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ABSTRACT

The evaluation of the public health impact of a vaccination program is essential in monitoring its policy
relevance. Vaccine impact (VI) is usually assessed in a before-after design, in which data on disease burden
without vaccination program is required from a historical reference period. It takes into account the
indirect effects and therefore aims to describe the public health performance of the vaccination program
in the population. Vaccine effectiveness (VE), measured in parallel settings, quantifies the benefit for an
individual of being vaccinated but does not address the indirect effects of a vaccination program. The
motivation of this paper is to gain insight into patterns of how VI and VE have manifested under large-
scale use of a ten-valent pneumococcal conjugate vaccine in Finnish children. We construct a simple
pseudo-dynamic model that mimics typical post-vaccination trends in the incidences of pneumococcal
carriage and invasive disease in children when the proportion of vaccine-type carriage decreases. In the
context of the model, we define the parameters of interest for VI and VE and explore how their expected
values evolve over time. For comparison, we demonstrate the application of VI and VE estimation by using
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register data.

1. Introduction

The performance of an ongoing vaccination program can be
quantified in terms of a number of different effect measures
and rely on different study designs."” Apart from assessing
vaccine-induced protection at the individual level, it is essential
to evaluate the population-level impact of the program to
monitor its policy relevance.” > The choices of effect measure,
study design, and estimation method depend not only on the
research question but also on feasibility of data collection.

Hanquet et al.° define vaccine impact as the population
prevented fraction of disease incidence when exposure is the
vaccination program rather than each individual’s own vacci-
nation. The total impact for a vaccinated individual depends on
both the direct and indirect protection through a vaccine-
induced immune response and reduced exposure to infection,
respectively. During a large-scale vaccination program, also the
unvaccinated part of the population benefits from reduced
transmission (indirect impact, herd protection). The overall
impact of the program is a weighted average of the total impact
in the vaccinated and the indirect impact in the unvaccinated
(cf. Halloran et al.”).

Vaccine impact is usually assessed using a before-after
design, in which data on disease burden without the vaccina-
tion program is required from a historical reference period. In
particular, surveillance data are essential in providing the inci-
dence of a well-defined disease outcome, e.g. laboratory-
confirmed invasive pneumococcal disease, over a long time
period. Any such before-after comparison is necessarily ecolo-
gical in the sense that the disease incidence is compared

(ideally) within the same population but between different
time periods.® Before-after designs can be considered as non-
randomized analogs to community randomized trials.*

In a post-licensure setting, the incidence of infection in the
vaccinated and unvaccinated parts of the population are some-
times compared simultaneously.”'® We call effect measures
based on such parallel comparisons as vaccine effectiveness,
thus making a distinction between parallel and before-after
designs with differing exposure status of the control group."®
Parallel designs take the unvaccinated as the comparison group
although also those are subject to the indirect effects of
vaccination.

In this paper, our interest is in the pneumococcus
(Streptococcus pneumoniae), a pathogen with more than 90
distinct types of capsular polysaccharides. The reduced trans-
mission or virtual elimination of serotypes included in the
pneumococcal conjugate vaccines have led to increased car-
riage and disease by serotypes not included in the vaccines
(replacement).!'™'® Our motivation is to gain insight into pat-
terns of how the vaccine impact and effectiveness of the ten-
valent pneumococcal conjugate vaccine (PCV10) have mani-
fested in young Finnish children. We construct a simple model
that mimics typical post-introduction trends in the incidences
of pneumococcal carriage and disease until elimination of
vaccine-type disease. We formulate the effect measures of
interest for vaccine effectiveness and impact and explore how
their values evolve over time.

The structure of this paper is as follows. Section 2 describes
the model for the dynamics of pneumococcal carriage and
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disease since vaccine introduction. In Section 3 we formulate
the effect measures based on the model and calculate their
typical evolution over time. In Section 4 we demonstrate the
estimation of vaccine impact and effectiveness among vaccine-
eligible children in Finland. The paper concludes with
a discussion in Section 5.

2. A pseudo-dynamic model of carriage and disease

In order to relate the parameters of vaccine impact and effec-
tiveness to the population dynamics of pneumococcal carriage
and disease, we construct a simple pseudo-dynamic model for
the respective incidences in cohorts of children after the intro-
duction of a vaccination program (post-introduction period).
We follow the processes until vaccine-type (VT) disease
becomes eliminated and a new steady-state is reached. The
model allows us to describe explicitly the expected behavior
of vaccine impact and effectiveness during the post-
introduction period.

Carriage. We model pneumococcal carriage based on the
following assumptions:

(A1)Proportion P of each vaccine-eligible birth cohort is
vaccinated;

(A2)The per capita rate of carriage acquisition (force of
infection) C is constant over time, irrespective of the child’s
age and vaccination status. In particular, this means that any

reduction in the rate of VT acquisition is immediately replaced
by a corresponding rate of non-vaccine-type (NVT)
acquisition;”’18

(A3) The proportion f(t) of VT carriage acquisition
declines as a function of time t because of reduced VT trans-
mission in the population (Figure 1). While this is admittedly
a simplification, we thereby avoid the need for more complex
dynamic modelling.

Based on assumptions,' > Table 1 summarises the per capita
rates of acquisition by serotype category (VI/NVT) and vacci-
nation status (vaccinated/unvaccinated). The forces of VT car-
riage acquisition at time ¢ are f(t)C and f (£)C(1 — VE,) in the
unvaccinated and vaccinated children, respectively, where
VE,, is the leaky vaccine efficacy against carriage acquisition.

Disease. Table 2 summarises the per capita rates of invasive
pneumococcal disease (IPD) by serotype category (VI/NVT)
and vaccination status. These rates follow by multiplying the
rates of carriage acquisition (Table 1) with the corresponding
IPD case-to-carrier ratios (i.e., ratios of IPD incidence to car-
riage incidence). One additional assumption is made:

(A4) For both serotype categories, the case-to-carrier ratios are
assumed to be constant and remain at their pre-vaccination
values.'”'®

Apart from the proportion of VT carriage (f(t)), the rates of
IPD in the post-introduction period depend on the pre-
vaccination rates of (IPD)” and IPD)'T), the vaccine efficacy
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Figure 1. The proportion of vaccine-type (VT) carriage of all carriage acquisition over time since vaccine introduction. Functions f(t) and (1 — VE.,)f(t) show the
proportions of vaccine-type acquisition in the unvaccinated and vaccinated children, respectively. The scenario shown here corresponds to the observation in Finland.
The initial proportion of VT carriage of all carriage among unvaccinated children at time t = 0 is f(0) = 60% and decreases to 0% in about 70 months. The vaccine

efficacy is VE, = 50%.
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Table 1. Per capita rates of carriage acquisition at time t after vaccine introduction per serotype category and vaccination status. C is the per capita rate of carriage
acquisition, f(t) is the proportion of VT carriage acquisition of all carriage, and VE,, is the vaccine efficacy against carriage acquisition. Because of complete replacement
in carriage, the rates of VT and NVT carriage acquisition sum up to C in all three columns of the table.

Pre-vaccination period

Post-introduction period

Serotype group Rate of acquisition

Rate of acquisition in vaccinated (proportion P)

Rate of acquisition in unvaccinated (proportion 1-P)

VT f(0)C
NVT (1 — £(0))C

f(t)(1 - VEcoI)C
(1 =) (1 = VEa))C

£(t)C
(1 - f()c

Table 2. Per capita rates of IPD at time t after vaccine introduction per serotype category and vaccination status. IPDj is the rate of IPD before vaccine introduction and

VEin, is the vaccine efficacy against progression to disease.

Pre-vaccination period

Post-introduction period

Serotype group Rate of IPD Rate of IPD in vaccinated (proportion P) Rate of IPD in unvaccinated (proportion 1-P)
vT 1PDY 18 (1 = VEeor) (1 = VEiy)IPDYT Hey 1PDYT

VT 1-F()(1—VEeal) ;ppyVT 1-£(t) jppNVT
NVT IPDq =0 1PDg =70, PDo

against acquisition (VE,y), and the vaccine efficacy against
progression from carriage to disease (invasion, VE;,,), i.e.,
efficacy against case-to-carrier ratio.'"” Note that the expres-
sions of the IPD rates in Table 2 do not depend on the absolute
rate C of carriage acquisition.

3. Vaccine impact and effectiveness
3.1. Parameters of interest

Vaccine impact (V1) is here defined as the relative reduction in
the rate of IPD in vaccine-eligible children in a population that
experiences a vaccination program, compared to the rate in
unvaccinated children in a completely unvaccinated popula-
tion. Table 3 presents VI parameters separately for the VT,
NVT, and all IPD categories, derived from Table 2 by compar-
ing the rates in the post-introduction period to those in the
pre-vaccination period. The overall impact of a vaccination
program is the weighted average of the total and indirect
impact parameters with the vaccinated and unvaccinated pro-
portions of the cohort as weights, ie., VIXvall :PVIt‘gtT+
(1—P)VL'L for the vaccine types. Similar expressions hold
for the NVT and all IPD categories.

Vaccine effectiveness against VT IPD (VE'T) is defined as
one minus the rate of VT IPD in the vaccinated compared to
the rate of VT IPD in the unvaccinated in the same child
population subject to a vaccination program. It is the indivi-
dual-level effectiveness against disease and depends on vaccine
efficacies against VT carriage acquisition (VE,,) and against
progression of carriage to VT disease (VE,),
ie, VEYT =1 — (1 — VE4)(1 — VEyr)."”

Table 4 presents VE parameters separately for the VT, NVT,
and all IPD categories derived from Table 2 by comparing the
rates in the vaccinated and unvaccinated children in the post-

Table 4. Vaccine effectiveness against VT, NVT, and all IPD in a parallel study
setting.

Serotype group Vaccine effectiveness in vaccinated
VT VET =1 — (1 — VEu)(1 — VEiy)
VT _ 1=F(0)(1—VEer)
All IPD VEalD _ 1 _ Ao (1=VET)IPDYT + =i (1 VEMT ) 1PV

O oWV L 110 VT
PPy + 7 ,w)(1—VE’WT)IPDg

introduction period. VE parameters are only available for
vaccinated children because the unvaccinated group acts as
controls.

To conclude this section, we note that our framework
allows an alternative way to correct an odds-ratio-based
estimate of vaccine effectiveness in presence of replacement.
The original estimate by Broome et al.>’ is given by the
ratio of the odds of vaccination in cases of VT IPD to the
odds of vaccination in cases of NVT IPD. If the odds ratio
is written in terms of the rates of IPD as given in Table 2,
the estimator reads as follows:

(1= VEo)) (1~ VEiny)

0 VRl 1 - VE
VEBroome = 1 — 1—7]((1‘) -t 1 +f(t>}/(Ec)01 @
1—f(¢t

This is the same expression as in Andrews et al.*! who pre-
sented an odds ratio for the indirect cohort design accounting
for the effect of replacement carriage, i.e., the higher NVT
carriage prevalence in the vaccinated as compared to the
unvaccinated. Thus, the above hazard-ratio-based Broome-
estimate is equivalent to the corrected odds-ratio-based esti-
mate. It is clear from Equation (1) that VEgom. slightly over-
estimates VE, but the difference diminishes toward the end of
follow-up as f(t) — 0.

Table 3. The total and indirect impact of a vaccination program against VT, NVT, and all IPD in a before-after study setting.

Serotype group

Total impact in vaccinated (proportion P)

Indirect impact in unvaccinated (proportion 1-P)

f
VI, = {5 PDYT
U = 2 oy

1=V )PDYT+ (1= VIT ) 1PDYT

Vi VI, =1 — A1 = VEe)(1 — VEin,)
1=£(0) (1~ VEco
NVT Vigt =1- (ﬂf(o) !
All IPD VjalPD — 1 _ (1=viZ ) 1PDYT+ (1= VAT ) 1D
t

ol IPDYT +IPDYT

ValiPp — 1 _ ( ind
ind IPDYT+1PDY™
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3.2. Scenarios

Different scenarios were considered to explore the time-related
behavior of VI and VE. These scenarios represent settings of
moderate or high vaccination coverage P = 50/90%, efficacy
against carriage acquisition of VE. = 50%, and efficacy
against progression to disease VE;,, = 50/90%. We assumed
that f(¢) is a declining function that starts from 60% and
declines to 0% in 6 years (Figure 1). This corresponds broadly
to the observations from Finland and elsewhere.”> The initial
proportion of NVT cases out of all IPD was set at 20%, similar
to that in the pre-vaccination era in Finland.>> The proportion
of NVT in carriage was taken to be 40%, which means that the
non-vaccine types are generally less invasive, i.e., have lower
case-to-carrier ratios than the vaccine types."” Note that the
impact and effectiveness parameters do not depend on the
actual rates of VT or NVT IPD but on their initial (i.e., pre-
vaccination) ratio.

3.3. Behavior of the impact and effectiveness over time

Figure 2 shows how the vaccine effectiveness and the (total and
indirect) vaccine impact against VT, NVT, and all IPD evolve over
time according to the expressions of Tables 3 and 4. Figure 3
shows the overall impact against VT, NVT, and all IPD.

The total impact against VT (VIt‘gtT, Figure 2(a)) increases
over time since vaccine introduction and reaches eventually
100% when VT infection approaches elimination. While hav-
ing the same initial value as VI'I, VE against VT (VE'T)
remains constant. Of note, when VT IPD is eliminated, VE'"
is not estimable. Obviously, at any time after the program onset
VI'T is higher than VET.

The total impact against NVT (VINYT, Figure 2(b)) is always
negative and decreases over time, capturing the replacement of
VT acquisition by NVT acquisition. Eventually, VINY'T reaches
the value — f(0)/(1 — f(0)), which is the additive inverse of
the initial VI/NVT split in carriage, i.e., the pre-vaccination
odds of VT carriage.'” VE against NVT (VENT) starts at the
same negative value as the impact but increases over time and
reaches zero when all VT carriage is eliminated and the non-
vaccine types transmit equally in the vaccinated and unvacci-
nated parts of the population. This stems from using
a contemporaneous cohort of unvaccinated children as the
comparison group.

The total impact against all IPD (VIYPP| Figure 2(c))
depends on the initial proportion of VT carriage (f(0)), vaccine
efficacy against carriage (VE,,) and the initial VT/NVT split in
IPD before vaccine introduction. VE against all IPD (VE“PP)
starts from the same level as the total impact but decreases to

Vaccinated

Unvaccinated
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Figure 2. Vaccine effectiveness and total and indirect impact as function of time since vaccination onset. Parameter values: VE.,y = 50%, VEi,, = 50/90%, f(0) = 60%
and the initial fraction of NVT IPD out of all IPD is 20%. VT carriage decreases to 0% in about 70 months. (a) Total impact (solid line) and effectiveness (dashed line)
against VT; (b) total impact (solid line) and effectiveness (dashed line) against NVT; (c) total impact (solid line) and effectiveness (dashed line) against all IPD; (d) indirect
impact against VT; (e) indirect impact against NVT; (f) indirect impact against all IPD.
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Figure 3. Overall impact against VT, NVT and all IPD as function of time since vaccination onset. Parameter values: proportion vaccinated P = 50/90%, VE.,; = 50%,
VEin, = 90%, f(0) = 60% and the initial fraction of NVT IPD out of all IPD is 20%. VT carriage decreases to 0% in about 70 months.

zero toward the end of the study period because only NVT IPD
remains.

The indirect impact against VT (VI'}) increases and the
indirect impact against NVT (VIIJ.Z{‘;T) decreases over time, both
starting from zero and describing the herd protection and
replacement disease, respectively, which unvaccinated children
experience under the vaccination program (Figure 2(d,e)). The
indirect impact against all IPD (VI“PD| Figure 2(f)) is an
increasing function if vaccine coverage is high. In the event
of complete replacement, the indirect impact against VT, NVT,
and IPD all reach the same values as the respective total impact
parameters.

Overall impact (Vlyyeran, Figure 3) combines all divergent
trends and depends on vaccine coverage. There is no concept
for indirect or overall effectiveness, because the unvaccinated
act as the comparison group in any of the parallel designs.

4. Vaccine impact and effectiveness based on register
data in Finland

4.1. Vaccination program

PCV10 was introduced into the Finnish national vaccination
program in September 2010. Prior to PCV10 vaccinations in
the FinIP trial** and national vaccination program, a seven-
valent conjugate vaccine was recommended for risk groups,
but conjugate vaccines were not routinely used and the uptake
was minimal (<2%). Since 2010, the coverage rose quickly

above 90% and was estimated at 95.5% in the birth cohort of
2015.%

4.2. Data sources and case definition

IPD cases, defined as isolations of Streptococcus pneumoniae
from blood or cerebrospinal fluid, were identified from the
National Infectious Diseases Register, a population-based elec-
tronic laboratory surveillance system maintained by the
Finnish Institute for Health and Welfare (THL).>>*® For the
analysis, the cases were categorized according to the causative
serotype into three mutually exclusive groups: PCV10 sero-
types (VT; 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F), PCV10-
related serotypes belonging to the same serogroups as the
PCV10 serotypes, and non-PCV10-related serotypes (NVT).
The study population was determined based on the Finnish
Population Information System. The target cohort was defined
as all vaccine-eligible children (born between 6/2010 and 6/
2016, followed from 1/2011 through 12/2016, aged
6-78 months, Figure 4). Children were defined as vaccinated
if at least one dose was registered at the National Vaccination
Register. Individuals whose vaccinations were incompletely
covered by the National Vaccination Register (altogether
9.1%, 32204 out of 354912 vaccine-eligible children) were
excluded from the analysis. All register-based information
was linked by using the unique national personal identity code.
To assess the total, indirect and overall impact of the vacci-
nation program against IPD, a season and age-matched
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O PCV10 type IPD, unvaccinated

O PCV10-related type IPD, unvaccinated

A Non-PCV10 type IPD, unvaccinated

2010
Year

B PCV10 type IPD, vaccinated
® PCV10-related type IPD, vaccinated
A Non-PCV10 type IPD, vaccinated

Figure 4. IPD cases and their vaccination status in the target cohort of PCV10 eligible children (years 2010-2016) and in the reference cohort (years 2004-2008) in

Finland.

reference cohort was chosen from the pre-vaccination period
(born between 6/2002 and 6/2008, followed from 1/2003 to 12/
2008, aged 6-78 months, Figure 4). IPD rates in the target and
reference cohorts were compared by using Poisson regression
models. VE against IPD was estimated based on the target
cohort of vaccine-eligible children. Poisson regression was
used to compare incidence rates in vaccinated and unvacci-
nated children. In all analyses, population sizes of the cohorts
were used as offset.

The inferences were performed within the Bayesian frame-
work. Uninformative prior distributions were used: normal dis-
tribution with mean 0 and variance 10° for the effect parameters
and Gamma distribution with mean 1 and intensity 10° for preci-
sion. Results are presented as point estimates (posterior mean) and
95% posterior probability (credible) intervals (CI). All analyses
were carried out with R (version 3.4.4) and the INLA library.

It is important to note that VE was estimated as a time-
average of the time-varying effectiveness measure (cf. Table 3)
over the years 2011-2016. VI was estimated both as time-
average and separately for each year, comparing to the whole
reference cohort (Figure 5). Note also that VE and VI were
estimated separately for the three serotype groups: PCV10
serotypes (VT), PCV10-related serotypes and non-PCV10-

related serotypes (NVT). In addition, VI and VE were esti-
mated for all serotypes.

4.3. Impact and effectiveness against IPD in Finland

Table 5 presents the estimated vaccine impact and effectiveness
against IPD in vaccine-eligible Finnish children. We compare the
time trends of these estimates to patterns predicted by the theore-
tical model as well as to findings from previous studies in the same
setting.

Total impact and effectiveness. Both VI'T and VE"Twere
high and, consistently with the model, VI'T was higher than
VEYT (97%; 95% CI: 95, 99% versus 92%; 95% CI: 77, 97%).
Also the time trends corresponded to the model predictions, as
after splitting the follow-up into yearly periods, VI'T rose
quickly over 90% and ended up at 99% (95% CI: 94, 100%) in
2016 (Figure 5). In 2018, there were no cases of PCV10 IPD in
the vaccine-eligible cohort, and VI)T was thus 100%. By con-
trast, VE'T in Finland has remained constant in the post-
introduction period, as reported elsewhere.””

For the non-PCV10-related types, VIN'T was negative (—-78%;

tot
95% CI: —214, —2%), as expected due to replacement in carriage.

1001 ! [ ) [ ] ®
N A
48? 0- Serogroup
g. ® PCV10IPD
= \ O PCV10-related IPD
S A Serotype 19A IPD
2 —100+
b

2012 2013 2014 2015 2016

Epidemiological year

Figure 5. Overall impact against PCV10, PCV10-related and serotype 19A IPD among vaccine-eligible children in Finland in years 2012-2016.
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Table 5. Effectiveness of PCV10 vaccination in the PCV10-eligible target cohort (2010-2016), and the impact of PCV10 vaccination based on the comparison of the target

cohort with a reference cohort (2002-2008), Finland.

Finland Unvaccinated Vaccinated Estimate (%)  95% credible interval
Vaccine effectiveness Cases Follow-up years Cases Follow-up years

PCV10 IPD 7 69664 7 894817 92.2 (77.3,97.3)
Non-PCV10 IPD 7 69664 65 894817 27.7 (=733, 64.4)
-PCV10-related IPD 5 69664 35 894817 455 (—58.8, 76.6)
-Non-PCV10-related IPD 2 69664 30 894817 -16.8 (—622.0, 64.7)
All IPD 14 69664 72 894817 60.0 (26.0, 76.7)
Vaccine impact Cases in reference cohort ~ Follow-up years  Cases in target cohort  Follow-up years

Total impact

PCV10 IPD 342 1115954 7 894817 97.4 (94.9, 98.9)
Non-PCV10 IPD 82 1115954 65 894817 1.2 (—36.7, 28.8)
-PCV10-related IPD 61 1115954 35 894817 28.4 (7.8, 53.1)
-Non-PCV10-related IPD 21 1115954 30 894817 -78.2 (-213.7, -23)
All IPD 424 1115954 72 894817 78.8 (73.0, 83.6)
Indirect impact

PCV10 IPD 342 1115954 7 69664 67.2 (34.7, 85.5)
Non-PCV10 IPD 82 1115954 7 69664 -36.7 (—179.2, 40.7)
-PCV10-related IPD 61 1115954 5 69664 -313 (=202.5, 51.4)
-Non-PCV10-related IPD 21 1115954 2 69664 =525 (—450.6, 69.7)
All IPD 424 1115954 14 69664 47.0 (12.8,70.0)
Overall impact

PCV10 IPD 342 1115954 14 964481 95.3 (92.2,97.3)
Non-PCV10 IPD 82 1115954 72 964481 -1.6 (—39.3, 26.1)
-PCV10-related IPD 61 1115954 40 964481 24.1 (—12.6, 49.4)
-Non-PCV10-related IPD 21 1115954 32 964481 -76.3 (—208.6, —2.5)
All IPD 424 1115954 86 964481 76.5 (70.5, 81.5)

The small number of cases prevented meaningful estimation of the
time trend in VI. VENVT was —17% (95% CI: —622, 65%).

VIZUFD and VEYPP were 79% (95% CI: 73, 84%) and 60%
(95% CI: 26, 77%), respectively. VEFP is expected to
approach zero when VT disease is eliminated and vaccinated
and unvaccinated children carry NVT with similar rates
(Figure 2(b,c)). Indeed, there has been a decreasing trend in
VEIPD among Finnish children.*”?**

In our data, the group of non-vaccine-types consists of
PCV10-related and non-PVC10-related serotypes. The first sub-
group is dominated by type 19A, which has been the main
replacing serotype in Finnish children as well as in the older,
unvaccinated population.”**” However, in vaccine-eligible chil-
dren, serotype 19A IPD seems to have occurred more often in
unvaccinated children as compared to vaccinated.”” This is
indicated by the positive point estimate of VE against PCV10-
related IPD (46%; 95% CI: =59, 77%). By contrast, the impact
against PCV10-related IPD shows a decreasing trend (Figure 5).

Indirect impact. VI''} was high (67%; 95% CI: 35, 86%),
indicating strong herd protection in unvaccinated children.
VINYT and VISP were —53% (95% CI: —451, 70%) and 47%
(95% CI: 13, 70%), respectively.

Overall impact. The estimates of VIV! . and VIZVT (95%;
95% CI: 92, 97%, and —76%; 95% CI: —209, —3%) were almost the
same as the respective estimates of VI, as expected due to the
small proportion of unvaccinated children. VI?“FD was 77%
(95% CI: 71, 82%), resulting from high VI(}’VZm”, slow replacement

of NVT, and positive VI,enqn against PCV10-related IPD.

5. Discussion

The vaccine impact and effectiveness against invasive pneumo-
coccal disease (IPD) are affected by the indirect effects of

vaccination through herd immunity and serotype replacement
in carriage. As effect measures, the impact and effectiveness
describe two different phenomena and may behave very differ-
ently over time. While vaccine impact (VI) describes the (rela-
tive) reduction in the rate of disease due to a vaccination
program, vaccine effectiveness (VE) quantifies the (relative)
reduction in the rate of disease that vaccination affords to an
individual during ongoing vaccination. In this paper, we con-
structed a simple pseudo-dynamic model to describe the time-
dependency of VI and VE in cohorts of children after the
introduction of a pneumococcal vaccination program.

As exposure to vaccine-type (VT) infection decreases over
time since vaccine introduction, the impact against vaccine-
type disease increases in both vaccinated (VI YTy and unvacci-

tot
nated (VIYD). VI'T is affected by the direct and indirect effects

tot
and thus quantifies the net benefit of the vaccination program
to a vaccinated individual. The impact against the non-vaccine
types (VINYT and VINYT) is expected to decrease due to
increasing exposure to NVT infection through replacement in
carriage among vaccinated and unvaccinated children.

The overall impact (Vlgyelz?l) incorporates the divergent
trends and depends additionally on vaccination coverage. If
vaccination coverage is high and the majority of the population
is vaccinated, the overall and total VI behave similarly.
Eventually, the net impact of a vaccination program will be
positive only if the replacing serotypes have a lower average
case-to-carrier ratio than the vaccine types.'”

The vaccine effectiveness against the vaccine types (VE'T),
also called field efficacy,' is a measure of the direct protection
afforded by the vaccine against the vaccine serotypes. Although
the incidence rates of VT IPD decrease in both vaccinated and
unvaccinated children as both groups benefit from the herd
effects in a similar manner, the incidence rate ratio and thus VE
are expected to remain stable at any time since the program
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onset. This follows from the assumption that both vaccine
efficacies against VT carriage acquisition and progression of
carriage to disease are constant irrespective to the dynamics of
the indirect effects. Once VT disease becomes eliminated,
VE"T is no longer estimable.

The fact that VE'T remains constant over time may be
a simplification because it discards competition between sero-
types: carriers may be additionally protected against acquiring
another strain while already carrying a serotype.''**" As the
vaccination program enhances NVT acquisition among the
vaccinated, VEVT could increase over time. This effect, however,
should be small, especially when the VT incidence is very low.

The vaccine effectiveness against the non-vaccine types
(VENVT) describes the differential within-host serotype compe-
tition between the vaccinated and unvaccinated. It should
approach zero in the new equilibrium when vaccine-type car-
riage has been replaced by non-vaccine-type carriage and
exposure to NVT is equal in the vaccinated and unvaccinated
parts of the population. Also VE*"*P should approach zero as
eventually all disease is caused by NVT.

In Finland, the assessment of vaccine impact in a before-
after design is possible because serotype-specific data on IPD
are available for a period starting several years prior to PCV10-
introduction. Several parallel study designs are also applicable,
because each child’s vaccination status is recorded in a nation-
level register. In this study, we compared the estimates of VI
(with a before-after design) and VE (with a parallel design) by
using register data of vaccine-eligible children in Finland.
Because VE is a measure of the benefit of becoming vaccinated,
this comparison will be made with V.

Consistent with the model, the estimated VI)'T was higher than
VE'T and increased over the years reaching 100% in 2018 when
no IPD cases caused by PCV10 serotypes were detected. Our
conclusion about the non-vaccine serotypes, however, is not as
clear. Not all serotypes in our setting fall into the two categories of
VT and NVT but exhibit properties of both. In particular, this is
the case with serotype 19A that constitutes the majority of
PCV10-related IPD in children in the post-vaccination era. The
increasing incidence of 19A IPD especially among unvaccinated
children has resulted in positive and higher than expected esti-
mate of VE*"FP_ By contrast, although the incidence of the ser-
otypes not related to PCV10 serotypes (the “true” NVT) was very
low throughout the study period, the impact against them (VINYT
was negative and VEN'T was close to the expected value of zero.

Vaccine effectiveness is often estimated based on accumulated
cases per person-time until a certain time point. This means that
the effectiveness becomes a time average, although the measure
itself could be time-varying. In the current setting, this is not
a problem for VEYT, which remains constant over time.
However, as VEN'T is expected to increase from a negative level
toward 0%, a time-average may overestimate the effectiveness as
more follow-up time accrues toward the end of the study period.

Although prospective cohort studies are optimal in utilizing
the full follow-up of the underlying cohorts,'® VE is usually
estimated with retrospective approaches, i.e., case-control and
indirect cohort designs, in which more detailed data can be
collected on the study subjects and many factors can be
adjusted for.”*>**>* The VE estimates based on the indirect

cohort design may be biased due to disproportionate NVT
replacement among vaccinated and unvaccinated IPD cases.'
However, the bias is small and diminishes as the proportion of
VT carriage decreases. Our framework allows formulation of
the bias in a similar manner as in Andrews et al.,>' but in terms
of rates and rate ratios rather than odds and odds ratios.

Vaccine impact is a dynamic measure affected by secular
trends unrelated to vaccination, such as temporal fluctuations
in the incidence of individual serotypes. Other factors such as
the sensitivity of surveillance systems due to alterations in
clinical awareness, reporting techniques, and blood culturing
practices may also affect the analysis of data accumulating over
long time periods.”® A long pre-vaccination period and analysis
at the serotype group level help in balancing out randomness.
Time-series models have been used to adjust for pre-vaccine
trends to avoid arbitrary selection of baseline incidence.’*

In our theoretical model, we defined VI and VE in terms of
the per capita rates of carriage acquisition and case-to-carrier
ratios. In general, VI and VE depend on vaccine efficacy against
carriage and disease, the pre-vaccination split of IPD into VT
and NVT, the time-varying proportion of VT carriage out of all
carriage, as well as vaccination coverage. Admittedly, the model
is a simplification of the true underlying processes and may
thus carry many limitations. For instance, vaccine efficacy may
wane in age and vaccination coverage takes time to increase to
a high level. Moreover, the binary split of serotypes into VT and
NVT may not be sufficient in a real setting. For example,
a subgroup of vaccine serotypes might not be completely elimi-
nated from circulation, which would show in their proportion
(function f(t)) not decreasing to 0%. With regard to non-
vaccine serotypes, our data indicate that due to changes in the
distribution of circulating 19A clones,* the assumption about
constant case-to-carrier ratios does not fully hold in Finland,
leading to the need of more complicated analysis.

Another limitation of our study regarding the estimation of
VE are the small case numbers that prevented estimation based
on short time bands, evaluation of possible time-trends, and
comparison with the model. However, the observed time
trends in VI estimates corresponded to the model predictions.
Nevertheless, despite the small data and the simplified struc-
ture of the model, our study should serve to exemplify how the
unobservable carriage process modifies disease dynamics and
how VI and VE behave in the long-term post-vaccination.

Vaccine effectiveness, measured in parallel settings, quanti-
fies the benefit for an individual of being vaccinated but does
not adjust for the indirect effects of the vaccination program.
Parallel effect measures do not describe the indirect or popula-
tion level overall effectiveness. Vaccine impact, by contrast,
takes into account the indirect effects and therefore better
describes the public health performance of the vaccination
program in the whole population.
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