003). Changes and trends in annual incidence rates were evaluated using the

Cochran Armitage test, from 2002 to 2015.All statistical comparisons were assessed at a 5% signifi-

cance level. Bonferroni correction was applied for multiple comparisons. Analyses were performed

using SAS1 9.4 (SAS Institute Inc., Cary, NC, USA) and R v3.1.2 open source software.

Results

Study population and demographics

Table 1 shows the baseline characteristics of the study population. A total of 5791 invasive

pneumococcal disease cases were reported in the 14-year period, of these cases, the majority
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Table 1. Characteristics of invasive pneumococcal disease cohort, British Columbia (Canada), 2002–2015.

2002–2015

Casesa %

Total 5791

Discharge Abstract Database (DAD) 4645

Provincial Public Health Laboratories (PHL) 4490

Patients in both DAD and PHL databases 3344

Sex

Male 3176 54.8

Female 2615 45.2

Age groups

0-2y 354 6.1

3-5y 203 3.5

6-17y 225 3.9

18–49 1408 24.3

50–64 1329 22.9

65–74 808 14.0

75–84 848 14.6

85+ 616 10.6

Income Quintile

Low (1) 1734 29.9

2 1140 19.7

3 1026 17.7

4 985 17.0

High(5) 906 15.6

Location

Rural 705 12.2

Urban 5086 87.8

Clinical Diagnosis

Pneumococcal Bacteremia 3484 60.2

Pneumococcal Septicemia 2012 34.7

Pneumococcal Meningitis 295 5.1

Comorbidities and immunocompromised conditions

None 2378 41.1

0–1 358 6.2

� 2 3055 52.8

Top 5 conditions:

Any malignancyb 1065

Mild Liver Disease 988

Chronic Obstructive Pulmonary Disease 911

Diabetes 768

Congestive Heart Failure 675

Charlson Index Scorec

0 1550 26.8

1 530 9.2

2 601 10.4

3+ 3110 53.7

a repeat isolate or hospitalization with IPD within 30 days was considered part of same case.
b Any malignancy, including lymphoma and leukemia, except malignant neoplasm of skin.
c Calculated based on age, comorbidities and immunocompromised conditions.

https://doi.org/10.1371/journal.pone.0239848.t001
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were males (54.8%). Among children, the majority were aged� 2 years (6.1%) with a median

age of 3 years (interquartile range [IQR], 1–6 years). For adults, defined as those 18 years of

age and older, the majority were 18–49 years (24.3%) with a median age of 62 years (IQR], 47-

77years). The most common clinical diagnosis was pneumococcal bacteremia (60.2%), fol-

lowed by pneumococcal septicemia (34.7%), and pneumococcal meningitis (5.1%) with most

cases occurring in individuals between the ages of 18 and 64 years and those with comorbid

and/or immunocompromising conditions (eTable 1 in S1 Appendix).

A seasonal pattern in the IPD incidence was observed, with 1775 cases (30.7%) occurring

during January–March, compared with 862 cases (14.9%) during July–September (eFigure 1

in S1 Appendix). Of the 5791 cases in the 14-year study period, a total 4490 (77.5%) non-dupli-

cate or non-repeat invasive isolates of S.pneumoniae were reported; seven serotypes accounted

for 45% of all cases: serotype 3 (396 isolates, 9%), 19A (392, 9%), 22F (372, 8%), 5 (351,8%), 7F

(302,7%) and 14 (204, 5%).

Incidence of IPD

An increasing trend was observed in the overall IPD incidence from 8.3 per 100,000 in 2002 to

8.7 per 100,000 in 2015 (Fig 1), although the temporal trend evaluation indicated no significant

change (p-value = 0.21). The highest incidence was in 2007, due to a serotype 5 epidemic

among indigent people, while the lowest was 2004, directly following the introduction of

PCV7 in BC. IPD due to PCV7 serotypes decreased from 3.9 per 100,000 (2002) to 0.9 per

100,000 (2015) while IPD related to PCV13 serotypes increased from 0.8 per 100,000 (2002) to

Fig 1. Invasive pneumococcal disease incidence from 2002 to 2015. Overall = laboratory and hospitalization data. PCV7 = serotypes in the 7- valent pneumococcal

conjugate vaccine. PCV13 = additional six serotypes in the PCV13 vaccines not in PCV7 vaccine serotype. PPV23 = additional 11 serotypes not in the PCV13 vaccine.

NVT = non-vaccine serotype. Non-PCV13 = serotypes not included in the conjugate vaccines (they consist of serotypes comprised of the additional 11 serotypes

included in the 23-valent polysaccharide pneumococcal vaccine and NVT serotypes). While no changes were noted for overall IPD (p = 0.2138), significant changes

occurred for PCV7, PCV13, PPV23, NVT, Non-PCV13 serotype IPD (p<0.0001).

https://doi.org/10.1371/journal.pone.0239848.g001
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2.3 per 100,000 (2015). However, a significant increase in non-PCV13 serotypes was observed

between 2002 and 2015, changing from 1.0 per 100,000 to 4.73 per 100,000 (Fig 1).

When evaluating the trends by age we saw that IPD incidence declined by 81% in children

aged�2 years and 89% in 3–5 years old, but the incidence has increased in all other age

groups: 20% in 6–17 years, 56% in 18–49 years, 35% in 50–64 years, 19% in 65–74 years, 15%

in 75–84 years and 7% in� 85 years (Fig 2).

Overall IPD incidence

Table 2 shows the total number of cases within each immunization period of our study. When

comparing IPD incidence between the two vaccine eras, a modest reduction of 16% was

observed in the PCV13 era compared with the PCV7 era (IRR 0.84; 95% CI: 0.79–0.89).

Although overall reduction in IPD rates was only significant among� 2 years (IRR:0.60; 95%

CI: 0.45–0.80) in the children category, the majority of the adults had a significant reduction in

overall IPD rates: 18–49 years (IRR 0.62; 95% CI: 0.55–0.70), 75–84 years (IRR 0.84; 95% CI:

0.73–0.97), and those 85 years and over (IRR 0.76; 95% CI: 0.64–0.89). When comparing the

Fig 2. Invasive pneumococcal disease incidence from 2002 to 2015 by age. Overall = laboratory and hospitalization data. PCV7 = serotypes in the 7- valent

pneumococcal conjugate vaccine. PCV13 = additional six serotypes in the PCV13 vaccines not in PCV7 vaccine serotype. PPV23 = additional 11 serotypes not

in the PCV13 vaccine. NVT = non-vaccine serotype. Non-PCV13 = serotypes not included in the conjugate vaccines (they consist of serotypes comprised of the

additional 11 serotypes included in the 23-valent polysaccharide pneumococcal vaccine and NVT serotypes).

https://doi.org/10.1371/journal.pone.0239848.g002
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Table 2. Number of cases and incidence of invasive pneumococcal disease after introduction of pneumococcal conjugate vaccines in BC compared with the baseline

average of 2002–2003, by all age group and serotype.

Pre-vaccine PCV7 PCV13 Incidence Rate Ratios (95% CI)

2002–2003 2004–2010 2011–2015 PCV7/ PCV13/ PCV13/

cases IR cases IR cases IR Pre-vaccine Pre-vaccine PCV7

All age groups

Overall IPD 667 8.11 3122 10.37 2002 8.71 1.28(1.18–1.39) 1.07(0.98–1.17) 0.84(0.79–0.89)

PCV7 306 3.72 526 1.75 112 0.49 0.47(0.41–0.54) 0.13(0.11–0.16) 0.28(0.23–0.34)

PCV13 79 0.96 947 3.15 588 2.56 3.27(2.62–4.15) 2.66(2.12–3.39) 0.81(0.73–0.9)

PPV23 67 0.81 537 1.78 515 2.24 2.19(1.71–2.85) 2.75(2.15–3.58) 1.26(1.11–1.42)

NVT 35 0.43 297 0.99 481 2.09 2.32(1.66–3.35) 4.92(3.55–7.06) 2.12(1.84–2.45)

Non-PCV13 102 1.24 834 2.77 996 4.33 2.23(1.83–2.76) 3.5(2.87–4.31) 1.56(1.43–1.72)

Age�2 years

All 144 58.98 145 16.28 65 9.81 0.28(0.22–0.35) 0.17(0.12–0.22) 0.60(0.45–0.80)

PCV7 97 39.73 32 3.59 5 0.75 0.09 (0.06–0.13) 0.02 (0.01–0.04) 0.21 (0.07–0.49)

PCV13 17 6.96 57 6.40 12 1.81 0.92(0.55–1.63) 0.26(0.12–0.54) 0.28(0.14–0.51)

PPV23 � 0.82 23 2.58 17 2.57 3.15(0.93–19.65) 3.13(0.9–19.75) 0.99(0.52–1.85)

NVT 5 2.05 14 1.57 27 4.07 0.77(0.29–2.38) 1.99(0.83–5.87) 2.59(1.38–5.08)

Non-PCV13 7 2.87 37 4.16 44 6.64 1.45(0.69–3.55) 2.32(1.11–5.63) 1.6(1.03–2.49)

Age 3–5 years

All 60 22.96 89 10.00 54 7.99 0.44(0.31–0.61) 0.35(0.24–0.5) 0.8(0.57–1.12)

PCV7 40 15.30 47 5.28 � 0.44 0.35(0.23–0.53) 0.03 (0.01–0.08) 0.08(0.02–0.23)

PCV13 � 1.53 18 2.02 28 4.15 1.32(0.49–4.58) 2.71(1.06–9.15) 2.05(1.14–3.77)

PPV23 - ��� � 0.45 8 1.18 ��� ��� 2.63(0.83–9.87)

NVT � 1.53 15 1.69 13 1.92 1.1(0.4–3.86) 1.26(0.45–4.46) 1.14(0.54–2.4)

Non-PCV13 � 1.53 19 2.13 21 3.11 1.4(0.52–4.81) 2.03(0.77–6.96) 1.46(0.78–2.73)

Age 6–17 years

All 41 3.30 94 2.23 90 3.13 0.68(0.47–0.99) 0.95(0.66–1.39) 1.4(1.05–1.87)

PCV7 16 1.29 29 0.69 5 0.17 0.54(0.29–1.01) 0.14(0.04–0.35) 0.25(0.09–0.6)

PCV13 5 0.40 30 0.71 47 1.64 1.77(0.75–5.2) 4.07(1.78–11.73) 2.3(1.46–3.67)

PPV23 5 0.40 11 0.26 15 0.52 0.65(0.24–2.06) 1.3(0.5–3.99) 2(0.92–4.46)

NVT � 0.24 20 0.48 19 0.66 1.97(0.68–8.36) 2.74(0.93–11.67) 1.39(0.74–2.62)

Non-PCV13 8 0.64 31 0.74 34 1.18 1.14(0.55–2.67) 1.84(0.9–4.28) 1.61(0.99–2.63)

Age 18–49 years

All 125 3.19 884 6.39 399 3.96 2.01(1.67–2.43) 1.24(1.02–1.52) 0.62(0.55–0.7)

PCV7 50 1.28 141 1.02 39 0.39 0.8(0.58–1.11) 0.3(0.2–0.46) 0.38(0.26–0.54)

PCV13 13 0.33 380 2.75 148 1.47 8.29(4.98–15.19) 4.43(2.62–8.22) 0.53(0.44–0.64)

PPV23 23 0.59 173 1.25 107 1.06 2.13(1.41–3.38) 1.81(1.18–2.91) 0.85(0.67–1.08)

NVT 12 0.31 68 0.49 77 0.76 1.61(0.9–3.12) 2.5(1.42–4.83) 1.55(1.12–2.16)

Non-PCV13 35 0.89 241 1.74 184 1.83 1.95(1.39–2.83) 2.05(1.45–2.99) 1.05(0.86–1.27)

Age 50–64 years

All 108 7.46 700 11.67 521 10.56 1.57(1.28–1.93) 1.42(1.16–1.75) 0.9(0.81–1.01)

PCV7 46 3.18 114 1.90 23 0.47 0.6(0.43–0.85) 0.15(0.09–0.24) 0.25(0.15–0.38)

PCV13 9 0.62 235 3.92 168 3.40 6.3(3.44–13.25) 5.48(2.97–11.56) 0.87(0.71–1.06)

PPV23 19 1.31 143 2.38 151 3.06 1.82(1.16–3.03) 2.33(1.49–3.88) 1.28(1.02–1.61)

NVT 5 0.35 67 1.12 120 2.43 3.24(1.44–9.24) 7.04(3.2–19.9) 2.18(1.62–2.95)

Non-PCV13 24 1.66 210 3.50 271 5.49 2.11(1.42–3.31) 3.31(2.23–5.16) 1.57(1.31–1.88)

Age 65–74 years

All 71 12.03 408 17.92 329 15.71 1.49(1.17–1.93) 1.31(1.02–1.7) 0.88(0.76–1.01)

(Continued)
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two vaccine periods to baseline, a statistically significant increase of 28% in overall IPD inci-

dence was seen in the PCV7 era (IRR 1.28; 95% CI: 1.18–1.39), but no significant change was

seen in the PCV13 era (IRR 1.07; 95% CI: 0.98–1.17); the majority of this increase was seen in

the adult population (Table 2).

IPD incidence trends from PCV7 serotypes

Following the introduction of PCV7, IPD incidence for PCV7 serotypes declined significantly,

and after switching to PCV13, IPD incidence for PCV7 serotypes continued to decline (IRR

0.28; 95% CI: 0.23–0.34) in all age groups when compared to the PCV7 period (Table 2). These

reductions were due to decreases in serotypes 4, 14, 18C, 19F and 23F in the PCV7 era; signifi-

cant decreases in serotypes 6B and 9V were only seen after introduction of PCV13 (Table 3).

IPD incidence trends from the additional PCV13 serotypes

As seen in Table 2, following PCV13 introduction, IPD rates for the 6 additional PCV13 sero-

types (or Δ6) declined by 19% when compared to PCV7 era (IRR 0.81; 95% CI: 0.73–0.90).

However, this decrease was only significant in children� 2 years of age (IRR 0.28; 95% CI:

0.14–0.51) and adults between the ages of 18–49 years of age (IRR 0.53; 95% CI: 0.44–0.64). In

contrast, significant increases in PCV13-type IPD were noted in ages 3–5 (IRR 2.05; 95% CI:

Table 2. (Continued)

Pre-vaccine PCV7 PCV13 Incidence Rate Ratios (95% CI)

2002–2003 2004–2010 2011–2015 PCV7/ PCV13/ PCV13/

cases IR cases IR cases IR Pre-vaccine Pre-vaccine PCV7

All age groups

PCV7 17 2.88 67 2.94 16 0.76 1.02(0.61–1.8) 0.27(0.13–0.53) 0.26(0.15–0.44)

PCV13 11 1.86 100 4.39 83 3.96 2.36(1.32–4.66) 2.13(1.19–4.22) 0.9(0.67–1.21)

PPV23 9 1.53 76 3.34 89 4.25 2.19(1.16–4.69) 2.79(1.49–5.95) 1.27(0.94–1.73)

NVT � 0.51 37 1.62 81 3.87 3.2(1.16–13.24) 7.61(2.85–31.01) 2.38(1.63–3.55)

Non-PCV13 12 2.03 113 4.96 170 8.12 2.44(1.4–4.67) 3.99(2.32–7.57) 1.64(1.29–2.08)

Age 75–84 years

All 81 20.65 461 31.08 306 26.15 1.5(1.2–1.92) 1.27(1–1.63) 0.84(0.73–0.97)

PCV7 28 7.14 56 3.78 11 0.94 0.53(0.34–0.84) 0.13(0.06–0.26) 0.25(0.12–0.46)

PCV13 16 4.08 72 4.85 56 4.79 1.19(0.71–2.12) 1.17(0.69–2.11) 0.99(0.69–1.4)

PPV23 5 1.27 62 4.18 84 7.18 3.28(1.46–9.38) 5.63(2.53–16) 1.72(1.24–2.39)

NVT � 0.25 39 2.63 76 6.49 10.31(2.24–183.01) 25.47(5.66–449.4) 2.47(1.69–3.67)

Non-PCV13 6 1.53 101 6.81 160 13.6727 4.45(2.13–11.4) 8.94(4.33–22.74) 2.01(1.57–2.58)

Age�85 years

All 37 29.94 341 63.43 238 48.00 2.12(1.53–3.02) 1.6(1.15–2.3) 0.76(0.64–0.89)

PCV7 12 9.71 40 7.44 10 2.02 0.77(0.41–1.53) 0.21(0.09–0.48) 0.27(0.13–0.52)

PCV13 � 3.24 55 10.23 46 9.28 3.16(1.3–10.44) 2.87(1.17–9.51) 0.91(0.61–1.34)

PPV23 � 3.24 45 8.37 44 8.87 2.59(1.05–8.59) 2.74(1.11–9.11) 1.06(0.7–1.61)

NVT � 1.62 37 6.88 68 13.71 4.25(1.3–26.16) 8.47(2.66–51.6) 1.99(1.34–3)

Non-PCV13 6 4.85 82 15.25 112 22.5867 3.14(1.49–8.08) 4.65(2.23–11.9) 1.48(1.12–1.97)

IR = Incidence rate per 100000. IRR = incidence rate ratio. PCV = pneumococcal conjugate vaccine. PCV7 = serotypes in the pneumococcal conjugate vaccine 7.

PCV13 = additional six serotypes in the PCV13 vaccines not in PCV7 vaccine. PPV23 = additional 11 serotypes not in the PCV13 vaccine. NVT = non-vaccine serotype.

Non-PCV13 = any serotype not included in the PCV13 vaccine.

� = cases less than 5. - = no cases. ��� = cannot compute.

https://doi.org/10.1371/journal.pone.0239848.t002
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1.14–3.77), and 6–17 years (IRR 2.30; 95% CI: 1.46–3.67). Following the PCV13 introduction,

IPD from serotypes 1, 5,6A reduced significantly, whereas serotypes 7F and 19A continued to

remain high; the change in serotype 3 IPD was not significant (Table 3). A year-on-year analy-

sis of serotypes, by age groups, shows a significant decrease in serotypes 19A and 7F in chil-

dren less than 18 years of age (eFigure 2 in S1 Appendix). We observed a slow decline in IPD

Table 3. Serotype cases and incidence of invasive pneumococcal disease after introduction of pneumococcal conjugate vaccines in BC compared with the baseline

average of 2002–2003.

Pre-vaccine PCV7 PCV13 Incidence Rate Ratios (95% CI)

2002–2003 2004–2010 2011–2015 PCV7/ PCV13/ PCV13/

cases IR cases IR cases IR Pre-vaccine Pre-vaccine PCV7

PCV7 serotypes

4 40 0.49 98 0.33 51 0.19 0.67(0.47–0.98) 0.38(0.25–0.58) 0.57(0.4–0.8)

6B 30 0.36 78 0.26 9 0.03 0.71(0.47–1.10) 0.09(0.04–0.18) 0.13(0.06–0.24)

9V 37 0.45 94 0.31 � 0.01 0.69(0.48–1.03) 0.02(0.01–0.07) 0.04(0.01–0.09)

14 91 1.11 104 0.35 9 0.03 0.31(0.24–0.41) 0.03(0.01–0.06) 0.09(0.04–0.18)

18C 32 0.39 51 0.17 7 0.03 0.44(0.28–0.68) 0.07(0.03–0.14) 0.15(0.06–0.31)

19F 41 0.50 61 0.20 25 0.09 0.41(0.27–0.61) 0.18(0.11–0.3) 0.45(0.28–0.71)

23F 23 0.28 40 0.13 8 0.03 0.48(0.29–0.81) 0.1(0.04–0.22) 0.22(0.1–0.44)

Additional PCV13 serotypes

1 � 0.04 24 0.08 6 0.02 2.19(0.76–9.2) 0.6(0.16–2.84) 0.27(0.1–0.63)

3 37 0.45 204 0.68 155 0.57 1.51(1.08–2.17) 1.26(0.89–1.83) 0.84(0.68–1.03)

5 - ��� 339 1.12 12 0.04 ��� ��� 0.04(0.02–0.07)

6A 21 0.26 74 0.25 5 0.02 0.96(0.6–1.6) 0.07(0.02–0.18) 0.07(0.03–0.17)

7F 10 0.12 106 0.35 186 0.68 2.9(1.59–5.91) 5.57(3.12–11.27) 1.93(1.52–2.45)

19A 8 0.10 162 0.54 222 0.81 5.53(2.91–12.26) 8.32(4.4–18.38) 1.5(1.23–1.84)

Non- PCV13 vaccine serotypes

6C - ��� 12 0.04 67 0.24 ��� ��� 6.13(3.44–11.9)

8 6 0.07 57 0.19 62 0.23 2.59(1.21–6.73) 3.1(1.46–8.02) 1.19(0.83–1.71)

9N 11 0.13 52 0.17 62 0.23 1.29(0.7–2.61) 1.69(0.93–3.39) 1.31(0.91–1.9)

10A � 0.01 24 0.08 26 0.09 6.56(1.39–117.2) 7.79(1.66–139.11) 1.19(0.68–2.08)

11A 7 0.09 45 0.15 58 0.21 1.76(0.85–4.26) 2.48(1.22–5.97) 1.41(0.96–2.1)

12F 9 0.11 87 0.29 18 0.07 2.64(1.41–5.64) 0.6(0.28–1.4) 0.23(0.13–0.37)

15A � 0.04 24 0.08 50 0.18 2.19(0.76–9.2) 4.99(1.84–20.54) 2.29(1.42–3.78)

15B � 0.04 19 0.06 20 0.07 1.73(0.59–7.36) 2(0.69–8.48) 1.15(0.61–2.18)

15C � 0.01 20 0.07 23 0.08 5.46(1.14–98.04) 6.89(1.45–123.34) 1.26(0.69–2.32)

16F 6 0.07 24 0.08 25 0.09 1.09(0.48–2.95) 1.25(0.55–3.36) 1.14(0.65–2.01)

17F � 0.01 18 0.06 22 0.08 4.92(1.02–88.46) 6.59(1.39–118.08) 1.34(0.72–2.53)

20 � 0.01 38 0.13 26 0.09 10.38(2.25–184.26) 7.79(1.6–6 139.11) 0.75(0.45–1.23)

22F 21 0.26 155 0.51 196 0.71 2.02(1.31–3.27) 2.8(1.83–4.52) 1.39(1.12–1.71)

23A � 0.02 35 0.12 79 0.29 4.78(1.46–29.44) 11.84(3.7–4 71.96) 2.48(1.68–3.73)

23B � 0.01 15 0.05 61 0.22 4.1(0.83–74.09) 18.28(4–4 323.04) 4.46(2.61–8.14)

33F � 0.01 25 0.08 26 0.09 6.83(1.45–121.99) 7.79(1.66–139.11) 1.14(0.66–1.98)

35B � 0.04 20 0.07 23 0.08 1.82(0.62–7.73) 2.3(0.8–9.69) 1.26(0.69–2.32)

35F � 0.04 19 0.06 38 0.14 1.73(0.59–7.36) 3.8(1.38–15.71) 2.19(1.28–3.89)

38 � 0.01 20 0.07 13 0.05 5.46(1.14–98.04) 3.9(0.78–70.78) 0.71(0.35–1.42)

IR = Incidence rate per 100000. IRR = incidence rate ratio. PCV7 = serotypes in the 7- valent pneumococcal conjugate vaccine. PCV13 = additional six serotypes in the

PCV13 vaccines not in PCV7 vaccine serotype.

� = cases less than 5. - = no cases. ��� = cannot compute.

https://doi.org/10.1371/journal.pone.0239848.t003
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from 19A in adults as well during the PCV13 era, but in contrast IPD from 7F increased year-

on-year in those 18 years of age and over.

IPD incidence trends from the additional PPV23 serotypes

The incidence of IPD related to the additional 11 serotypes in PPV23 vaccine increased after

the introduction of the PCV7 vaccine (IRR 2.19; 95% CI: 1.71–2.85) and further increased in

the PCV13 era (IRR 1.26; 95% CI: 1.11–1.42) (Table 2); this trend was seen in all age categories

in both children and adults, and was driven by PPV23 serotypes such as 8, 10A,11A,

12F,17F,20, 22F and 33F..

IPD incidence trends from non-vaccine serotypes (NVT) and non-PCV13

serotypes

Invasive pneumococcal disease as a result of NVT has also increased significantly in the post-

PCV7 period (IRR 2.32; 95% CI: 1.66–3.35), with further increases in the post-PCV13 period

(IRR 4.92; 95% CI: 3.55–7.06). When comparing to pre-vaccine era, children aged�17 years

did not experience significant change in IPD from NVT with the PCV7 introduction, however

after switching to PCV13 immunization program, there was a notable increase in NVT IPD

(IRR 2.04; 95% CI: 1.14–3.99) in this population. By and large, significant increases in NVT

IPD has been observed in all adults in the PCV7 era (IRR: 2.89; 95%CI: 1.93–4.56) and the

PCV13 era (IRR: 6.33; 95CI% 4.26–9.91).

We observed a total of 64 non-conjugate vaccine serotypes and, as outlined in Fig 3, the

most common serotype was 22F (8.3%). Approximately 3% of the serotypes were: 9N (2.8%), 8

Fig 3. Incidence of invasive pneumococcal disease by serotypes in British Columbia from 2002–2015. PCV7 = serotypes in the 7- valent pneumococcal conjugate

vaccine. PCV13 = additional six serotypes in the PCV13 vaccines not in PCV7 vaccine serotype. Non-PCV13 = serotypes not included in the conjugate vaccines (they

consist of serotypes comprised of the additional 11 serotypes included in the 23-valent polysaccharide pneumococcal vaccine and NVT serotypes).

https://doi.org/10.1371/journal.pone.0239848.g003
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(2.8%), 23A (2.6%), 12F (2.5%), 11A (2.4%), while less than 2% were 6C (1.8%), 15A (1.7%),

23B (1.7%), 20 (1.4%). As seen in Table 2, after the introduction of the PCV13, we saw a fur-

ther increase in the rates of IPD related to non-PCV13 serotypes (IRR 1.56; 1.43–1.72), mostly

seen in all adult groups.

While many non-conjugate vaccine serotypes (i.e., 8, 10A, 11A, 12F, 15A, 15C, 17F, 20,

22F, 23A, 23B, 33F and 35F) have increased significantly in the PCV13 era compared to pre-

vaccine era, only a handful of serotypes (6C, 15A, 22F, 23A, 23B, and 35F) have significantly

increased in the PCV13 era compared to the PCV7 era (Table 3).

Mortality rates following IPD

A decreasing trend was observed in 30-day all-cause mortality rates between 2002 (0.83 per

100,000) and 2015 (0.66 per 100,000) following IPD (eFigure3 in S1 Appendix). When evaluat-

ing the effects in the various vaccine periods, a significant reduction of 27% was observed in

PCV13 era (RR: 0.73; 95% CI: 0.62–0.85) compared to the PCV7 era (eFigure3 in S1 Appen-

dix). Similar results were seen with respect to the one-year all-cause mortality following IPD,

which decreased by 23% in PCV13 era compared with PCV7 era (RR: 0.77; 95% CI: 0.68–0.88)

(eFigure4 in S1 Appendix).

Discussion

This study showed that introduction of PCV7 in the children’s immunization program

resulted in the near elimination of PCV7-serotype IPD in all ages compared to the pre-vaccine

era. Addition of the PCV13 vaccine resulted further declines in overall IPD, in particular sub-

stantial declines in PCV13-serotype IPD were observed in the target population of children

aged�2 years, and herd immunity was seen in adults over the age of 65 years. Furthermore,

we identified substantial reductions in mortality, when compared to the PCV7 era.

Like many studies before ours, we found a substantial reduction in IPD rates in children

following introduction of PCV7 and PCV13 vaccines [12–15, 20]. Declining IPD rates in

adults following the use of conjugate vaccines, particularly PCV7, in children’s immunization

program has also been well documented [13, 15, 20–26]. Like previous studies, we observed

significant declines in IPD rates within the adult population, including those aged 18–49 years

as well as those above 75 years of age [15, 20]. Of note, we observed that the decline in vaccine

serotype-specific IPD rates in adults were comparable across both the PCV7 era and the

PCV13 era. For instance, among adults, IPD from the additional 6 serotypes of PCV13 vaccine

declined by 24% in the PCV13 period when compared to PCV7 period, similarly IPD related

to PCV7 serotypes reduced by 27% in the PCV7 period compared to the pre-vaccine era. Like-

wise, comparable declines in serotype-specific IPD in adults, in both vaccine periods, were

reported in the United States [15].

While studies from Australia, the United States and the United Kingdom report substantial

reductions in PCV13 VT IPD in individuals aged 65 years or older [13, 15, 20, 26], in contrast,

we could not corroborate this finding. Instead we observed a persistent burden of PCV13 VT

IPD in this population similar to another Canadian province, and a study conducted in Israel

[21, 27]. Additionally, a prospective and population based surveillance Canadian study con-

ducted in the province of Alberta reports lingering PCV13 VT IPD burden in those aged 65

years and older with co-morbidities and immunocompromised status [2]. Currently, neither

the Canadian National Advisory Committee on Immunization (NACI) nor the United States

Advisory Committee on Immunization Practice (ACIP) recommend PCV13 for the individu-

als aged 65 years and older [28, 29], with ACIP recently changing its recommendation from

their original recommendation, made in 2014, whereby healthy adults aged� 65 years were
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suggested to receive this vaccine [29]. As PCV13-VT IPD in the United States has reduced to

historically low levels as a result of the PCV13 childhood immunization program, but

PPV23-VT IPD burden persists, they have changed their recommendation to PPV23 only for

this population [29]. Given the disparity in findings reported by our study, and those listed

above, it would be important to study the long-term effects of the pediatric immunization pro-

gram with PCV13 and the indirect benefits it confers to this population.

We observed high variability in the effect of the PCV13 immunization program on the IPD

rates related to specific serotypes, however this may be related to the reduced sample size. Sim-

ilar to many large observational studies, we observed a reduction in PCV13 VT IPD for sero-

types 1, 5 and 6A significantly in all ages [2, 13, 15, 21, 27, 30]. We did not see a significant

change in serotype 3 disease, which corroborates findings from other studies [15, 20, 24, 31,

32], however, it should be noted that several recent studies have shown a significant increase

in IPD from serotype 3 [30, 33–35]. For example, a recent study from Ontario, Canada that

examined the shifting pneumococcal serotypes after introduction of PCV13 found it had no

impact on incidence due to serotype 3, which continued to rise in their study population [34].

This trend is thought to be related to the lower efficacy of PCV13 against serotype 3 compared

to other serotypes [36, 37] and, therefore, it is important that we continue to monitor the pro-

portion of cases due to this serotype in both vaccinees and non-vaccinated individuals.

In this study, a significant increase was observed in PCV13 serotypes, 7F and 19A among

all ages during PCV7 period. Similarly, Moore and colleagues reported substantial invasive

pneumococcal disease burden from PCV13 serotypes 7F and 19A in all ages during PCV7

period [15]. In another study, Grau et al described significant increases in PCV13 serotypes 7F

and 19A during PCV7 period in adults [32]. Like our study, where we saw a slow but steady

decline, many have reported control of 19A after introduction of PCV13 vaccine [16, 20, 26,

31–34, 38]. But the evidence behind a substantial decline in 7F is not as clear, with the majority

studies reporting declines in cases with this serotype [13, 15, 16, 21, 27, 30, 34, 39, 40], whilst

several studies, like ours, report an increase [2, 12, 20, 31–33, 41]. For example, a German

study reporting on pneumococcal meningitis long term trends, from 20 year period, found

proportion of isolates of PCV13 serotype 7F and 19A continued to increase in adults following

the PCV13 introduction [31]. Once again, given that these reports differ based on geographic

locations and age, it is important to monitor and study the complex dynamics and genetic var-

iability of the serotypes.

We found a significant decline in 30-day mortality following PCV13, this decline can be

attributed to reductions in vaccine-serotype disease over time, which cause severe morbidity

and mortality [42]. Likewise, many other observational studies have reported declines in

30-day mortality in the PCV13 era compared to the PCV7 era [22, 32, 43, 44]. Interestingly,

while Moore et al report significant reductions in 30-day mortality in those under 65 years of

age, they found an increase in case fatality rates following the introduction of PCV13 for those

aged 65 years and older, especially in the presence of underlying comorbidities [15]. Given

immunocompromised status puts individuals at additional risk for IPD, they are likely to ben-

efit from PCV13 vaccination. Over time, it will be important to study real world data to under-

stand vaccine effectiveness of PCV13 in this population.

Serotype replacement phenomenon has been reported since PCV7 introduction [45]. In

this study, like other global studies, we found significant increases in the non-PCV13 serotypes

IPD in most age groups during both vaccine eras [13, 21, 22]. This significant increase in non-

PCV13 serotypes after PCV13 introduction has been confirmed by few systematic review and

meta-analyses [23, 25, 46]. Due to the increase in non-PCV13 serotypes IPD, we only saw a

modest yet significant reduction in overall IPD like other jurisdictions [27]. Therefore, it is
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important to monitor changes in the serotypes over time, in order to take timely and effective

measures.

However, the benefit conferred by the introduction of pneumococcal conjugate vaccines to

children’s immunization programs, and subsequent reductions in children, have been affected

by an increase in non-vaccine-type serotype related IPD.

This study benefits from several key strengths. Firstly, our study duration includes 14 years

of the provincial laboratory surveillance data, which is able to capture long-term trends in

Streptococcus pneumoniae serotype dynamics and epidemiology over time for both the PCV7

period (7 years) and the PCV13 period (5 years). Secondly, this study incorporates data from

hospitalization databases which helps capture all the IPD cases. Thirdly, this is a population-

based study, representing BC’s population of 4.8 million inhabitants, and which represents

impact of PCV program from all locations, socio-economic statuses and comorbidities. Our

study has several limitations. Firstly, in this retrospective cohort study, using laboratory sur-

veillance data; there is a high likelihood of missed laboratory data in the initial years due to

missed reporting or contamination of laboratory sample. To mitigate this effect, we have used

concurrent hospitalization data to maximize case capture [15, 26] and we present main analy-

ses from 2004 onwards, that is two years after the passive surveillance program was initiated

and reporting was consistent. Secondly, we have conducted periodic trend analyses, which

may underestimate or overestimate the overall impact based on the baseline burden of disease.

However, to address this we have utilized all available data, and calculated rate ratios for spe-

cific age groups along with overall population. Thirdly, we were unable to assess the direct

impact of the vaccination on occurrence of IPD, as we did not have complete data on vaccina-

tion status. In lieu of this missing data, general vaccination coverage trends from the provincial

government helped us to understand vaccination uptake rates of PCV programs within our

province [9].

Conclusion

In conclusion, pneumococcal conjugate vaccines in the childhood immunization program

have nearly eliminated invasive pneumococcal disease in children. Much of the decrease was

seen after introduction of PCV7 but further reductions continued with the switch to PCV13,

with gains in the immunized cohort of children and older adults. In addition, as there have

been significant increases in non-vaccine serotypes, and continued surveillance of emerging

pneumococcal disease will remain crucial to maintain effective immunization programs, and

protect public health.

Supporting information

S1 Appendix.

(DOCX)

Acknowledgments

Foremost, I sincerely appreciate Dr. Fawziah Marra’s valuable time and effort in providing

constructive feedback and guidance in improving the scientific writing of this manuscript. I

am grateful for all the support received from Tim Choi at Population Data BC and Peter Ng at

British Columbia Center for Disease Control for acquisition and provision of administrative

databases and laboratory surveillance data, respectively. Finally, I would like to thank my col-

league, Ariana Saatchi for her valuable review and feedback for improving this manuscript.

PLOS ONE Increase in IPD incidence in BC

PLOS ONE | https://doi.org/10.1371/journal.pone.0239848 September 30, 2020 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239848.s001
https://doi.org/10.1371/journal.pone.0239848


Author Contributions

Conceptualization: Nirma Khatri Vadlamudi, Fawziah Marra.

Data curation: Nirma Khatri Vadlamudi, Fawziah Marra.

Formal analysis: Nirma Khatri Vadlamudi.

Funding acquisition: Fawziah Marra.

Investigation: Nirma Khatri Vadlamudi.

Methodology: Nirma Khatri Vadlamudi.

Project administration: Nirma Khatri Vadlamudi, Fawziah Marra.

Resources: Nirma Khatri Vadlamudi, Fawziah Marra.

Software: Nirma Khatri Vadlamudi.

Supervision: David M. Patrick, Linda Hoang, Manish Sadarangani, Fawziah Marra.

Validation: Nirma Khatri Vadlamudi.

Visualization: Nirma Khatri Vadlamudi.

Writing – original draft: Nirma Khatri Vadlamudi.

Writing – review & editing: Nirma Khatri Vadlamudi, Fawziah Marra.

References
1. World Health Organization. Pneumococcal disease. Available at: http://www.who.int/immunization/

topics/pneumococcal_disease/en/. Accessed 12 December 2016.

2. Cabaj JL, Nettel-Aguirre A, MacDonald J, Vanderkooi OG, Kellner JD. Influence of Childhood Pneumo-

coccal Conjugate Vaccines on Invasive Pneumococcal Disease in Adults With Underlying Comorbidi-

ties in Calgary, Alberta (2000–2013). Clin Infect Dis 2016; 62:1521–1526. https://doi.org/10.1093/cid/

ciw175 PMID: 27105745

3. Davidson M, Parkinson AJ, Bulkow LR, Fitzgerald MA, Peters HV, Parks DJ. The epidemiology of inva-

sive pneumococcal disease in Alaska, 1986-1990—ethnic differences and opportunities for prevention.

J Infect Dis 1994; 170:368–376. https://doi.org/10.1093/infdis/170.2.368 PMID: 8035023

4. Nuorti JP, Butler JC, Farley MM, et al. Cigarette smoking and invasive pneumococcal disease. Active

Bacterial Core Surveillance Team. N Engl J Med 2000; 342:681–689. https://doi.org/10.1056/

NEJM200003093421002 PMID: 10706897

5. Lynch JP, Zhanel GG. Streptococcus pneumoniae: epidemiology, risk factors, and strategies for pre-

vention. Semin Respir Crit Care Med 2009; 30:189–209. https://doi.org/10.1055/s-0029-1202938

PMID: 19296419

6. Sahni V, Naus M, Hoang L, Tyrrell GJ, Martin I, Patrick DM. The epidemiology of invasive pneumococ-

cal disease in British Columbia following implementation of an infant immunization program: increases

in herd immunity and replacement disease. Can J Public Health 2012; 103:29–33. https://doi.org/10.

1007/BF03404065 PMID: 22338325

7. Black S, Shinefield H, Fireman B, et al. Efficacy, safety and immunogenicity of heptavalent pneumococ-

cal conjugate vaccine in children. Northern California Kaiser Permanente Vaccine Study Center Group.

Pediatr Infect Dis J 2000; 19:187–195. https://doi.org/10.1097/00006454-200003000-00003 PMID:

10749457

8. Whitney CG, Pilishvili T, Farley MM, et al. Effectiveness of seven-valent pneumococcal conjugate vac-

cine against invasive pneumococcal disease: a matched case-control study. Lancet 2006; 368:1495–

1502. https://doi.org/10.1016/S0140-6736(06)69637-2 PMID: 17071283

9. British Columbia Center for Disease Control. Immunization Uptake in Children by the Second Birthday

(2007–2018). Vancouver, BC: British Columbia Center for Disease Control, 2019.

10. BC Communicable Disease Control. Communicable Disease Control and Immunization Manual. Avail-

able at: http://www.bccdc.ca/health-professionals/clinical-resources/communicable-disease-control-

manual/immunization. Accessed 8 May 2019.

PLOS ONE Increase in IPD incidence in BC

PLOS ONE | https://doi.org/10.1371/journal.pone.0239848 September 30, 2020 14 / 16

http://www.who.int/immunization/topics/pneumococcal_disease/en/
http://www.who.int/immunization/topics/pneumococcal_disease/en/
https://doi.org/10.1093/cid/ciw175
https://doi.org/10.1093/cid/ciw175
http://www.ncbi.nlm.nih.gov/pubmed/27105745
https://doi.org/10.1093/infdis/170.2.368
http://www.ncbi.nlm.nih.gov/pubmed/8035023
https://doi.org/10.1056/NEJM200003093421002
https://doi.org/10.1056/NEJM200003093421002
http://www.ncbi.nlm.nih.gov/pubmed/10706897
https://doi.org/10.1055/s-0029-1202938
http://www.ncbi.nlm.nih.gov/pubmed/19296419
https://doi.org/10.1007/BF03404065
https://doi.org/10.1007/BF03404065
http://www.ncbi.nlm.nih.gov/pubmed/22338325
https://doi.org/10.1097/00006454-200003000-00003
http://www.ncbi.nlm.nih.gov/pubmed/10749457
https://doi.org/10.1016/S0140-6736%2806%2969637-2
http://www.ncbi.nlm.nih.gov/pubmed/17071283
http://www.bccdc.ca/health-professionals/clinical-resources/communicable-disease-control-manual/immunization
http://www.bccdc.ca/health-professionals/clinical-resources/communicable-disease-control-manual/immunization
https://doi.org/10.1371/journal.pone.0239848


11. British Columbia Ministry of Health. Pneumococcal Polysaccharide Vaccine. 2016. Available at: https://

www.healthlinkbc.ca/healthlinkbc-files/pneumococcal-polysaccharide-vaccine. Accessed 13 Novem-

ber 2019.

12. Demczuk WHB, Martin I, Griffith A, et al. Serotype distribution of invasive Streptococcus pneumoniae in

Canada after the introduction of the 13-valent pneumococcal conjugate vaccine, 2010–2012. Can J

Microbiol 2013; 59:778–788. https://doi.org/10.1139/cjm-2013-0614 PMID: 24313450

13. Waight PA, Andrews NJ, Ladhani SN, Sheppard CL, Slack MPE, Miller E. Effect of the 13-valent pneu-

mococcal conjugate vaccine on invasive pneumococcal disease in England and Wales 4 years after its

introduction: an observational cohort study. Lancet Infect Dis 2015; 15:535–543. https://doi.org/10.

1016/S1473-3099(15)70044-7 PMID: 25801458

14. Regev-Yochay G, Paran Y, Bishara J, et al. Early impact of PCV7/PCV13 sequential introduction to the

national pediatric immunization plan, on adult invasive pneumococcal disease: A nationwide surveil-

lance study. Vaccine 2015; 33:1135–1142. https://doi.org/10.1016/j.vaccine.2015.01.030 PMID:

25613717

15. Moore MR, Link-Gelles R, Schaffner W, et al. Effect of use of 13-valent pneumococcal conjugate vac-

cine in children on invasive pneumococcal disease in children and adults in the USA: analysis of multi-

site, population-based surveillance. Lancet Infect Dis 2015; 15:301–309. https://doi.org/10.1016/

S1473-3099(14)71081-3 PMID: 25656600

16. Desai S, Policarpio ME, Wong K, Gubbay J, Fediurek J, Deeks S. The epidemiology of invasive pneu-

mococcal disease in older adults from 2007 to 2014 in Ontario, Canada: a population-based study.

CMAJ Open 2016; 4:E545–E550. https://doi.org/10.9778/cmajo.20160035 PMID: 27730119

17. Population Estimates, British Columbia and Sub-Provincial—BC Stats. Available at: http://www.bcstats.

gov.bc.ca/apps/PopulationEstimates.aspx. Accessed 8 May 2019.

18. How Postal Codes Map to Geographic Areas: Discussion. Available at: https://www150.statcan.gc.ca/

n1/pub/92f0138m/2007001/4144811-eng.htm. Accessed 13 December 2019.

19. Quan H, Li B, Couris C, et al. Updating and validating the Charlson comorbidity index and score for risk

adjustment in hospital discharge abstracts using data from 6 countries. American Journal of Epidemiol-

ogy 2011; 173:676–682. https://doi.org/10.1093/aje/kwq433 PMID: 21330339

20. Jayasinghe S, Menzies R, Chiu C, et al. Long-term Impact of a ‘3 + 0’ Schedule for 7- and 13-Valent

Pneumococcal Conjugate Vaccines on Invasive Pneumococcal Disease in Australia, 2002–2014. Clin

Infect Dis 2017; 64:175–183. https://doi.org/10.1093/cid/ciw720 PMID: 27986682

21. Regev-Yochay G, Katzir M, Strahilevitz J, et al. The herd effects of infant PCV7/PCV13 sequential

implementation on adult invasive pneumococcal disease, six years post implementation; a nationwide

study in Israel. Vaccine 2017; 35:2449–2456. https://doi.org/10.1016/j.vaccine.2017.03.031 PMID:

28342668

22. Harboe ZB, Dalby T, Weinberger DM, et al. Impact of 13-valent pneumococcal conjugate vaccination in

invasive pneumococcal disease incidence and mortality. Clin Infect Dis 2014; 59:1066–1073. https://

doi.org/10.1093/cid/ciu524 PMID: 25034421

23. Shiri T, Datta S, Madan J, et al. Indirect effects of childhood pneumococcal conjugate vaccination on

invasive pneumococcal disease: a systematic review and meta-analysis. Lancet Glob Health 2017; 5:

e51–e59. https://doi.org/10.1016/S2214-109X(16)30306-0 PMID: 27955789

24. von Gottberg A, de Gouveia L, Tempia S, et al. Effects of vaccination on invasive pneumococcal dis-

ease in South Africa. N Engl J Med 2014; 371:1889–1899. https://doi.org/10.1056/NEJMoa1401914

PMID: 25386897

25. Vadlamudi NK, Chen A, Marra F. Impact of 13-pneumococcal conjugate vaccine among adults: a sys-

tematic review and meta-analysis. Clin Infect Dis 2018;

26. Ladhani SN, Collins S, Djennad A, et al. Rapid increase in non-vaccine serotypes causing invasive

pneumococcal disease in England and Wales, 2000–17: a prospective national observational cohort

study. Lancet Infect Dis 2018; 18:441–451. https://doi.org/10.1016/S1473-3099(18)30052-5 PMID:

29395999

27. De Wals P, Lefebvre B, Deceuninck G, Longtin J. Incidence of invasive pneumococcal disease before

and during an era of use of three different pneumococcal conjugate vaccines in Quebec. Vaccine 2018;

36:421–426. https://doi.org/10.1016/j.vaccine.2017.11.054 PMID: 29224962

28. National Advisory Committee on Immunization. Update on the use of 13-valent pneumococcal conju-

gate vaccine (PNEU-C-13) in addition to 23-valent pneumococcal polysaccharide vaccine (PNEU-P-

23) in immunocompetent adults 65 years of age and older–Interim Recommendation. Ottawa, ON: Pub-

lic Health Agency of Canada, 2016.

29. Matanock A, Lee G, Gierke R, Kobayashi M, Leidner A, Pilishvili T. Use of 13-Valent Pneumococcal

Conjugate Vaccine and 23-Valent Pneumococcal Polysaccharide Vaccine Among Adults Aged�65

Years: Updated Recommendations of the Advisory Committee on Immunization Practices. MMWR

PLOS ONE Increase in IPD incidence in BC

PLOS ONE | https://doi.org/10.1371/journal.pone.0239848 September 30, 2020 15 / 16

https://www.healthlinkbc.ca/healthlinkbc-files/pneumococcal-polysaccharide-vaccine
https://www.healthlinkbc.ca/healthlinkbc-files/pneumococcal-polysaccharide-vaccine
https://doi.org/10.1139/cjm-2013-0614
http://www.ncbi.nlm.nih.gov/pubmed/24313450
https://doi.org/10.1016/S1473-3099%2815%2970044-7
https://doi.org/10.1016/S1473-3099%2815%2970044-7
http://www.ncbi.nlm.nih.gov/pubmed/25801458
https://doi.org/10.1016/j.vaccine.2015.01.030
http://www.ncbi.nlm.nih.gov/pubmed/25613717
https://doi.org/10.1016/S1473-3099%2814%2971081-3
https://doi.org/10.1016/S1473-3099%2814%2971081-3
http://www.ncbi.nlm.nih.gov/pubmed/25656600
https://doi.org/10.9778/cmajo.20160035
http://www.ncbi.nlm.nih.gov/pubmed/27730119
http://www.bcstats.gov.bc.ca/apps/PopulationEstimates.aspx
http://www.bcstats.gov.bc.ca/apps/PopulationEstimates.aspx
https://www150.statcan.gc.ca/n1/pub/92f0138m/2007001/4144811-eng.htm
https://www150.statcan.gc.ca/n1/pub/92f0138m/2007001/4144811-eng.htm
https://doi.org/10.1093/aje/kwq433
http://www.ncbi.nlm.nih.gov/pubmed/21330339
https://doi.org/10.1093/cid/ciw720
http://www.ncbi.nlm.nih.gov/pubmed/27986682
https://doi.org/10.1016/j.vaccine.2017.03.031
http://www.ncbi.nlm.nih.gov/pubmed/28342668
https://doi.org/10.1093/cid/ciu524
https://doi.org/10.1093/cid/ciu524
http://www.ncbi.nlm.nih.gov/pubmed/25034421
https://doi.org/10.1016/S2214-109X%2816%2930306-0
http://www.ncbi.nlm.nih.gov/pubmed/27955789
https://doi.org/10.1056/NEJMoa1401914
http://www.ncbi.nlm.nih.gov/pubmed/25386897
https://doi.org/10.1016/S1473-3099%2818%2930052-5
http://www.ncbi.nlm.nih.gov/pubmed/29395999
https://doi.org/10.1016/j.vaccine.2017.11.054
http://www.ncbi.nlm.nih.gov/pubmed/29224962
https://doi.org/10.1371/journal.pone.0239848


Morb Mortal Wkly Rep 2019; 68:1069–1075. https://doi.org/10.15585/mmwr.mm6846a5 PMID:

31751323

30. Horácio AN, Silva-Costa C, Lopes JP, Ramirez M, Melo-Cristino J. Serotype 3 Remains the Leading

Cause of Invasive Pneumococcal Disease in Adults in Portugal (2012–2014) Despite Continued Reduc-

tions in Other 13-Valent Conjugate Vaccine Serotypes. Front Microbiol 2016; 7. Available at: https://

www.ncbi.nlm.nih.gov/pmc/articles/PMC5064670/. Accessed 12 June 2020.
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