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Background. Pneumococcal conjugate vaccines (PCVs) have had a well-documented impact on the incidence of invasive pneu-
mococcal disease (IPD). However, declines in IPD due to vaccine-targeted serotypes have been partially offset by increases in IPD
due to nonvaccine serotypes (NVTs). The goal of this study was to quantify serotype-specific changes in the incidence of IPD that
occurred in different age groups, with or without certain comorbidities, following the introduction of 7-valent pneumococcal con-
jugate vaccine (PCV7) and 13-valent pneumococcal conjugate vaccine (PCV13) in the childhood vaccination program in Denmark.

Methods. We used nationwide surveillance data for IPD and a hierarchical Bayesian regression framework to estimate changes
in the incidence of IPD associated with the introduction of PCV7 (2007) and PCV13 (2010) while controlling for serotype-specific
epidemic cycles and unrelated secular trends.

Results.
bly by age group and comorbidities. Differences in the magnitude of serotype replacement were due to variations in the incidence of
NVTs in the different risk groups before the introduction of PCVs. The relative increases in the incidence of IPD caused by specific
NVTs did not differ appreciably between risk groups in the postvaccination period. Serotype replacement offset a greater proportion

Following the introduction of PCV7 and PCV13 in children, the net impact of serotype replacement varied considera-

of the benefit of PCVs in strata in which the NVTs comprised a larger proportion of cases prior to the introduction of the vaccines.

Conclusions.
Keywords.

These findings could help to predict the impact of next-generation PCVs in specific risk groups.
pneumococcus; serotype replacement; conjugate vaccines; Bayesian hierarchical model.

Pneumococcal conjugate vaccines (PCVs) have had a well-doc-
umented impact on the incidence of invasive pneumococcal
disease (IPD) worldwide [1-5]. Because PCVs interrupt trans-
mission of pneumococcus among healthy children, the intro-
duction of PCVs has led to reductions in the incidence of IPD
among both vaccinated children and (indirectly) among unvac-
cinated adults [1, 6]. A meta-analysis of data from the United
States, Europe, and Australia found that, on average, IPD due
to serotypes in the 7-valent PCV (PCV7) declined by approxi-
mately 90% among adults [1]. However, these declines in IPD
due to vaccine-targeted serotypes (VTs) were at least partially
offset by increases in IPD caused by nonvaccine serotypes
(NVTs), a phenomenon known as serotype replacement [I,
7]. The net benefit of PCVs is therefore determined by both
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the magnitude of the decline in the incidence of VT-IPD and
by increases in the incidence of NVT-IPD. The net benefit of
PCVs can vary by risk groups and between populations [1, 8].
Variations in the net benefit of PCVs between countries can be
explained by variations in the serotype distribution of naso-
pharyngeal carriage among children in the prevaccine period
[9]. However, it is not clear why the net benefit of PCVs vary
within the same population where exposure is more consistent
between risk groups. Understanding variations in the net ben-
efit of PCVs against IPD in different risk groups is important as
PCVs with expanded numbers of serotypes are developed and
deployed [10].

The goal of this study was to quantify and explain changes in
the incidence of IPD caused by VTs and NVTs after the intro-
duction of PCVs in children among different groups of patients
in Denmark according to their age and presence of underlying
diseases. Distinguishing changes in the incidence of IPD due to
the effects by PCVs from those due to unrelated secular trends
is a major challenge because of the well-recognized multiyear,
serotype-specific epidemic cycles [11, 12]. We used an analyt-
ical framework that estimates and controls for the epidemic
cycles of individual serotypes and can estimate serotype- and
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risk group-specific estimates of vaccine effects against IPD as
well as average estimates across all serotypes and risk groups.

METHODS

Data Sources

Data were retrieved by linking several Danish national registers
from 1994 to 2015. The data on cases of IPD (ie, meningitis,
bacteremia, and other sterile foci) were obtained from a labora-
tory-based nationwide surveillance system described elsewhere
[13]. The serotype is determined for >97% of all IPD isolates
from Denmark at the Statens Serum Institut. While surveillance
data are available for many decades, data have been recorded
more consistently across the registries since 1994 (the start date
for this study).

PCV7 was introduced in the Danish childhood immuniza-
tion program in 2007 with high uptake, and then replaced by
13-valent PCV (PCV13) in 2010 [13]. Throughout the manu-
script, “PCV7 serotypes” refers to serotypes 4, 6B, 9V, 14, 18C,
19F, and 23F and “PCV13 serotypes” refers to the PCV7 sero-
types plus serotypes 1, 3, 5, 6A, 7F, and 19A. All other sero-
types were classified as non-PCV7/13 serotypes (NVTs). Prior
to 2006-2007, serotype 6C isolates were not identifiable and
would have been misclassified as serotype 6A [14]. One hun-
dred two cases (0.5%) had data on the serogroup but not the
serotype. We performed simple imputation to assign serotypes
to these cases (Supplementary Data).

Information on comorbidities was obtained from the Danish
National Patient Registry [15, 16], a nationwide hospitalization
database. The Danish Personal Identification Number was used
to link to the IPD data for all cases with the hospitalization data-
base. Comorbidity was defined on the basis of discharge codes
based on the International Classification of Diseases, Tenth
Revision. We searched for conditions that increase the risk of
IPD as defined by the Advisory Committee on Immunization
Practices [17], with codes related to chronic heart disease,
chronic pulmonary disease, diabetes, alcoholism, liver dis-
ease, cerebrospinal fluid leaks, cochlear implants, anatomic or
functional asplenia, human immunodeficiency virus and other
immunodeficiencies, renal disease, hematological and solid
malignancies, rheumatological diseases, and organ transplanta-
tion. For the specific codes included in the comorbidity analysis,
see the Supplementary Data. A case was defined as belonging to
a high-risk group if the patient had a record of any of the indi-
cated conditions at the time of diagnosis with IPD (including
if the comorbidity was identified at the time of diagnosis). Due
to small sample size, we simply classified individuals as having
any of these comorbidities vs none and were not able to evaluate
specific comorbidities or combinations.

We estimated population size for each age group, comorbid-
ity level, and year. Population size in each age group and year
were obtained from Statistics Denmark [18]. Information on
comorbidities was obtained from a random sample of 386612

records from the Danish National Patient Registry, extracted
for a different study. We calculated the proportion of these con-
trol individuals in each age group and calendar year who had
any of the high-risk conditions. Multiplying the proportion of
individuals with comorbid diseases in each year and age group
by the corresponding population size estimate for the year and
age group gave an estimate of the number of individuals in year
and stratum.

Model

Many serotypes exhibit multiyear epidemic cycles and trends
unrelated to the vaccine [11]. To account for these patterns
when estimating changes associated with the vaccine, we used a
hierarchical Poisson model fitted in the Bayesian setting. There
were 74 serotypes included in the analysis, and the data were
stratified by epidemiological year (July-June) into 5 age groups
(<5, 5-17, 18-39, 40-64, and >65 years) and by comorbidity
status (with or without known comorbidities prior to the IPD
episode). The outcome variable was the number of IPD cases
in each epidemiological year and each stratum. The offset term
was the estimated population size in the corresponding stratum
in that year. An observation-level random intercept captured
overdispersion (ie, unexplained variability) of the count data
and could account for short-term events (eg, outbreaks, influ-
enza epidemics) that are not part of a longer-term cycle or trend.
We controlled for repeating epidemic cycles using harmonic
terms, where the length of the period for each serotype was esti-
mated from the data. Prevaccine trends and changes from the
prevaccine trend were captured using linear splines with 3 seg-
ments (prevaccine, post-PCV7, and post-PCV13). Knots were
placed at the time of introduction of PCV7 and PCV13 to allow
for changes in slope at that time associated with PCV introduc-
tion. The slopes were estimated hierarchically—estimates for a
particular time series were centered around estimates for the
serotype, which were, in turn, centered around either a trend
for all serotypes (prevaccine trend) or trends for the groups of
PCV7, PCV13, or NVTs for the postvaccine trends.

A major assumption of this model is that any serotype-spe-
cific trends or cycles that occurred during the prevaccine period
would have continued in the postvaccine period. By projecting
forward the prevaccine trend and cycles, we calculated a coun-
terfactual estimate for how many cases would have occurred in
each year for each serotype and stratum in the absence of vac-
cination. Comparing the model-fitted estimate and the coun-
terfactual estimates, we calculated the relative change at each
postvaccine time point as well as the number of cases prevented.
The models were fit using the jags program in R statistical soft-
ware (https://www.r-project.org/) [19, 20]. Details of the model
structure, fitting procedures, and calculation of vaccine effects
can be found in the Supplementary Methods. Up-to-date jags
code, along with observed and expected model fits, can be
found at https://github.com/weinbergerlab/Danish-serotype.
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RESULTS

Characteristics of Data

We included 19638 cases of IPD that occurred between July
1994 and June 2015 in Denmark. The proportion of cases
that were aged 265 years increased from 52% in 1994-1995 to
64% in 2014-2015. Likewise, among the age group 265 years,
the proportion of cases with at least 1 recorded comorbidity
increased steadily from 34% in 1994-1995 to 56% in 2000-2001
and 74% in 2014-2015. Of the individuals with a comorbidity,
39% had multiple comorbidities; multiple comorbidities were
more common among =65-year-olds (42%) compared with 18-
to 39-year-olds (24%). The incidence of IPD declined during
the pre-PCV period, with much of this decline occurring during
the first couple years of the study period. Several serotypes had
downward trends in the pre-PCV period (3, 6A, 12F), and these
were projected to continue declining without PCV introduction
(Supplementary Figure 7). When aggregating over all serotypes,
some of these patterns are obscured (Figure 1).

IPD caused by several serotypes had significant multiyear
epidemic patterns that were independent of the introduction of
PCVs. Epidemic cycles were notable for serotypes 1 (7.7 years;
95% credible interval [CI], 7.4-8.1 years) and 18C (9.7 years;
95% CI, 8.9-10.0 years) (Supplementary Figure 5). The inten-
sity (amplitude) of the IPD epidemic cycles did not differ sig-
nificantly by risk group. There was evidence of less-pronounced
harmonic variations in the incidence of IPD due to other sero-
types (eg, 4, 7F) (Supplementary Figure 5).

Overall Changes in IPD Associated With the Introduction of PCV7
and PCV13

Considering all age and risk groups together, the PCV7 serotypes
have declined gradually and have been nearly eliminated as causes

of IPD after the introduction of PCV7, declining by 95% between
2007-2008 and 2014-2015 (Figure 1). The incidence of IPD due
to the 6 additional serotypes in PCV13 increased modestly (36%
increase) between 2007 and 2009, along with other non-PCV7
serotypes, and then declined following the introduction of PCV13
in 2010. The incidence of IPD due to NVTs has increased steadily
since the introduction of PCV7, having increased by 50% since
2007-2008 (Figure 1). These decreases in IPD due to VTs and
increases in IPD due to NVTs resulted in a small net decline in
the incidence of IPD between 2007 and 2009 and more substan-
tial declines since the introduction of PCV13 (Table 1). Among
individual serotypes, IPD due to serotypes 14 and 19F had the
greatest absolute declines in incidence, while serotype 8, an NVT,
emerged as the leading cause of IPD over the past several years
(Figure 2). The incidence of IPD due to serotypes 6C, 10A, 10B,
12F, 15A, 16F, 22F, 23B, and 24F was also significantly higher by
2014-2015 than would have been expected without introduction
of the vaccine (Supplementary Figure 2). The incidence of IPD
due to serotype 19A increased by >3.5-fold following introduc-
tion of PCV7, but returned to levels similar to or below baseline
following the introduction of PCV13 (Figure 2).

Importance of Serotype Replacement by Age and Comorbidity Level

By 2014-2015 (4 years post-PCV13), there were substantial net
declines in the incidence of IPD in all age groups. Incidence
declined by 70% (95% CI, 57%-78%) among children <5 years of
age during this period. In contrast, the incidence of IPD among
adults =65 years of age with comorbidities declined by just 26%
(95% CI, 13%-37%) (Table 1; Figure 3). Serotype replacement
offset the declines in the incidence of IPD due to VTs, but the net
effect of these increases varied by age group and those with or
without comorbidity. Among children <5 years of age, serotype
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Changes in the incidence of invasive pneumococcal disease (cases/100000) from 19941995 to 2014-2015 for serotypes targeted by 7-valent pneumococcal con-

jugate vaccine, for the 6 additional serotypes in 13-valent pneumococcal conjugate vaccine (PCV13), for non-PCV13 serotypes, and for all cases combined. The dots represent
observed values, the black line + 95% predictive intervals indicates the model-fitted values, and the red line + 95% predictive credible intervals represents the estimate of
what the incidence would have been in the absence of vaccine. Abbreviations: IPD, invasive pneumococcal disease; PCV, pneumococcal conjugate vaccine; PCV7, 7-valent

pneumococcal conjugate vaccine; PCV13, 13-valent pneumococcal conjugate vaccine.
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Table 1.

Changes in Invasive Pneumococcal Disease Incidence Caused by 7-Valent and 13-Valent Pneumococcal Conjugate Vaccine Serotypes and

Nonvaccine Serotypes by Age Presence of Comorbidity for 2014-2015 Compared With Values Expected in the Absence of Vaccination

% of IPD % Change in IPD by % Change in IPD by
Preventable by PCV13 Serotypes Nonvaccine Net % Change
Age Group Comorbidities® PCV7/13° (95% CI)° Serotypes (95% CI)° (95% Cl)
<5y N 92 (-97 to -91) 178 (60-331) -72 (-80 to -59)
Y 83 (96 to -84) 99 (19-241) -64 (-77 to -44)
5-17y N 81 (-84 to -51) 57 (-21 to 151) -50 (-67 to -27)
Y 74 (90 to -66) 91 (13-223) -49 (-67 to -24)
18-39y N 74 (-82 to -58) 75 (7-167) —-44 (-59 to -25)
Y 86 (90 to -72) 51 (-2 to 126) -50 (-64 to -31)
40-64 y N 82 (78 to -59) 103 (45-178) —26 (-40 to -8)
Y 75 (-86 to —73) 48 (14-93) -37 (-49 t0 -23)
>65y N 66 (-85 to -72) 60 (19-110) -44 (=54 to -31)
Y 70 (-83to-71) 94 (563-144) -26 (-38 t0 -12)

Abbreviations: Cl, credible interval; IPD, invasive pneumococcal disease; N, not known; PCV7, 7-valent pneumococcal conjugate vaccine; PCV13, 13-valent pneumococcal conjugate vaccine;

Y, any comorbidity.

“Any comorbidity, as defined by the Advisory Committee on Immunization Practices according to International Classification of Diseases, Tenth Revision, codes registered during and prior

to hospitalization for IPD.

®The percentage of IPD preventable by PCV7/13 is calculated using the counterfactual estimates from the model for 2014-2015 by dividing the values for PCV7/13 serotypes by the overall

counterfactual predicted number of cases.

“The percentage change for both PCV13 serotypes and non-PCV13 serotypes was calculated by comparing the fitted values for 2014-2015 with the counterfactual estimates from the model
for 2014-2015, which give an estimate for how many cases would have occurred in the absence of vaccine introduction and expressed as estimated cases with 95% credible interval.

replacement offset a small amount of the decline in VT-IPD;
without replacement, we would have expected to achieve an
86% reduction in IPD, compared with an estimated 72% decline
(Table 1; Figure 3). In contrast, among adults >65 years of age
with any comorbidities, serotype replacement offset more than
half of the reduction in VT-IPD by the end of the period (ie,
IPD would have declined by 54% without serotype replacement
but actually declined by 26%) (Table 1; Figure 3).

The importance of serotype replacement was particularly notable
following the introduction of PCV7 and prior to the introduction

of PCV13. During this time, the IPD incidence among children
<5years ofage declined substantially despite replacement. However,
among older children and young adults, the increase in NVT-IPD
completely offset declines in VT-IPD (ie, there was no net change
in the overall incidence of IPD) (Supplementary Figure 1).

Differences in the Net Effect of Replacement on IPD Due to Variations in
Baseline Incidence

We next evaluated why the net effect of the vaccine on rates of
IPD differed by age group and comorbidity. Such differences
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Estimated cases of invasive pneumococcal disease in all age groups prevented by vaccination (negative values) or gained through serotype replacement (positive

values) in each year since the introduction of 7-valent/13-valent pneumococcal conjugate vaccine (PCV7/13). Stratified by PCV7-targeted serotypes, PCV13-additional sero-
types, and nonvaccine serotypes. The dashed vertical lines indicate the introduction of PCV7 and PCV13.

Pneumococcal Serotype Replacement by Risk Group « CID 2019:69 (1 July) « 103



No Comorbidities

“|86%

[ ]
. 80%
>
g 71. o 98% 57% 58%
= 60% . . 51% .
E | 1
2 40% 49% = .
g 40% 43% 43%
&£ .

20% 25%
I [ [ I [
<5y 5-17y 18-39y 40-64y 265y

Age group

With Comorbidities

78%

2 80% 7 o 66%

o L. 62%

& 60% — u [ ] 53% 54%

£ 64% o °

g | | |

5 40% — 49% 50%

= |

E 37% i

20% 26%

® Expected effect without serotype replacement
® Estimated effect of PCV

[ | I [ [
<5y 5-17y 18-39y 40-64y 265y

Age group

Figure 3. Reduction in invasive pneumococcal disease (IPD) and the effect of serotype replacement, by age group and comorbidity status. The blue dots indicate the actual
estimated reduction in the incidence of IPD that results from both declines in vaccine-targeted serotypes and increases in nonvaccine serotypes. The red dots indicate the
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much serotype replacement reduces the benefit of the vaccine. Bars indicate 95% credible intervals. Abbreviations: IPD, invasive pneumococcal disease; PCV, pneumococcal

conjugate vaccine.

between groups could be due to variations in the prevaccine
incidence of IPD due to NVTs relative to VTs, or to the mag-
nitude of the relative increases or decreases. As could be ex-
pected, there was a strong association between the proportion
of cases of IPD that were due to PCV7/13-targeted serotypes
in a given age or comorbidity group prior to the introduc-
tion of PCV7/13 and the magnitude of the net decline in

the incidence of IPD in that group (Table 1; Supplementary
Figures 3 and 4).

The relative increases in the incidence of NVT-IPD were no-
tably similar across age groups (with and without comorbidity)
(Table 1; Figure 4). There was modest variability between age/co-
morbidity groups in the strength of the relative decline in the in-
cidence of IPD due to PCV-targeted serotypes. The declines were
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Figure 4. Estimated vaccine-associated change in the incidence of each serotype and risk group for 2014—2015. Log (rate ratios) + 95% credible intervals. The dots are

ordered by age group (<5, 5-17, 18-39, 40-64, >65 years) and by comorbidity (open symbols: no comorbidity; closed circles: at least 1 comorbidity). A, Seven-valent pneumo-
coccal conjugate vaccine serotypes. B, Thirteen-valent pneumococcal conjugate vaccine (PCV13) unique serotypes. C, Non-PCV13 serotypes.
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greatest (94%) in children <5 years of age (the only age group
in which a high proportion of individuals received the vaccine)
(Table 1) and with smaller, but substantial (72%-83%) declines in
other age groups with or without comorbidity (Table 1). Serotype
19F declined by 75%, and the other PCV7 serotypes were effec-
tively eliminated. Because PCV7 might provide cross-protection
for serotype 6A, and PCV13 might provide cross-protection for
serotype 6C, we performed sensitivity analyses where we classi-
fied serotype 6A asa PCV7 serotype and 6C as a PCV13 serotype.
This change in classification did not have any notable effect on the
serotype-specific or overall estimates (Supplementary Figure 6).

DISCUSSION

There were clear and substantial declines in the incidence of
VT-IPD following the introduction of PCVs in children, as well
as smaller but substantial increases in the incidence of NVT-
IPD. The net effect of these changes varied somewhat by age
and comorbidity status. Increases in NVT-IPD offset more of
the decline in VT-IPD following the introduction of PCV7 than
PCV13. By using a modeling strategy that controlled for the
natural epidemic cycles of IPD by the individual serotypes, it
was possible to obtain credible estimates for serotype-specific
changes associated with the introduction of PCVs in different
groups of patients, despite natural fluctuations in the sero-
type-specific incidence of IPD.

While the impact of PCVs against IPD has been well estab-
lished for children [1-4], estimates of the impact for adults have
varied. For instance, a meta-analysis by Feikin et al [1] found that
in some countries (eg, the United States), there were significant
declines in the overall incidence of IPD in adults despite replace-
ment. However, in other countries, increases in the incidence of
IPD due to non-PCV7 serotypes completely offset declines in
IPD due to PCV7-targeted serotypes among adults. Our results
could help to explain these patterns. We found that, among
adults aged 40-64 years with known comorbidities, serotype
replacement following the introduction of PCV7 offset declines
in IPD by VTs. Among all age groups, the relative increases in the
incidence of NVT-IPD were similar across age and comorbid-
ity levels, and the relative declines in VT-IPD were also similar.
Differences in the net effect of the vaccine between groups can
therefore be explained by serotype patterns in the period before
PCV7 was introduced. In particular, the balance of VTs to NVTs
during the pre-PCV period is important. Such variations in IPD
serotype distribution could occur due to differential invasiveness
of some serotypes in children and adults or due to variations in
exposure between populations [21]. In groups in which a large
fraction of IPD in the pre-PCV period was due to NV'Ts, serotype
replacement offset a larger fraction of the decline in IPD.

The relative decline in the incidence of IPD due to PCV-
targeted serotypes was greatest in children <5 years of age. These
children benefit both from direct protection by the vaccines

against invasive infections and from the decline in exposure

to the VTs that results from PCVs reducing carriage of vaccine
serotypes. Because effectiveness of the vaccine against targeted
serotypes is greater for IPD than for carriage [22, 23], we would
expect that directly vaccinated individuals would have larger
declines in the incidence of IPD due to PCV-targeted serotypes.

Our study has strengths as well as limitations. A strength is
that we used data from a comprehensive national surveillance
system with a long baseline period, which allows us to esti-
mate secular trends and harmonic variations. Additionally, we
used a hierarchical modeling approach that reduces the effect
of random variation in the disaggregated data and that allowed
us to obtain estimates of the effect of PCVs on the incidence
of IPD for different subgroups. A limitation is that we defined
comorbidity status based on classification of comorbidities
from a national hospitalization register, which might result in
misclassification and underestimation of individuals present-
ing with less-severe comorbid disease, particularly if these
patients had not been hospitalized prior to the IPD episode.
Other factors that are well known to affect susceptibility to IPD
and possibly to IPD due to specific serotypes, such as smok-
ing, crowding, socioeconomic status, and previous vaccination
with any pneumococcal vaccine, were not included in the anal-
ysis. Additionally, due to small sample size, we were unable to
evaluate specific comorbidities or to evaluate combinations of
comorbidities; we expect that with sufficient sample size, per-
forming these additional stratifications would amplify differ-
ences between groups. Finally, we assumed that linear trends
continue indefinitely into the postvaccine period. This could
result in over- or underestimating declines depending on the
direction of the secular trends. Nonparametric or time-series
forecasting methods could help to mitigate this issue.

In conclusion, we have demonstrated important increases in
the number of cases of IPD caused by NV Ts that accompanied
declines in cases caused by VTs following the introduction of
PCV7 and PCV13 in children. The importance of these changes
varied by age and comorbidity group, particularly during the
period after introduction of PCV7 and before introduction of
PCV13. These detailed findings will help to predict the impact
of serotype replacement on IPD in different risk groups follow-
ing the introduction of next-generation PCVs and could assist
the selection of serotypes that should be included in new PCVs
for use in adults.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so0 questions or comments should be addressed to the corresponding author.
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