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BACKGROUND

Mass vaccination of infants and toddlers with pneumococcal conjugate vaccines (PCVs) has led to large
declines in pneumococcal disease in countries around the world [1]. These vaccines currently contain 10
or 13 different capsular polysaccharides from Streptococcus pneumoniae, each conjugated to a protein
carrier. In S. pneumoniae, the chemical structure of the capsular polysaccharide determines the serotype,
defined by the specificity of antibody responses against these capsules. PCVs induce immunity that
directly protects recipients against vaccine serotypes (VT), which can cause invasive and mucosal disease
[2]. It is clear that the immunity induced by PCVs also partially protects recipients against
nasopharyngeal carriage of VT pneumococci [3]. This is important because the nasopharyngeal
pneumococcal population is the source of transmission to other hosts, so the reduced carriage has led to
herd immunity that has reduced VT disease in other age groups in many populations in which infants
and/or toddlers have received PCVs [4, 5].

Dosing schedules adopted in national programs to date vary, with either 2 or 3 doses in infancy, with or
without a booster around 12 months of age (schedules are referred to by the number of doses in infancy +
the number of boosters, e.g. 2+1 or 3+0). The high market cost of PCVs has created intense interest in the
possibility of reducing the total number of doses administered [6]. This interest was recently bolstered by
a randomized, controlled trial showing good immunogenicity of a 1+1 schedule compared to a 2+1
schedule in the UK [7, 8]. However, to our knowledge, no randomized trial testing the impact of reduced
dosing schedules on an efficacy outcome, such as prevalence of VT pneumococcal carriage, has been
carried out in a country that has already implemented routine vaccination. Instead, such trials are being
carried out in populations that have not yet introduced routine pneumococcal vaccination [9]. If these
trials were to be conducted in countries with established vaccination programs, they would be challenged
by the presence of herd immunity in the background population. We undertook simulation modeling of
such trials in newborns in both the presence and absence of background herd immunity to understand the
effects of background herd immunity on the ability of a vaccine trial to reveal differences in efficacy
against vaccine-type carriage between its arms. We found that the differences between arms in VT
pneumococcal colonization in such a trial conducted in a background of herd immunity would be very
small, and the resulting sample size requirement would be impracticably large. These findings support the
wisdom of locating such trials with carriage outcomes in countries that have not yet introduced routine
PCV programs.

METHODS

To simulate S. pneumoniae transmission dynamics, we used a discrete-time individual-based model based
on a previous model developed by Cobey et al. [10]. As in Cobey et al.’s model, our model includes both
serotype-specific and non-serotype-specific immunity and reproduces observed serotype diversity. The
calculation of the force of colonization and duration of colonization also follow Cobey et al. In particular,
the force of colonization for each individual is calculated every day with age-assortative mixing in
transmission. Furthermore, individuals can be colonized by multiple strains of the same serotype at the
same time, but the model is based on a “neutral null model” that avoids artificial predictions of serotype
coexistence [11].

Our model differed from that of Cobey et al. in three ways. First, some versions of Cobey et al.’s model
take into account a range of demographic events such as partnering, reproduction, and departure from the
household of origin. By contrast, our model does not include these events because they are not central to
the question we are interested in, which is the effect of herd immunity on the results of vaccine trials.
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Second, our procedure for fitting the transmission rate (f) deviated from that of Cobey et al.’s study.
Cobey et al. estimated the total prevalence of pneumococcal carriage by averaging the annual samples in
the final 10 years of their simulations, whereas we average over the final 46 years of our simulations to
obtain more precise estimates. The transmission parameters were fit using 2001 data from the SPARC
project, which sampled children aged 7 or younger in Massachusetts, USA and reported a 28% carriage
prevalence [12]. We fit to serotype-specific prevalences using an algorithm previously described [13].

The third difference was that we implemented a vaccine trial. In real-world vaccine trials, the effect of the
trial on background transmission is minimized by having a trial that is small relative to the general
population. In our simulations, participants in our vaccine trials were modeled as individuals who could
receive colonizations from individuals in the general population but could not themselves transmit
colonizations to any other individuals. This design allows us to introduce a large number of vaccine trial
participants to the simulation—and thus obtain stable and precise estimates of the prevalence of VT
colonization in the different arms—without interfering with the level of colonization in the background
population. These prevalence estimates were then used as the “true” population means in our sample size
calculations.

We simulated a vaccine trial with three arms receiving the 13-valent pneumococcal vaccine (PCV13) on
different schedules—3+1, 2+1, and 1+1—where the booster was always given at 12 months of age and
the primary sequence was at 2, 4, and 6 months of age, with the reduced schedules omitting the 6 month,
or the 4 and 6 month doses respectively. These trials took place in one of two settings: first, in a setting
where the 7-valent PCV (PCV7) had been in routine use for some years and had recently been replaced by
PCV13 (see details below), and second, in a PCV-naive population. Our simulation consisted of three
sequential phases:

1. Demographic Phase (50 years): There is no transmission and the goal is the reach an equilibrium
age distribution in the background population mimicking that in the US population. Vaccine trial
has not been initiated yet. Individuals’ ages and colonizations are recorded every year.

2. Epidemiologic Phase (50 years): At the beginning of this phase, we introduce the disease to the
population by randomly seeding each individual in the background population with colonizations
and allowing transmission to take place and equilibrate. Initially, as a temporary measure,
individuals are artificially given some pre-existing immunity to prevent a computationally
intensive epidemic that would have otherwise occurred had the population been fully susceptible.
If simulating in the presence of routine PCV vaccination, we begin introducing PCV7 to newborns
in the background population 40 years into this phase. Then, 44 years into the phase, we replace
PCV7 with PCV13 in the background population. This timeline was chosen to match
pneumococcal vaccination in the UK, where PCV7 was administered for 4 years before switching
to PCV13 [14]. In this phase of the simulation, the vaccine trial has not started yet. Individuals’
ages and colonizations are recorded every year.

3. Vaccine Trial Phase (5 years): We begin the vaccine trial by introducing newborn participants to
the simulation who are able to receive colonizations but unable to transmit them. If we are
simulating the vaccine trial in the presence of herd immunity from PCV, the background
population continues to receive PCV13. Individuals’ ages and colonizations are recorded more
frequently—every month.

We simulated 50,000 individuals in the background population (our populations size stayed constant, as
in Cobey et al.) and 10,000 individuals in each of the 3 arms of the trial. Vaccines were assumed to confer
varying degrees of protection with increasing numbers of doses, with the increased efficacy on subsequent
doses taking effect immediately on receipt of the next dose. Vaccine efficacy after two or more doses (for
2+1 and 3+1 PCV13 schedules) was estimated using VT prevalence from Dagan et al. [15] and calculated
3
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as one minus the prevalence odds ratio as described in Rinta-Kokko et al. (Table 1) [16]. Vaccine
efficacy after one dose (for all three PCV 13 schedules) was estimated using a similar approach with data
from Ota et al. [17] To our knowledge, no data was available for the efficacy of the 1+1 schedule after the
booster dose. Because initial analyses (data not shown) had found very large sample sizes for comparative
trials, we made the assumption that would yield the greatest difference between arms and thus the
smallest sample size: that efficacy remained unchanged after the booster dose in the 1+1 schedule. Other
equally plausible assumptions would have resulted in greater protection of this trial group and thus would
have required even larger sample sizes to see a difference with other arms. PCV7 efficacy was assumed to
follow the same schedule as PCV13, but limited to the relevant serotypes.

Table 1. Vaccine Schedule and Efficacies as Modeled in This Simulation

Age PCV131+1 PCV132+1 PCV133+1 PCV7
at 2 mo 0.172 0.172 0.172 0.172
at 4 mo 0.172 0.270 0.270 0.270
at 6 mo 0.172 0.270 0.462 0.462
at 12 mo 0.172 0.501 0.501 0.501

We ran each simulation 10 times and averaged the results of these iterations to obtain fairly smooth
prevalence estimates. The simulation was coded in C++11 and run using the software XCode (Version
7.2.1). Data analysis was done in Jupyter Notebook (Version 4.0.6).

We calculated the sample sizes needed to achieve a certain power in distinguishing two trial arms by
taking the effect size to be the maximum difference in VT prevalence between the two trials during the
course of the entire trial. We then determined the relationship between power and sample size by
interpreting the VT prevalence of each trial as a proportion. The specific formula we used to calculate this
relationship follows Cohen [18].

In addition to sample size, we calculated what estimate or relative efficacy would emerge at different
timepoints in the trial. Relative efficacy was defined as either one minus the risk ratio, or one minus the
odds ratio, of VT carriage prevalence between arms of the trial, with the 1+1 arm as the reference group
and the higher-dose groups as the “interventions.”

RESULTS

In a PCV-naive population, the difference in VT pneumococcal carriage prevalence between trial
arms was less than 7% and varied with sampling time. The largest prevalence difference between the
3+1 and 1+1 trial arms, 6.4%, was observed 34 months after the start of the vaccine trial. Meanwhile, the
largest difference between the 3+1 and the 2+1 trial arms was 2.3%, occurring 12 months into the vaccine
trial. (Figure 1, a-c)
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Figure 1: Naive Population. (a) VT carriage prevalence in individual trial arms. Lines represent
average VT prevalence across 10 simulations while shading is bounded by the maximum and
minimum VT prevalences obtained across the 10 simulation at any given point in time. (b) The
difference in VT prevalence between the 3+1 and 2+1 trial arms (averaged across 10 simulations)
graphed over time. (¢) The difference in VT prevalence between the 3+1 and 1+1 trial arms
(averaged across 10 simulations) graphed over time. The zero difference line is shown in red.

In a population already receiving routine PCV administration, VT pneumococcal prevalence is
nearly indistinguishable between trial arms. The overall prevalences in each trial arm are much lower
than in a PCV-naive population, and the differences between the trial arms are very small. Indeed, the
largest difference between the 3+1 and 1+1 trial arms was 1.0%, which occurred 24 months into the
vaccine trial. The largest difference between the 3+1 and 2+1 trial arms was only 0.5% and occurred 12
months into the vaccine trial. (Figure 2, a-c)
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Figure 2: 3+1 Vaccinated Population. (a) VT carriage prevalence in individual trial arms. Lines
represent average VT prevalence across 10 simulations while shading is bounded by the maximum
and minimum VT prevalences obtained across the 10 simulation at any given point in time. (b) The
difference in VT prevalence between the 3+1 and 2+1 trial arms (averaged across 10 simulations)
graphed over time. (¢) The difference in VT prevalence between the 3+1 and 1+1 trial arms
(averaged across 10 simulations) graphed over time. The zero difference line is shown in red. Note
the scale of the y-axis.

Relative efficacy estimation. Vaccine efficacy (VE) against carriage is often calculated as VE =1 —
(prevalence of VT carriage in vaccinees)/(prevalence of VT carriage in controls), or alternatively as 1 —
(prevalence odds of VT carriage in vaccinees)/(prevalence odds of VT carriage in controls) [1]. Figure 3
compares VE by each of these two measures over time, during the vaccine trial. Notably, vaccine efficacy
varies with time since vaccination, due to the dynamic nature of pneumococcal colonization [13]. Also
interestingly, the vaccine efficacy measured post-vaccination is generally lower in a trial in a vaccine-
naive community than one in a community already using PCV13. Moreover, this difference in VE grows
larger as time goes on (Figure 3)
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Figure 3: Relative Efficacies During the Vaccine Trial. (a) VE calculated using prevalences. (b) VE
calculated using prevalence odds.

Much larger sample sizes—by an order of magnitude—are required for a vaccine trial conducted in
a population receiving routine PCV administration as compared to in PCV-naive population.

In a PCV-naive population the sample size needed to distinguish the 3+1 arm from the 1+1 arm with a
power of 80% is roughly 290 (a = 0.05); distinguishing the 3+1 arm from the 2+1 arm with a power of
80% requires a sample size of 2095 (again, a = 0.05). By contrast, in a population already receiving

routine PCV administration, the sample size needed to distinguish the 3+1 arm from the 1+1 arm with a

power of 80% is about 2070; distinguishing the 3+1 arm from the 1+1 arm here with a power of 80%
requires a sample size of nearly 11620. (Figure 4)
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DISCUSSION
This simulation study showed that in the presence of significant herd immunity conferred by widespread
uptake of PCVs, a clinical trial to estimate the effects of reduced dosing schedules on VT pneumococcal

carriage would require impracticably large sample sizes. This occurs both because the level of VT
carriage is reduced in the target age group and by the herd immunity effects.

These findings confirm the wisdom of the decision to test immunogenicity of reduced dosing schedules,
but not efficacy against carriage, in countries that have already adopted PCV vaccination as a national
policy [8], while conducting head-to-head randomized comparisons of dosing schedules only in countries

which have not yet introduced a policy of PCV use, such as Viet Nam [3, 19].
The result that it would be difficult to detect a small reduction in immune protection in a context of rare
VT colonization was perhaps predictable by simple intuitive reasoning. However, previous work [13] has

shown that pneumococcal vaccine trials with a colonization prevalence endpoint have several
particularities that differ from those of more traditional vaccine trials using incidence of an acute infection
as an endpoint [20, 21, 22, 23, 24]. In particular, these studies have shown that several factors complicate

the interpretation of such studies:
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* the competition between different serotypes to colonize [25, 26]

* the ability of most assays to detect only one serotype among those colonized with one or more
serotypes [27]

* the nonlinear relationship between incidence rate reduction (the biological parameter assumed to
be relatively consistent for the same vaccine in different settings) and prevalence reduction (which
is measured in such trials) [16]

* the fact that as children are receiving vaccine doses they are also acquiring immunity in both
serotype-specific and nonspecific fashions to colonization. [24]

It is thus risky to rely on intuition for how vaccine trials would work in various settings; hence, the
impetus to perform the studies described here. Indeed, one part of our results — the finding that vaccine
efficacy as measured by reduction in either risk or odds of carriage is higher in the presence of herd
immunity — is counter to the usual pattern in vaccine trials using incidence as an endpoint, wherein
reduced incidence in all trial arms may occur due to herd immunity, but the relative reduction in incidence
due to vaccination (or more vaccination) is assumed to be constant across settings [28]. The strong time-
dependence of measured relative efficacy of various dosing schedule was also a striking finding that has
not been considered in most previous studies; this finding again is a result of the use of prevalence rather
than incidence as an endpoint, and of the complex dynamics of age-varying force of infection and
developing immunity in the early years of life via natural colonization [24]. In general, simulations of
clinical trials for vaccines or other infectious disease prevention measures can enhance intuition and
improve study design [29].

Like any model, the simulation model here has several limitations. While it attempts to incorporate the
major determinants of both serotype-specific (antibody-based, acquisition-reducing) and serotype-
transcending (Th17-based, duration-reducing) immunity to carriage of pneumococci, as well as
competition between different strains to colonize the same host, the design of the model required a
number of simplifying assumptions, in particular that these were the only relevant forms of constraint on
acquisition of pneumococcal carriage. We did not incorporate household structure in these simulations,
because earlier work [10] showed that qualitative patterns were not strongly affected by these details.
Carriage prevalence by serotype was calibrated to data from Massachusetts, USA [30], and the details of
carriage prevalence overall can vary considerably across populations, though the leading serotypes (prior
to vaccine introduction) are remarkably consistent. The assumed reductions in carriage incidence due to
various dosing schedules were point estimates taken from a single study, and these are subject both to
statistical uncertainty and possible variation across settings [10]. Despite these limitations, we believe that
the large magnitude of the simulated difference between vaccine-experienced and vaccine-naive settings
shows robustly that such trials would be almost certainly underpowered if conducted in populations that
have already introduced mass pneumococcal conjugate vaccination. Moreover, particularly in light of
recent studies of a different vaccine and its likely performance in clinical trials, the finding of time-
dependent variation in efficacy appears to be a robust result [24]. Finally, we calculated sample sizes for
the point of largest prevalence difference in the simulations, for a superiority study. Sample sizes for a
noninferiority study may differ depending on the margin of noninferiority chosen.

Further work is needed to understand the long-term implications of such altered vaccine schedules as,
over time, persons who received reduced schedules as infants constitute a growing proportion of the
population.
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CONCLUSIONS

This study demonstrates computationally that the presence of background herd immunity challenges the
comparison of PCV dose schedules in a clinical trial. In particular, immune populations require
impractical samples sizes that are an order of magnitude larger than those for vaccine-naive populations in
order to distinguish between the carriage prevalences of the arms of a PCV dosage-comparison trial. This
result holds true, moreover, despite the fact that VE estimates are generally higher in immune populations
than in vaccine-naive populations.

Not only are the results of a PCV dose schedule comparison trial affected by background herd immunity,
but they are also time-dependent. Specifically, the relative efficacy of different dosing schedules varies
strongly with time, with maximal prevalence differences attained 1-3 years into the trial.

By highlighting the context- and time-dependence of efficacy estimates in PCV dose schedule comparison
trials, these findings underscore some underappreciated aspects of these trials and support the wisdom of
comparing differences in carriage between individuals receiving different dosages of PCV only in
vaccine-naive populations.
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LIST OF ABBREVIATIONS

PCV: Pneumococcal conjugate vaccine

VT: Vaccine type

PCV7: 7-valent pneumococcal conjugate vaccine
PCV13: 13-valent pneumococcal conjugate vaccine
VE: vaccine efficacy
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