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Abstract

Streptococcus pneumoniae is a common cause of infectious diseases such as pneumonia
and sepsis. Its colonization is thought to be the first step in the development of invasive
pneumococcal diseases. This study aimed to investigate pneumococcal colonization pat-
terns in early childhood. A longitudinal birth cohort study was conducted for investigating
nasopharyngeal colonized pneumococci at 1, 6, 12, 18, 24, and 36 months of age, particu-
larly focusing on the serotype distribution and antimicrobial susceptibilities. Pneumococcal
conjugate vaccine (PCV) effect on nasopharyngeal colonization was also assessed. During
2013—-2017, 855 infants were enrolled and a total of 107 isolates were recovered from 95
infants during the first three years of life. In this period, the prevalence of pneumococcal col-
onization increased, with values ranging from 0.2% (2/834) at 1 month of age t0 5.9% (19/
323) at 36 months of age. The investigation of serotype revealed that 81.1% (73/90)
belonged to the non-PCV13 serotypes—23A, 15A, 15C, and 15B. Moreover, PCV13 sero-
types significantly decreased during 2014—2015, when routine PCV13 vaccination was initi-
ated in Taiwan. PCV13 introduction may lead to the reduction in the rates of pneumococcal
isolates resistant (R) to penicillin. Under conditional PCV13 vaccination, pneumococcal iso-
lates primarily belonged to non-PCV13 serotypes. This non-PCV13 serotype replacement
exhibited lower rates of penicillin R isolates, suggesting that PCV13 administration may
reduce the antibiotic-nonsusceptible pneumococcal disease burden and antibiotic use.

Introduction

Streptococcus pneumoniae is one of the main causes of infectious diseases, including pneumo-
nia, meningitis, and sepsis, which are associated with high morbidity and mortality [1,2]. It is
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estimated that S. pneumoniae is responsible for 1.6 million deaths annually, particularly affect-
ing young children and elderly persons [3]. S. pneumoniae is commonly found in the nasopha-
ryngeal flora of healthy persons; pneumococcal colonization is thought to be the first step in
the development of invasive diseases [4,5]. In addition, the widespread use of antimicrobial
agents has led to the high prevalence of antimicrobial-resistant pneumococci, which has made
treatment of pneumococcal infections challenging [2]. Therefore, vaccines have been devel-
oped to prevent pneumococcal infections.

In 2000, pneumococcal conjugate vaccine (PCV) was globally introduced to combat the
invasive pneumococcal disease in young children [6]. The first PCV was the 7-valent PCV,
which contained serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F. Subsequently, the vaccine was
expanded to cover ten (PCV7 and serotypes 1, 5, and 7F) and thirteen (PCV10 and serotypes
3, 6A, and 19A) serotypes [7]. In Taiwan, PCV7 was introduced for private use in 2005 [8,9].
Nonetheless, an increasing number of invasive infections occurred due to the non-vaccine
serotype 19A [10]. Therefore, PCV10 was introduced in Taiwan in 2010, with minimal or no
notable improvement, possibly because these three serotypes (serotypes 1, 5, and 7F) exhibited
alow occurrence in Taiwan [11]. In 2011, PCV13 was introduced for private use, as an initial
step. A national catch-up PCV13 program was launched in March 2013 for children aged 2-5
years and was then expanded, from January 2014 to December 2014, to also cover children
aged 1-5 years [12]. By the end of 2014, the age-appropriate immunization rate reached 80%,
according to the report from the Center for Disease Control in Taiwan [2]. PCV13 was not
introduced as a routine immunization for all infants until January 2015 [12].

A longitudinal birth-cohort study was conducted to improve the understanding of pneu-
mococcal colonization in children in the context of high antibiotic selection pressure and con-
ditional use of pneumococcal vaccination in Taiwan. Infants were prospectively examined for
nasopharyngeal colonized bacteria at specified time points. Both the distribution of serotypes
and the evolution of pneumococcal antibiotic susceptibility were assessed.

Methods
Study population

The Prediction of Allergen in Taiwanese Children (PATCH) Study, an ongoing prospective
study launched in 2013 following a birth cohort of infants, was designed to investigate the bac-
terial colonization and the factors related to the development of asthma and other allergic dis-
eases. Women in the third trimester of pregnancy, admitted at the Obstetrics Clinic of
Keelung Chang Gung Memorial Hospital, were invited to participate in the study. Infants
exhibiting severe congenital abnormalities, low birth weight (<2000 g), or requiring mechani-
cal ventilation at any point since birth were excluded. The institutional review boards of Kee-
lung Chang Gung Memorial Hospital approved the study project and a written informed
consent was obtained from the mother of each participant.

Sample and clinical parameter collection

Mothers were requested to bring the enrolled infants (1, 6, 12, 18, 24 and 36 months of age) to
the Pediatric Clinic of Keelung Chang Gung Memorial Hospital for S. pneumoniae detection
from nasopharyngeal swabs. One swab per infant per visit study was taken. Questionnaire sur-
veys were conducted at each visit to obtain information regarding demographic data, housing
and living conditions, socioeconomic status, risk factors for colonization, history of respiratory
tract infection and pneumococcal vaccination, and other clinical parameters.

Nasopharyngeal swabs were collected with separate cotton-tipped swabs (Copan Swab
Applicator, Copan Diagnostics Inc., Brescia, Italy), through the nose, into the nasopharyngeal
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spaces at the scheduled visits. After placed into a transported medium, swabs were transported
to the microbiology laboratory within 2 h after collection and cultured for bacteria by using
standard methods for identification [13]. All swabs were plated within 6 hours of sampling on
blood agar plates with 5% sheep’s blood to isolate S. pneumoniae.

Antimicrobial susceptibility testing

Pneumococcal isolates were examined for antimicrobial susceptibility to penicillin, levofloxa-
cin, ceftriaxone, and trimethoprim-sulfamethoxazole using the E-test method (bioMerieux,
Durham, USA). Susceptibility and resistance were defined in accordance with the criteria sug-
gested by the Clinical and Laboratory Standards Institute (CLSI) [14]. The minimum inhibi-
tory concentrations (MICs) used were based on the criteria recommended by the CLSI for
meningeal and non-meningeal infections. For consistency of data interpretation in the study,
isolates were categorized as susceptible (S; penicillin, < 0.06 mg/L; ceftriaxone, < 0.5 mg/L),
intermediate (I; penicillin, 0.12-1 mg/L; ceftriaxone, 1 mg/L), and resistant (R; penicillin, > 2
mg/L; ceftriaxone, > 1 mg/L). According to the CLSI criteria, although susceptibility in the I
category indicated that S-lactam remained effective for non-meningeal infections, the result
should be interpreted as resistant for meningeal infections.

Serotyping of pneumococci and multi-locus sequence typing

Serotypes of pneumococcal isolates were determined using commercialized antisera (Statens
Serum Institut, Copenhagen, Denmark) and polymerase chain reaction (PCR) methods
[15,16]. Multi-locus sequence typing (MLST) was performed by PCR-sequencing of a set of
pneumococcal housekeeping genes, including ardE, gdh, gki, recP, spi, xpt, and ddl [17]. The
sequence data were compared with the MLST database (http://pubmlst.org/spneumoniae/).
New alleles and allelic profiles were submitted to the database curator for assignment of the
sequence type (ST) numbers. eBURST analysis was utilized to group ST’ into clonal complexes
(STs shared six of the seven MLST loci).

Statistical analysis

Data were analyzed using SPSS, version 12.0 (SPSS inc., Chicago, IL). Student’s ¢-test was used
to analyze numerical data. If the data were not normally distributed, the Mann-Whitney U-
test was used for analysis. Chi-square test or Fisher’s exact test, when appropriate, was used to
analyze categorical data. In addition, the linear trend of the proportion of isolates with PCV13
coverage and rates of penicillin R isolates across the study period were tested using the
Cochran-Armitage chi-square test. To investigate factors associated with pneumococcal car-
riage by univariate analysis, each colonized infant was frequency-matched with the non-colo-
nized infants on variables of year of study, season, age and gender. Variables for which P<0.1
were chosen for model selection of multivariate analysis. P<0.05 was considered statistically
significant.

Results

Demographics and factors associated with pneumococcal colonization
among the study population

From March 2013 to December 2017, 900 prenatal infants were recruited and 45 postnatal
were excluded: 40, low birth weight (<2000 g); four, ventilator had been used after birth; and
one, cerebral palsy. Hence, 855 infants were enrolled, with the numbers of collected samples in
different age groups being 834 (1 month), 749 (6 months), 677 (12 months), 504 (18 months),
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449 (24 months), and 323 (36 months). Nasopharyngeal culture was used for pathogen detec-
tion of all collected samples, and 107 pneumococcal isolates were recovered from 95 cases dur-
ing the study period. Of the pneumococcal colonization time points during the first three
years of infant life, pneumococcal colonization was found in 0.2% (2/834) at 1 month, followed
by 2.5% (19/749) at 6 months, 3.1% (21/677) at 12 months, 3.0% (15/504) at 18 months, 3.1%
(14/449) at 24 months, and 5.9% (19/323) at 36 months. Fig 1 shows the trend of S. pneumo-
niae carriage at the scheduled sampling time points during the first 36 months of infant life.

Of the 95 cases with pneumococcal colonization, 82 (86.3%) had received PCV13 and 8
(9.8%, 8/82), 31 (37.8%), 20 (24.4%), 23 (28.0%) of them had one, two, three and four doses of
PCV13, respectively. Then we investigated factors associated with the occurrence of pneumo-
coccal colonization and the result is shown in Table 1. For the selection of non-pneumococcal
carriers as the control group, each pneumococcal carrier was frequency-matched with the
non-carrier on variables of year of study, season, age and gender. Finally, 92 carriers and 172
non-carriers were chosen for the investigation. Three factors including demographic charac-
ters, environmental features and health conditions, were compared between pneumococcal
carriers and non-pneumococcal carriers. Except day-care center attendance (11.6% versus
3.8%, p = 0.04), no other variable was found to be significantly associated with the occurrence
of pneumococcal carriers. Furthermore, multiple logistic regression analysis also revealed
some evidence that day-care center attendance was associated with pneumococcal carriage
(OR 3.16; 95% CI 0.99-10.11; p = 0.05).
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Fig 1. Trend of Streptococcus pneumoniae carriage at scheduled time points during the first three years of life.

https://doi.org/10.1371/journal.pone.0237871.9001
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Table 1. Univariate and multivariate analysis of factors associated with pneumococcal colonization among the study population.

Factors associated with pneumococcal colonization among the study population by univariate logistic regression analysis

Variables Value Odds ratio (95% confidence | p-value
Cases with pneumococcal colonization | Cases without pneumococcal colonization interval)
N=92 N=172
Demographics
Male (%) 48/92 (52.2) 89/172 (51.7) 0.98 (0.59-1.63) 0.95
Age (mo) 176 £11.1 176 £ 11.1 1.00 (0.98-1.02) 0.97
Breast feeding*
Breast feeding (%) since birth 82/92 (89.1) 157/172 (91.3) 1.28 (0.55-2.97) 0.57
Breast feeding period (mo) 6.7+6.9 6.0+6.1 1.02 (0.98-1.06) 0.38
Exclusive breastfeeding period 5.1+6.8 3.6+5.5 1.04 (1.00-1.09) 0.06
(mo)
Pneumococcal vaccine
Vaccinated infants (%) 81/92 (88.0) 146/172 (84.9) 1.31 (0.62-2.79) 0.48
Age of initial vaccination (mo) 32+38 29+33 1.00 (0.98-1.02) 0.97
No. of injected vaccine 24+1.3 24+14 0.98 (0.82-1.19) 0.86
Environmental
Passive smoking (%) 46/90 (51.1) 73/170 (42.9) 1.39 (0.83-2.32) 0.21
No. of the family members 51+19 42+1.6 1.29 (0.94-1.78) 0.12
No. of children in the family 1.9+0.4 1.6 £0.7 2.00 (0.54-7.44) 0.30
Day-care center attendance (%) 8/69 (11.6) 5/130 (3.8) 3.28 (1.03-10.44) 0.04
Health conditions
PROM" at birth (%) 4/92 (4.3) 7/172 (4.1) 1.07 (0.31-3.76) 0.91
Preterm birth (%) 12/92 (13.0) 30/172 (17.4) 0.71 (0.34-1.46) 0.35
Delivery via NSD (%) 55/92 (59.8) 106/172 (61.6%) 1.08 (0.64-1.81) 0.77
PICU* admission at birth (%) 17/92 (18.5) 39/172 (22.7) 0.77 (0.41-1.46) 0.43
Vitamin D deﬁciency§ (%)
Maternal Vitamin D 30/40 (75.0) 52/68 (76.5) 1.08 (0.43-2.69) 0.86
deficiency
Infantile Vitamin D deficiency 27/32 (84.4) 55/70 (78.6) 0.68 (0.22-2.06) 0.49
URI? within 2 weeks (%) 19/79 (24.1) 40/122 (23.3) 0.65 (0.34-1.23) 0.19
Factors associated with pneumococcal colonization among the study population by multiple logistic regression analysis
Variables Pneumococcal carriers vs. non-pneumococcal carriers
Odds ratio (95% confidence interval) p-
value
Exclusive breastfeeding period 1.02 (0.97-1.08) 0.44
(mo)
Day care center attendance (%) 3.16 (0.99-10.11) 0.05

*Infant with breast feeding means that infant had a history of breast feeding including exclusive breast feeding for at least 4 weeks

T PROM indicates pre-labor rupture of membrane. It is defined as rupture of the membrane of the amniotic sac and chorion =1 hour before the onset of labor.

* PICU indicates pediatric intensive care unit.

$Vitamin D deficiency denotes serum 25-hydroxyvitamin D level <20 ng/mL

9 URI indicates upper respiratory tract infection, including pharyngitis, croup, acute otitis media and acute sinusitis.

https://doi.org/10.1371/journal.pone.0237871.t001

Serotype distribution among the pneumococcal isolates during the study

period

The distribution of serotypes of S. pneumoniae isolates is shown in Table 2. Of the total 107
isolates, 90 belonged to 13 different serotypes but the other 17 were non-typeable. In the 90
isolates with different serotypes, 81.1% (73/90) were non-PCV13 serotypes, with the most
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Table 2. Pneumococcal serotype distribution during the study period.

Year (N = 90) 2013 (9) 2014 (7) 2015 (27) 2016 (21) 2017 (26)
Serotype N (%)
6B 1(1.1) 1(37)
14 1(1.1) 1(11.1)
PCV7 19F 3(2.2) 2(28.6) 1(4.8)
PCV13 23F 1(1.1) 1(3.7)
6A 4(4.4) 2(222) 1(14.3) 1(4.8)
19A 7 (7.8) 3(42.9) 2(7.4) 1(4.8) 1(3.9)
15A 20 (22.2) 4(44.4) 1(14.3) 6(22.2) 6 (28.6) 3(11.5)
15B 7(7.8) 4(14.8) 3(11.5)
15C 8(8.9) 1(11.1) 3(11.1) 2(9.5) 2(7.7)
Non-PCV13 22F 1(1.1) 1(4.8)
23A 30 (33.3) 1(11.1) 10 (37.0) 7 (33.3) 12 (46.2)
34 5 (5.6) 1(4.8) 4(15.6)
358 2(2.2) 1(4.8) 1(3.9)

Abbreviations: PCV, pneumococcal conjugate vaccine

https://doi.org/10.1371/journal.pone.0237871.t1002

common serotype being 23A (33.3%, 30/90), followed by 15A (22.2%, 20/90), 15C (8.9%, 8/
90), 15B (7.8%, 7/90), and 19A (7.8%, 7/90). We further analyzed the proportion of isolates
with PCV13 coverage during 2013-2017 and showed that PCV13 serotype isolates were 33.3%
(3/9) in 2013 and 85.7% (6/7) in 2014, respectively. However, a decrease occurred from 2014
t0 2017: from 85.7% to 3.8% (1/26) and the decreasing trend during this period was statistically
significant (p = 0.001) (Fig 2).

Antimicrobial susceptibility of pneumococcal isolates during the study
period

Of the 90 pneumococcal isolates with identified serotypes, eight were unrecoverable and 82
were collected for antimicrobial susceptibility examination. Except 10 cases with antimicrobial
agent prescription due to respiratory tract infection, most of the cases (87.8%, 72/82) did not
receive antibiotic therapy within 2 weeks before sampling. For penicillin, the rates of I and R
isolates were 76.8% (63/82) and 23.2% (19/82), respectively, and no S isolate was found. For
ceftriaxone, the rates of S, I, and R isolates were 64.6% (53/82), 31.7% (26/82), and 3.7% (3/82),
respectively. Table 3 shows the results for the penicillin susceptibility analysis of pneumococcal
isolates during the study period.

We further found that rates of penicillin R isolates decreased from 85.7% (6/7), 25.0% (6/
24), and 17.6% (3/17) to 0% during 2014-2017. Furthermore, the rates of I isolates increased
from 14.3% (1/7), 75.0% (18/24), and 82.4% (14/17) to 100% during the same period. The
decrease of penicillin R isolate rates during this period was statistically significant (p<0.001).
Of the penicillin R isolates during 2014-2017, 60% (9/15) belonged to PCV13 serotypes (19A
in 6 isolates and 19F in 3 isolates). However, most (91.4%, 53/58) of the penicillin I isolates
were non-PCV13; 23A (45.3%, 24/53) was the most common serotype, followed by 15A
(24.5%, 13/53), 15C (11.3%, 6/53), 15B (7.5%, 4/53), and 34 (7.5%, 4/53), respectively.

Distribution of sequence types and serotypes during the study period

Eighteen different STs were identified during the study period, with 3 major ST being found
in 63.3% (57/90) of the isolates, including ST 63 (30.0%, 27/90), ST 338 (21.1%, 19/90) and ST
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Fig 2. Trend of pneumococcal carriage isolates covered by the 13-valent pneumococcal conjugate vaccine during 2013-2017.

https://doi.org/10.1371/journal.pone.0237871.9002

166 (12.2%, 11/90). The largest clone, ST 63, included the majority of isolates from serotype
15A (74.1%, 20/27). All isolates from the second (ST 338) and third (ST 166) clones belonged
to serotype 23A. Both serotype 15A and serotype 23A were non-PCV13 serotypes. Table 4
shows the distribution of sequence types and their association with serotypes during the study
period.

Discussion

Our study showed that the prevalence of pneumococcal colonization gradually increased dur-
ing the first three years of life, which is consistent with other studies [18,19]. Moreover, in our
previous report, the prevalence of Staphylococcus aureus decreased in the same period, and an
inverse relationship between the prevalence of S. pneumoniae and S. aureus was also reported
by Labout, et al. [19,20]. This phenomenon might be due to pneumococcal competition,
which is mediated via the production of hydrogen peroxide by S. pneumoniae or interference
by S. aureus present in the nasopharyngeal spaces [21,22].
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Table 3. Penicillin susceptibility of colonized pneumococci during the study period.

Year (N = 82)

Serotype

2013 (9)

2014 (7)

2015 (24)

2016 (17)

2017 (25)

Antimicrobial susceptibility

I

R

I

R

I

R

I

R

6B

14

PCV7

19F

PCV13

23F

6A

19A

15A

15B

15C

oW | W=

Non-PCV13

22F

23A

12

34

4

5(55.6)

4(44.4)

1(14.3)

6(85.7)

18(75.0)

6(25.0)

14(82.4)

3(17.6)

25(100.0)

Abbreviations: I, intermediate; R, resistant; PCV, pneumococcal conjugate vaccine

https:/doi.org/10.1371/journal.pone.0237871.t003

We also found that the overall prevalence of S. pneumoniae colonization was lower in our

cohort than that has been reported in other studies [11,18]. One cause of this discrepancy may
be due to different age groups between our study and others. Kuo, et al. reported that 14.1% of

Table 4. Distribution of sequence types and their association with serotypes during the study period.

Sequence type | Total Year PCV7/PCV10 serotypes PCV13 Non-vaccine serotypes
serotype
2013 | 2014 | 2015 | 2016 | 2017 | 19F 6B | 14 | 23F | 19A | 6A | 15A | 15B | 15C | 22F | 23A | 34 | 35B
90 9 7 27 21 26 3 1 1 1 7 4 20 7 8 1 30 5 2
Clone
83 6 1 2 1 2 2 4
2652 1 1 1
63 27 4 1 10 1 20 2 4
338 19 1 10 4 19
81 3 1 1 1 3
282 1 1 1
320 6 3 2 1 6
271 1 1 1
236 2 1 1 2
7479 1 1 1
242 1 1 1
95 1 1 1
9395 5 1 4 5
433 1 1 1
166 11 3 8 11
558 2 1 1 2
7502 1 1 1
2889 1 1 1
Abbreviations: PCV, pneumococcal conjugate vaccine
https://doi.org/10.1371/journal.pone.0237871.1004
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children had pneumococcal colonization and 57.6% were aged 2 to 5 years, the highest coloni-
zation age group of children less than 5 years [18]. However, in our series, most of them
(65.3%, 62/95) were aged less than 2 years. Another cause may be because various PCV immu-
nization programs had been implemented in Taiwan prior to our study. Of the statistical data
reported by Wei, et al., a total of 128,680 and 114,140 doses of PCV10 were imported in 2010
and 2011, which would provide complete immunization for 20.5% and 15.2% of infants born
in the corresponding years with the 3+1 schedule, respectively [23]. Wei, et al. also reported
that 2,027,160 doses of PCV13 were imported during 2011-2013, which would provide com-
plete immunization for 85.9% of infants born during the respective period using the 3+1
schedule [24]. We thought that these implementations prior to 2013 might have an impact on
the pneumococcal colonization rate during the study period from 2013 to 2017. Besides, in our
study, day-care center attendance was shown as a factor associated with the occurrence of
pneumococcal carriage, which increased the risk of pneumococcal carriage by around three-
fold. It suggested that horizontal transmission among the pneumococcal colonized infants
through the surrounding carriers, especially day-care center members, may be important for
the acquisition of pneumococci in early childhood.

Serotype epidemiology of invasive pneumococcal disease (IPD) in Taiwan prior to 2013
revealed that unlike the decreasing trend of IPD caused by PCV7 serotypes, IPD caused by
PCV13 serotypes decreased in the first years after PCV7 introduction in late 2005 and restored
in 2008-2013 [24]. The discrepancy of trends of IPD caused by PCV7 and PCV13 serotypes
was related to the emergence of IPD caused by the replacement serotypes not in PCV7 but was
covered by PCV13, especially serotype 19A. Besides 19A (38.2%), PCV7 serotypes including
14 (11.6%), 23F (10.7%), 19F (10.1%) and 6B (8.3%), were the most common ones prior to
2013 [23]. Of our study, with respect to the serotype distribution during 2013-2017, the
decrease of PCV13 serotypes occurred from 2014 to 2015, when the universal PCV13 vaccina-
tion program was initiated in Taiwan. In addition, 81.1% were non-PCV13 serotypes, with the
most common ones being 23A, 15A, 15C, and 15B. We also found that the clonality of the
leading non-PCV13 serotypes to be ST338%*A and ST63'°4, and this result is consistent with
the report by Su, et al. [2]. In the United States, ST 3382%* was observed in the pre-PCV7 era
2F strain [25]. In
Taiwan, serotype 23F was the most common serotype before PCV13 introduction, despite lim-
ited information on the ST distribution [11]. Limited amount of ST338%** distribution was
documented during the same period [8,9]. All these findings suggested that similar to the find-

ings in the US, the capsular switch from ST338**" to ST338”** may also have occurred in Tai-
23A

through capsular switch or structural change from the pre-existing ST338

wan, with increasing use of PCV13 resulting in an increase in ST338

Regarding the association of PCV13 with antimicrobial susceptibility, we found that
PCV13 administration might have reduced the rates of penicillin R isolates among pneumo-
coccal isolates. Moreover, most of the penicillin R isolates belonged to PCV13 serotypes. Nota-
bly, Degan, et al. found that PCV7/PCV13 serotypes 6B, 9V, 14, 19F, and 23F and
PCV13-specific serotypes 6A and 19A were the most common observed antibiotic-resistant
serotypes [26]. Their study also showed that the immune responses against 6A, 19A, and 19F
were significantly higher after PCV13 administration than those after PCV7 administration
[27]. Thus, PCV13 had an added benefit over PCV7 in reducing the carriage of antibiotic-non-
susceptible S. pneumoniae.

There were some limitations in our study. First, it is an ongoing prospective study but the
research period was limited from 2013 to 2017; thus, the initially enrolled cases could not all
complete the first 36-month study. Second, the number of isolates was relatively small in our
series. Based on these reasons, the selection bias might occur and thus the current result might
be interpreted with caution. However, our study, a prospective cohort-designed study, may
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reduce the possibility of selection bias for the comparison because in a cohort study, the out-
come is not known at case enrollment when exposure status is established. Nevertheless, selec-
tion bias can occur in retrospective studies since the outcomes have already occurred at the
time of selection.

Conclusions

Our study showed that under conditional PCV13 vaccination, the replacement of serotypes
from PCV13 to non-PCV13 serotypes might be found along with the evolution of pneumococ-
cal antibiotic susceptibility. The replacement non-PCV13 serotypes yielded lower rates of pen-
icillin R isolates, suggesting that PCV13 may reduce the carriage of antibiotic-nonsusceptible
S. pneumoniae, the burden of antibiotic-nonsusceptible pneumococcal diseases, and broad-
spectrum antibiotic use.
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