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Abstract

Streptococcus pneumoniae is an opportunistic pathogen that, while usually carried
asymptomatically, can cause severe invasive diseases like meningitis and bacteremic pneumonia.
A central goal in S. pneumoniae public health management is to identify which serotypes
(immunologically distinct strains) pose the most risk of invasive disease. The most common
invasiveness metrics use cross-sectional data (/.e., invasive odds ratios (IOR)), or longitudinal data
(7.e., attack rates (AR)). To assess the reliability of these metrics we developed an epidemiological
model of carriage and invasive disease. Our mathematical analyses illustrate qualitative failures
with the IOR metric (e.g., IOR can decline with increasing invasiveness parameters). Fitting the
model to both longitudinal and cross-sectional data, our analysis supports previous work indicating
that invasion risk is maximal at or near time of colonization. This pattern of early invasive

disease risk leads to substantial (up to 5-fold) biases when estimating underlying differences in
invasiveness from IOR metrics, due to the impact of carriage duration on IOR. Together, these
results raise serious concerns with the IOR metric as a basis for public health decision-making and
lend support for multiple alternate metrics including AR.

Author summary

Streptococcus pneumoniae (the pneumococcus) is an opportunistic pathogen comprised of
immunologically distinct serotypes that can cause severe invasive disease. Thus, reliable
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metrics of serotype invasiveness are essential for research and infection management. We show
mathematically that the primary invasiveness metric (the invasive odds ratio, IOR) is a logically
flawed metric, as IOR can decrease given increases in intrinsic invasiveness of a serotype. Fitting
our models to longitudinal and cross-sectional epidemiological data we show that invasion risk is
maximal at or near time of colonization and IOR is confounded by rapid invasion and variation
in serotype carriage duration. This confounding can lead to substantial (up to 5-fold) biases when
estimating underlying differences in invasiveness from IOR metrics. In contrast, we find that an
Attack Rate (AR) metric calculated from longitudinal data and alternate cross-sectional metrics
do not suffer from these limitations. Our analysis suggests that alternate invasiveness metrics,
including AR, may be more appropriate for pneumococcal public health management and invasive
disease research.
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Introduction

Streptococcus pneumoniae (Spn) is a gram positive opportunistic pathogen and a major
cause of childhood bacterial pneumonia, meningitis, and sepsis globally (O’Brien et al.,
2009). Although an important human pathogen, in most cases it colonizes the nasopharynx
asymptomatically (referred to as carriage). Symptomatic S. pneumoniae usually presents

as non-invasive diseases like otitis media and non-bacteremic pneumonia, but, on rare
occasions, it can also spread into normally sterile sites and cause severe infections known as
invasive pneumococcal disease (IPD).

Epidemiological studies of pneumococcal disease are typically organized by serotype, with
each serotype distinguished by an immunologically distinct polysaccharide capsule. To
date over 90 unique serotypes have been identified, although only about 40 are known to
commonly cause pneumococcal disease. The propensity of an individual serotype to cause
invasive disease can be measured from longitudinal data, by estimating the ratio of IPD
incidence to carriage acquisition rate. This quantity is known as the attack rate (AR) and
varies across serotypes from zero (for serotypes not known to cause IPD) to 75 per 100,000
carriage acquisitions (serotypes 1 and 5, (Sleeman et al., 2006)). Unfortunately, obtaining
serotype-specific AR metrics of invasiveness is challenging, due to the requirement of
detailed longitudinal studies needed to measure carriage acquisition rates (Sleeman et al.,
2006).

Due to the challenges of acquiring longitudinal data, an alternate metric of invasiveness
based on cross-sectional data is more widely used (Supplement) (Lachen et al., 2022).
The Invasive Odds Ratio (IOR) is calculated from cross-sectional prevalences of carriage
and invasive disease and has demonstrated a positive correlation with capsular-specific AR
(Sleeman et al., 2006). Specifically, IOR is the number of invasive disease cases over

the number of carriage cases for a specific serotype, referenced against either a particular
serotype or all other serotypes. To illustrate, if a is the number of invasive cases for the
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focal serotype, b is the number of carriage cases for the focal serotype, c is the number of
invasive cases for the reference, and d'is the number of carriage cases for the reference, then
IOR = (ad)/(bc). Using serotype 14 as a common reference, Brueggemann et a/. estimated
that the high AR strains 1 and 5 also have high IOR (4.5 and 6.0 respectively, 7.e., 4—6 times
more invasive than serotype 14) (Brueggemann et al., 2004).

The observed variation in invasiveness (indicated by both IOR and AR) across strains poses
the critical question of mechanism: Why are some strains more likely to produce invasive
disease? Much of the research that has sought an explanation has focused, quite naturally, on
variation in virulence factors (molecular determinants of disease, (Allen et al., 2014)) across
Spn serotypes. Some studies have taken a targeted experimental approach, for instance
Hyams et al. identify serotype-specific interactions with innate immune components that
associate with variation in AR invasiveness (Hyams et al., 2013). Other studies have taken

a more global, genome-wide association study (GWAS) approach comparing IPD cases
against carriage controls that have also found genetic factors outside of serotype playing a
role in predicting invasiveness (Lees et al., 2019). However, it’s important to note that the
GWAS analysis still found 50% of the variation in invasiveness was attributable to serotype.

In addition to variation in invasiveness with serotype, a growing literature points to variation
in the risk of invasive disease with time since colonization. For example, a longitudinal study
by Grey et al. found that 74% of pneumococcal infections (both invasive and non-invasive)
occurred within the first time point (one month) after acquisition (Gray et al., 1980).
Indirect evidence of a rapid IPD progression following acquisition was also documented

in epidemiological studies that observed annual spikes in adult IPD between December 24
and January 7 which closely overlapped with winter holiday festivities (Dowell et al., 2003;
Walter et al., 2009). Finally, work on SPN transmission clusters found that IPD outbreaks
are marked by short timespans and high genetic relatedness between connected infections,
indicating a limited amount of time to transmit and accumulate within-host genetic diversity
(Metcalf et al., 2021).

While the work of Hyams et al. (Hyams et al., 2013) and Lees et al. (Lees et al., 2019)
highlight the potential importance of virulence factors in driving Spn invasion, they don’t
fully explain the variation in invasiveness across serotypes. One simple alternate ecological
hypothesis is that the variation in invasive metrics is driven by variation in the duration of
serotype carriage. In the case of IOR the logic is simple; serotypes vary in carriage duration
(Sleeman et al., 2006), and increased carriage duration will (all else being equal) increase
carriage prevalence, therefore reducing IOR. We use an epidemiological modeling approach
to mathematically map how different epidemiological assumptions on the timing of invasive
disease translate into differing relationships between carriage duration and invasive disease
metrics, while fixing the ‘virulence factor’ parameters to be constant across serotypes.

We then use existing longitudinal and cross-sectional datasets (Brueggemann et al., 2004;
Sleeman et al., 2006) to parameterize our alternate model structures, supporting prior
experimental and observational research indicating that invasive disease risk is maximal
during the initial stages of colonization (Dominguez-Huttinger et al., 2017; Dowell et al.,
2003; Gray et al., 1980; Walter et al., 2009). Together, our model and data analysis highlight
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the limits of widely used IOR metrics to identify differences in strain virulence and support
the conclusion that invasive risk is greatest during the initial stages of carriage.

2. Results

2.1. Analyzing the impact of invasive disease timing on metrics of invasive disease (IOR

and AR)

The susceptible-carrier-invasive-recovered (SCIR) compartmental model used in the
following analyses is presented in Fig. 1 and described in greater detail in Materials and
Methods (defined by Eq. 1 and Table 1). We begin by addressing from first principles
whether IOR and AR metrics can serve as effective measures of the underlying invasive
disease processes that are governed by parameters p (probability of transition to invasive
state on initial acquisition) and 4 (rate of invasive disease progression from carriage state).
Given the assumption that the system of ordinary differential equations (ODES) (Eqg. 1)
reaches an endemic infection equilibrium, we can derive simple analytical expressions for
IOR and AR (see supplementary for derivation), namely that

_ 7o(dT + p)
IOR = (dty + p)’
_ dr + p
AR=0par+ 0

@

Both invasive disease metrics center on calculating ratios of epidemiological quantities,
which leads to the canceling out of many parameters in the full dynamical system (Eq.

1), leaving only the invasive disease parameters (d, p) and measures of carriage duration
(serotype specific duration = and reference serotype duration z,). To assess whether AR
and IOR serve as effective metrics of underlying potential disease parameters d and p, we
next assess whether AR and IOR are increasing functions of 4 and p (see Supplementary
Information (SI)) (Fig. 2). The AR metric passes this test, as AR is positively associated
with both p and 4 (Fig. 2A; the gradients AR’(p) and AR’(d) are always positive functions).
In contrast, IOR fails in an either/or manner. If a long carriage duration serotype is used
as the reference (/.e., , > ), then IOR becomes negatively associated with d (Fig. 2B;
IOR’(d) < 0). In contrast if 7, < 7, then IOR becomes negatively associated with p (Fig. 2C;
IOR’(p) < 0).

The continued presence of carriage duration parameters in both AR and IOR metrics points
to additional problems with a reliance on AR or IOR as a tool to estimate intrinsic invasive
disease risk, as changes in these metrics could follow solely from changes in carriage
duration ¢ across strains (Fig. 3). Indeed, prior studies report a clear negative relationship
between serotype IOR and carriage C (Brueggemann et al., 2004), and a marginal negative
relationship between AR and = (Sleeman et al., 2006). We next ask what values of ¢

and p are consistent with these qualitative patterns? In the case of IOR, we find that a
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negative relationship between IOR and = (/.e. the gradient IOR’(z) < 0) is possible if and
only if p > 0 (SI for details). In the case of AR, we find that a negative relationship

(i.e. AR’(r) < 0) is not possible for any combination of 4 and p. The gradient AR’(z) is
minimized at zero if and only if 4 = 0 (Fig. 3B, Sl for details). Together these analytical
considerations lend support for a model where invasive disease risk is associated with

initial strain acquisition only (/.e,, p > 0, d = 0). Given the additional assumption that p is
small (<< 0.5), AR = p/(1 — p) becomes an effective metric, capturing the underlying key
biological disease process p, without contamination from other epidemiological parameters
including . In contrast, IOR now simplifies to z, < = and so bears no relationship to p and is
entirely defined by carriage durations.

In this section we have used qualitative properties in existing epidemiological data to guide
our model assumptions. We next use this existing data in a model fitting approach to further
assess whether our support for early invasive disease risk (p > 0, 4 = 0) is warranted.

2.2. Fitting the SCIR compartmental model to the Spn carriage and invasive disease data

The most direct model fitting approach is to fit the expressions for AR and IOR (Eq. 2
above) to existing AR and IOR data for serotypes with defined carriage durations (Fig. 3).
For the IOR calculations, following Brueggemann et a/. (Brueggemann et al., 2004). we used
serotype 14 as the reference strain (therefore defining z, = 14 weeks). Fitting the IOR and

AR expressions simultaneously (see methods) yields parameter estimates of p = 2.9 x 1074
(95%Cl: 1.3-4.6 x 1074) and 4 = 0.0 (Cl: 0-1.4 *107°), lending support for the qualitative
conclusion above that invasive disease risk is associated with strain acquisition (p > 0) and
not with ongoing carriage (d = 0). These results allow simplification of the IOR and AR
relationships to carriage duration = to IOR = /7, and AR = p/(1 — p), see fitted lines in Fig.
3. While the best fit model found no influence of carriage duration on attack rate (Fig. 3B)
there does appear to be a negative trend when comparing all serotypes catalogued in the
Sleeman et al. (Sleeman et al., 2006) longitudinal data (Spearman rho = — 0.33, p = 0.085)
which may reflect variation in invasiveness not attributable to life-history traits.

To harness additional epidemiological data provided in the work by Sleeman et a/. (Sleeman
et al., 2006) and Brueggemann et al. (Brueggemann et al., 2004) (specifically carriage
prevalence, carriage acquisition rate and invasive incidence), we next fit the endemic
equilibrium state of the entire epidemiological model (Fig. 1; endemic equilibrium equations
are defined in Sl). In this approach the parameter estimates will not only be informed by

the AR and IOR data but also how parameters effect other aspects of Spn disease and
transmission. Specifically, we now simultaneously fit the endemic equilibrium solution of
the SCIR model with AR and IOR data, plus both the incidence and prevalence data.
Because the longitudinal and cross-sectional data does not include length of invasive
infection, we fix the invasive clearance rate / at 0.5/week based on previous work by

Baldo et a/. (Baldo et al., 2015). For IOR calculations, we again use serotype 14 as the

reference strain. In agreement with our analyses above, we estimate p = 2.9 x 10~ (95%ClI:
1.3-4.5 x 10™#) and d = 0.0 (CI: 0-1.4 x 107°). In addition, we now simultaneously estimate
transmission (8 = 0.24 (Cl: 0.06-0.41; in line with previous work (Domenech de Cellés et
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al., 2011; Melegaro et al., 2004)) and immunity loss rate (f = 3.1 x 107> (CI: 1.9 x 1074

to 5.9 x 1073). The Brueggemann et a/. (Brueggemann et al., 2004) paper used carriage
prevalence instead of carriage duration, but a similar relationship holds when prevalence is
substituted for duration (Fig. S1).

Expanding the data to incorporate additional epidemiological measures did not change our
model fits to AR or IOR data (still captured by Fig. 3, fitted to AR and IOR data only).

In Fig. 4 we assess the full dataset fitted model against the additional epidemiological data
on carriage prevalence, carriage acquisition rate and invasive incidence. Together, Figs. 3
and 4 illustrate that while we capture the overall pneumococcal transmission dynamics by
minimizing model fitting error across multiple datasets, we can see biases in the model fit to
individual datasets. In particular, the fitted model tends to overshoot the invasive incidence
relationship over longer carriage durations (Fig. 4C). This is also reflected in the attack rate
fit shown in Fig. 3B.

A key assumption built into this model design is that the duration of carriage follows

an exponential distribution with a constant clearance rate. Given that this is a decreasing
probability density function, the mode is 0 which means, in this context, that most infections
will be cleared immediately. To rule out the possibility that our results concerning rapid
invasion are not simply artifacts of the model design, we show that a separate two-stage
carriage model which generates a non-zero mode of duration yields the same result as the
SCIR model with a constant clearance rate (Supplement).

As a final check on our model inference, we fit two variations of our SCIR model
representing either an initial risk only (¢ = 0; the model supported above) or constant risk
only (p = 0) progression to invasive disease. In agreement with our model fitting conclusion
that 4 = 0 (Fig. 4), an information criterion model comparison approach concludes that the
initial risk model (d = 0) outperforms the constant risk model (Table S2).

2.2.1. Alternate invasiveness metrics—Our model fitting analyses all agree that
the risk of invasive disease is front-loaded, with support for p > 0 and d = 0. Given d = 0,
we earlier noted that IOR simplifies to z,/z, and therefore bears no relationship to the
underlying invasiveness process, p. In contrast, the AR metric (derived from longitudinal
data) simplifies to p/(1 — p), preserving information on p (given p < < 0.5). We next ask, are
the problems with IOR a common feature of using cross-sectional versus longitudinal data?
We find that this is not the case — a simple ratio of invasive to carriage cases (1/C) performs

better than IOR and captures information on p (Givend = 0, I/C = M+W)' We Note that

1/C also suffers from contamination by z and &, and can be expressed as 1/C = AR/(ht). For
comparisons among strains with well-characterized carriage duration, one path to approach
AR more closely from cross-sectional data would be viaa *corrected 1/C’ = hzI/C = AR.
Similarly, invasive capacity (IC), defined by Yildirim ef a/. as the ratio of invasive incidence

to carriage prevalence, suitably represents p (Given d = 0, IC = — _”pf) and can also be

corrected for bias by multiplying by = (Yildirim et al., 2010).
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3. Discussion

Quantifying serotype invasiveness is centrally important to the public health management
of pneumococcal disease. At present, IOR is a commonly used invasiveness metric, as it is
easily calculated from cross-sectional epidemiological data (Song et al., 2013). To assess
the reliability of IOR (and AR) we developed an epidemiological model of invasive disease
progression, separating early colonization and ongoing risk processes. Our mathematical
analysis demonstrates that IOR is prone to qualitative failures (e.g., IOR declining with
increasing invasiveness parameters, Fig. 2B, C). Fitting this model to both longitudinal

and cross-sectional data (Fig. 3), we found that variation in IOR can be, in large part,
explained by variation in the life history trait of carriage duration, and thus that, contrary to
common assumption, variation in IOR does not necessarily imply an underlying variation in
molecular determinants of the ability to cause invasive disease.

Our best fit model supports previous observations that progression to invasive disease
occurs at or near the time of carriage acquisition (p > 0, d = 0). This constraint on the
timing of invasion generates an inverse correlation between invasive odds ratio IOR

and carriage duration (r) defined by the reciprocal function IOR = % While a negative

association between IOR and = has been reported, it has been argued that a relatively small
3-fold difference in carriage duration could not account for the 60-fold variation in IOR
(Brueggemann et al., 2003; Brueggemann et al., 2004). Our analysis illustrates that small
changes in carriage duration = can, in fact, have large impacts on IOR due to the reciprocal
relationship between = and IOR and may partially explain this variation in IOR. In contrast,

the fitted model defined attack rate AR to be independent of carriage duration AR = %).

Together these results agree with the empirical finding of a significant correlation between
IOR and carriage duration (Fig. 3A), but no correlation between AR and carriage duration
(Fig. 3B, although, in the latter case, there is a negative trend that may be attributable to
genuine variation in invasive potential, (Sleeman et al., 2006)).

It is reasonable to ask how much of an effect this potential bias has when using these
invasiveness metrics in real-world applications. After all, Sleeman et a/. found a good
correlation between AR and IOR and even our own analysis provides some support for
shorter duration serotypes being more invasive. To address this question, we return to our
model of IOR, constrained by data (orange line, Fig. 3A). Our model (by assumption) does
not allow for any effect of carriage duration (z) on the underlying drivers of invasiveness (p
and 7), so changes in IOR with increasing = capture the magnitude of bias due to the metric
itself. Fig. 3A illustrates that short-carriage (r = 4 — weeks) serotypes generate 5-fold higher
IOR values than long-carriage (20-week) serotypes. This work demonstrates that the use of
IOR can lead to substantial errors, particularly for short carriage duration serotypes.

Although it is an assumption in our model, we do not contend that all serotypes are truly
equally invasive, when assessed by their intrinsic virulence parameters p and 4. The positive
correlation between innate immune effector interactions and AR invasiveness measurements
(Hyams et al., 2013) indicates that serotypes vary, at least somewhat, in their intrinsic
invasiveness. And the near significant trend between attack rate and carriage duration (Fig.
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3B) may suggest shorter duration serotypes do have a higher propensity to cause invasive
disease. Instead, this analysis highlights the fact that IOR values are dependent on carriage
duration, so variation in IOR can be due to variation in traits that are not intrinsically

related to invasive capacity. The model addresses the timing of infection in a simple manner,
separating initial from ongoing risk (governed by p and 4 respectively). A key future task
will be to unpick the within-host dynamics that shape an elevated early risk (potentially
linking pneumococcal regulatory dynamics (Shen et al., 2019) with microbiome and host
responses).

This investigation has several limitations. First, the data analysis component relies on
data obtained from longitudinal and cross-sectional studies from more than 15 years

ago, as this offers the most comprehensive data available. Since then, several additional
formulations of the pneumococcal conjugate vaccine (PCV) have been released that

have dramatically altered the composition of circulating serotypes (Devine et al., 2017).
In addition, specific measurements of serotype carriage duration are also impacted by
environmental factors that can vary across populations (Lees et al., 2017). Finally, our
datasets were pediatric surveillance studies that do not capture unique features of adult
invasive disease epidemiology (Alanee et al., 2007). While we acknowledge invasive risk
factors vary between adults and children, evidence suggests that children are the major
source of community transmission and drive pneumococcal spread which is represented
in the model (Althouse et al., 2017). More broadly, we note that the foundation of our
investigation is a mathematical analysis based on general principles with the model fitting
component added to help ground the model within a real-world context based on the best
available data.

Reliable measures of invasiveness are essential for Spn research and infection management,
from identifying genomic loci associated with invasive disease (Hyams et al., 2013) to
future vaccine development (Lachen et al., 2020). In this paper we have shown that IOR is
confounded by carriage duration and may be fundamentally flawed as a result. We further
show that the limitations of IOR are not entirely the result of using cross-sectional data, as
alternate cross-sectional metrics such as the ratio of invasive to carriage cases can preserve
more information about underlying invasive disease processes. While attack rate is more
difficult to calculate due to its reliance on longitudinal data for carriage acquisition rates and
invasive incidence, our analysis indicates it is a valid invasiveness metric and therefore a
more solid platform for basing critical decisions in our public health management of invasive
pneumococcal disease.

4. Materials and methods

4.1. Epidemiological model description

To analyze how different invasive disease progression processes can affect measures of
invasive disease risk, we construct a compartmental epidemiological model. In this model
framework, host individuals are classified as being either susceptible, infected or recovered
and immune, with regard to a specific, focal serotype. The infected class is further

broken down into a carrier state and an invasive state. The proportions of individuals in

a susceptible, carrier, diseased and recovered class for a focal strain are denoted by the
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variables S, C, I and R respectively (Fig. 1), and their dynamics are given by the following
system of four ordinary differential equations,

dc 1
I_(1—p)ﬂcs—(;+d)c
%:pﬂCS—hI+dC

dR 1

S=1-C-R-1

@)

The model assumes purely frequency-dependent transmission, from carriers only, and no
multiple infection. In order to isolate the effect of variable serotype carriage duration on
invasiveness measures (7.€., IOR and AR), we assume that intrinsic virulence, the core set
of traits that concern adhesion, invasion and proliferation in disease sites, are equivalent for
all serotypes. Specifically, we assume that our core set of virulence traits result in a fixed
probability p of causing disease directly following initial colonization, and subsequently a
fixed rate 4 of disease progression from the carriage state to the disease state. Both of these
invasive disease parameters (p, d) are held constant across serotypes with different carriage
durations. Finally, all rates are defined using a time unit of one week. The model variables
and parameter definitions are detailed in Table 1.

4.2. Study collection

In order to fit attack rates and invasive odds ratios for this analysis, both longitudinal and
cross-sectional data sets are needed. The incidence of IPD and carriage acquisition data are
obtained through a series of longitudinal studies outlined in Sleeman et a/. (Sleeman et al.,
2006). The cross-sectional data are described in Brueggemann et a/. (Brueggemann et al.,
2004). Both the invasive odds ratio and carriage prevalence data are extracted from Fig.

3 in Brueggemann et al. (Brueggemann et al., 2004) using the WebPlotDigitizer software
(Marin et al., 2017). Fitting both datasets poses a challenge since the cross-sectional study
included serogroup information while the longitudinal datasets characterized strains down to
their serotype. A serogroup is a more general category of antigenically related but distinct
serotypes. For example, serotype 12 A, 12B and 12 F are all part of serogroup 12. We
address this problem using a method similar to that described by Sleeman et a/. (Sleeman
et al., 2006), where capsular serotypes 19 A, 19 F, 9 A, 9 N and 9 V were removed from
the analysis due to the significant variation in attack rates within these serogroups. Unlike
Sleeman et al. (Sleeman et al., 2006) we included serotypes 1, 4 and 5 in the analysis even
though these strains contained missing information, which is highlighted in yellow in Table
S1. Here we assume that the carriage durations for these serotypes were too short to be
reliably detected given the sampling times of the longitudinal studies, and so a conservative
estimate of four weeks (the longest sampling interval used in Sleeman et a/. (Sleeman et
al., 2006)) is used. Because it has been shown that serotypes 1 and 5 are associated with
invasive disease (Alanee et al., 2007; Melin et al., 2010), an attack rate of 75 (the attack
rate of serotype 4) is given to both these strains, as has been done previously (Hyams et al.,
2013). All data analyzed in this paper is presented in Table S1.
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4.2.1. Epidemiological model fitting—All statistical analyses and model fitting are
carried out using Mathematica 11.1.1.0. To optimize parameter fitting under multiple
constraints we simultaneously fit the cross-sectional and longitudinal datasets. This is
accomplished by defining a set of equations that share independent variables as components
of a piecewise function (implemented v/athe Mathematica “Piecewise’ function). To
associate each expression with its respective dataset we define an index variable that
uniquely identifies each dataset and is passed as an additional independent variable. This
allows the model fitting function (implemented viathe Mathematica ‘NonlinearModelFit’
function) to identify and switch between the respective datasets and expressions. Parameters
are estimated by fitting the cross-sectional and longitudinal datasets to a set of equations
representing carriage, IOR, AR, carriage acquisition rate and invasive incidence derived
from the compartmental model. A more detailed explanation of the compartmental model
fitting method with links to code is provided in the Supplement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Page 13

Schematic diagram of the epidemiological model. Boxes represent proportions of hosts in
mutually exclusive states: susceptible (S), infected asymptomatic carriers (C), invasive (/) or
recovered and immune (/). Solid arrows represent flows of individuals between states, and
dashed arrows represent factors influencing those flows. Equations describing the system
are presented in Materials and Methods (methods Eq. 1), along with parameter definitions
(Table 1). Note there are two paths from Sto /, a direct path governed by the probability

of initial invasion p, and an indirect path governed by 1-p (probability of initial transition to
carriage state) and by the rate d of invasive disease progression from a carriage state.
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Fig. 2.
Attack rate reliably captures underlying pneumococcal invasiveness parameters while

. . . . _ dr+p
invasive odds ratios fail. (A) Attack rate (AR = T=p@s1

with both p and d invasive parameters indicating it accurately represents pneumococcal

7o(dt + p)
T(d’l'() + p)

carriage duration (z, = 5 fails to capture increasing initial invasive progression (p). (C)
Alternatively, IOR fails to capture increasing constant invasive progression (d) when a high
carriage duration is used as a reference serotype (z, = 20).

) has a positive relationship

invasiveness. (B), Invasive odds ratios IOR = calculated with a low reference
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Both cross-sectional and longitudinal epidemiological data support the initial risk model
and highlight that IOR is confounded by carriage duration. (A) IOR data (blue dots,
Brueggemann et al. (Brueggemann et al., 2004)) and model fit (orange line, z,/7), against
carriage duration (7). (B) AR data (blue dots, Sleeman et a/. (Sleeman et al., 2006))
and model fit (orange line, p(1 — p)), against carriage duration (z). Simultaneously fitting

equations [2] to both datasets (A, B) produced parameter estimates p = 2.9 x 107%and d =0
(7.e., invasive disease risk at point of colonization only). Serotype 14 was used as the
reference for IOR calculations. IOR and AR data from serotypes 5, 1, 8, 7 F, 4, 38, 18 C, 3,
33 F, 14, 15B/C, 6 A, 23 F, 6B were used in the model fitting (Table S1).
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Incorporating additional epidemiological data also provides support for the initial risk
model. (A), Carriage prevalence data (blue dots, Brueggemann et a/. (Brueggemann et

al., 2004)) and model fit (orange line, b(h(f;fz;b(_pl'):)_fg i)fp)), against carriage duration (z).

(B) Incidence of acquisition data (blue dots, Sleeman et a/. (Sleeman et al., 2006)) and
Sfhb(p =Dz +1)
" be(h(f(p-T)r—1) -

incidence data (blue dots, Sleeman et a/. (Sleeman et al., 2006)) and model fit (orange line,

Sfhob(p—Dr+1)
b(p — De(fh(r — pr) + fp+ h)

equilibrium equations (see Sl) to data in Figs. 3A, B and 4A-C produced parameter
estimates p =2.9x 10, d =0, § = 0.24,and f = 3.1 x 10~ (i.e, invasive disease risk at
point of colonization only). Epidemiological data from serotypes 5,1, 8, 7 F, 4, 38, 18 C, 3,
33 F, 14, 15B/C, 6 A, 23 F, 6B were used in the model fitting (Table S1).

model fit (orange line fp)) against carriage duration (z). (C), Invasive

), against carriage duration (z). Simultaneously fitting endemic
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Table 1

Definitions for the variables and parameters used in the compartmental epidemiological model.

Parameter  Definition

S Proportion of individuals in the susceptible class (at risk of acquiring the focal Spn serotype) at time #

ad Proportion of individuals in the carriage class (carrying the focal Spn serotype) at time ¢

/@] Proportion of individuals in the invasive class (with an invasive infection caused by the focal serotype) at time ¢

R() Proportion of individuals in the recovered class (individuals who have cleared an infection and whose immunity offers protection

from reacquiring the same serotype) at time #

Transmission rate

P Probability of progressing from carriage to the invasive state at the time of carriage acquisition

T The average duration of a carriage for a given Spn strain

d Rate of progressing from carriage to the invasive state that is constant across the duration of carriage
h Rate of transition from the invasive to recovered class, due to pathogen clearance.

f Rate of transition from recovered to susceptible class, due to waning immunity.
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