ABSTRACT

DEPUY, VENITA MARIE. Modeling Transmission Dynamics of Streptococcus
pneumoniae in the Presence of Vaccination: Model Development and Cost-Benefit Analysis.
(Under the direction of Dr. Alun Lloyd.)

Streptococcus pneumoniae bacteria are a common cause of meningitis, bacteremia,
and pneumonia, especially in young children. We developed an age-structured dynamic
transmission model to explore the competition between different serotypes and the effect of
vaccination on the incidence of colonization and pneumococcal disease among different age
groups. Our model estimated that pneumococcal colonization would decrease from 12% to
7% within ten years following the introduction of the PCV7 vaccine in the United States,
with the largest decreases occurring among young children. The number of invasive
pneumococcal disease (IPD) cases is estimated to concurrently decrease from 28.7 to 16.3

cases per 100,000 subjects.

The relationship between antimicrobial resistance and inpatient mortality, length of
stay, and cost among subjects with S. pneumoniae isolates from a sterile site was explored,
using a sample of 578 patients from a single hospital system. Resistance was categorized as
both dichotomous resistance (resistance to any antimicrobial agent) and incremental
resistance (resistance to 0, 1, 2, or 3+ classes of antimicrobial agents). No relationship was
found between inpatient mortality and antimicrobial resistance or isolate location. Length of
stay was significantly related to both isolate location and antimicrobial resistance. Cost was
significantly associated with race, isolate location, and antimicrobial resistance. Estimates of
hospitalization costs and length of stay were provided by resistance level and significant
baseline characteristics.

Average hospitalization costs were combined with model-based estimates of
colonization and IPD to perform a cost-benefit analysis of the PCV7 vaccine in the United
States. This analysis was focused on meningitis, bacteremia, and pneumonia costs during the
first ten years following the introduction of the vaccine. Meningitis and bacteremia estimates
were based on fractions of model-estimated IPD. Pneumonia estimates were calculated as

fractions of model-estimated colonization. A hypothetical no-vaccine scenario, in which the



number of pneumococcal disease cases per 100,000 subjects remained constant at 1999
levels, was used to determine the number of cases of pneumococcal disease prevented by the
vaccine. The total amount of prevented disease costs was calculated for 2000 — 2009, and the
cost savings calculated as the prevented costs minus the costs of vaccination. We estimated
that the vaccine resulted in a 63.7 billion dollar cost savings during the first ten years, or
approximately $499 per dose administered. Additional analyses explored the additional
predicted cost savings through 2025 and the use of a nationwide inpatient sample for average
hospitalization costs. The vaccine was found to be cost-effective in both scenarios.
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1. INTRODUCTION

Streptococcus pneumoniae is a leading cause of pneumonia, bacteremia, and meningitis, and
is a considerable public health concern worldwide. The World Health Organization has
estimated that, in HIVV-negative children less than 5 years of age, S. pneumoniae causes 14.5

million cases of serious illness and 735,000 deaths annually [1].

The complicated natural history of this bacterium makes it a challenging system to
characterize. It is most commonly transmitted by asymptomatically colonized healthy
individuals, making it difficult to assess transmission. Acquisition of the bacteria first leads
to asymptomatic colonization, after which bacteria may spread throughout the body to cause
infection in the lungs, blood, cerebrospinal fluid, or other areas. When the body’s immune
system reacts to the bacterial infection, such as the development of fluid in the lungs, it is

considered pneumococcal disease.

The incidence of both colonization and pneumococcal disease vary by age group. The
average number of contacts between people, and the subsequent chance of bacterial
transmission, also varies between age groups. Therefore, a detailed model is necessary to

incorporate the complexities of this system.

The large pneumococcal disease burden, and associated economic impact, has led to interest
in developing S. pneumoniae vaccines to reduce the effect of the disease. This has
subsequently led to interest in understanding the impact of the vaccine, including its cost-
effectiveness.

Natural History of Pneumococcal Disease

S. pneumoniae is one of many bacterial flora normally found in the upper respiratory tract,
especially among children. When the bacteria adhere to the epithelial lining of the
respiratory tract, it is considered colonization [2]. Colonized subjects have no apparent

symptoms, so must be identified by the use of a nasopharyngeal swab. These



asymptomatically colonized subjects serve as the primary source of transmission to other
hosts, with bacteria typically spread through exposure to nasal aspirate, such as that from
sneezing or coughing [3]. Exposure does not always lead to colonization [4]. Children have
higher levels of colonization [2; 5-8], and longer average durations of colonization [9; 10]
than adults. At least 90% of young children are colonized within the first two years of life
[11-13].

If the bacteria penetrate the mucosal barrier and enter the tissues, it is considered
pneumococcal infection [3]. This leads to pneumococcal disease, such as pneumonia,
bacteremia, or meningitis. Different authors characterize pneumococcal disease in different
ways. Pneumococcal disease present in a normally sterile site is considered invasive
pneumococcal disease (IPD). The Centers for Disease Control and Prevention (CDC) does
not consider pneumonia to be IPD, unless S. pneumoniae is also present in the blood
(invasive pneumococcal pneumonia) [14]. An estimated 10 — 25% of pneumonia becomes
bacteremic (i.e., spread to the bloodstream) [15], with the remaining disease categorized as
non-invasive pneumonia. Other authors either consider pneumonia to be an invasive disease
[2; 16] or consider pneumonia to be an infection of a normally sterile site [3]. In this
research, IPD refers to invasive disease using the CDC definition, and pneumococcal disease

refers to all illnesses caused by S. pneumoniae.

Since colonization is asymptomatic, and resource utilization and fatalities occur due to
pneumococcal disease, the majority of research and data collection focuses on pneumococcal
disease. The most consistent source of data regarding pneumococcal disease is the annual
report of IPD incidence collected by the CDC Active Bacterial Core Surveillance (ABCs)
[17]. The CDC ABCs Emerging Infections Program Network collects information from
microbiology laboratories serving acute care hospitals in the surveillance area, which
includes over 29 million people across ten states. Due to the collection method, some

subjects in the surveillance area who have IPD may not be reported, such as subjects who are



not treated by an acute care hospital, hospitalized subjects whose isolates are not sent to a
laboratory, or hospitalized subjects who do not have an isolate collected from the infected

area.

The CDC annual S. pneumoniae surveillance report summarizes both the total IPD incidence
and the rate of IPD (i.e., number of cases per 100,000 subjects in the surveillance area) by
race, age group, infection type, and antimicrobial resistance. The rate of reported IPD, from
1999 to 2009, is shown by age group in Figure 1.1. The three age groups presented in this
figure were consolidated from the eight age groups reported by the CDC ABCs [17].
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Figure 1.1
Annual Reported IPD Incidence by Age Group in the United States

Non-invasive pneumococcal disease, particularly pneumonia, is very prevalent in the United
States. Pneumococcal pneumonia is poorly characterized since a determination of the cause

of illness is not necessary for a diagnosis of pneumonia. Therefore, pneumococcal



pneumonia is often diagnosed as pneumonia due to an unspecified organism, making it
difficult to accurately characterize its incidence. Most research to date has focused on all-
cause community-acquired pneumonia (CAP), with specific information on the incidence,
costs, and mortality associated with pneumococcal pneumonia generally lacking [18].

The CDC has estimated that S. pneumoniae causes ten times as many cases of pneumonia as
bacteremia, and more than 150 times as many cases as meningitis [19]. Therefore, it is
important to consider pneumonia, both invasive and non-invasive, when evaluating the
impact of pneumococcal disease. Although disease rates have been reduced after the
introduction of pneumococcal vaccines in recent decades, pneumococcal disease is still a

major concern.

Vaccine Development

Due to the large number of people infected by S. pneumoniae annually, this bacterium has
been a focus of vaccine development. Vaccines target certain serotypes of S. pneumoniae,
which are distinguished from each other by the composition of the external polysaccharide
capsule [20]. More than 90 different serotypes have been identified to date. These serotypes
vary widely in geographical distribution, frequency of colonization, and ability to cause

pneumococcal disease.

A 23-serotype polysaccharide vaccine for S. pneumoniae has been available for
approximately 20 years. It is recommended for adults 65 years of age and older, as well as
being recommended for people who have certain immunocompromising conditions and are at
least 2 years of age. It has not been shown to produce an adequate immune response in
children less than 2 years of age.

Due to the frequency and severity of IPD in young children, pediatric pneumococcal
conjugate vaccines have been developed in recent years. The first pneumococcal conjugate
vaccine (PCV7) was licensed for use in children in the United States in February 2000 [21].
This vaccine targets seven serotypes: 4, 6B, 9V, 14, 18C, 19F, and 23F. These serotypes



were selected for inclusion in the PCV7 vaccine because they have historically caused the
majority of IPD in the United States. During 1998 and 1999, these seven serotypes caused
83% of IPD among children less than 2 years of age, and more than 50% of IPD among
adults at least 20 years of age [22].

The introduction of the PCV7 vaccine led to a very large decrease in the total IPD among
young children, and smaller declines among older age groups, as shown in Figure 1.1. It has
also been shown to be effective against radiograph-confirmed pneumonia (much of which is
not considered IPD) [23]. The decrease in total IPD has been driven by the reductions in IPD
caused by the serotypes included in the vaccine [22; 24-30]. Similar reductions have also
been observed in colonization by those serotypes [31-39]. The majority of studies have also
observed a slight increase in colonization [31; 33-36; 38-40] and IPD [22; 24; 26-28] caused

by the non-vaccine serotypes, a process called serotype replacement.

An expanded pneumococcal conjugate vaccine, PCV13, was licensed for use in children in
the United States in February 2010 [41]. This vaccine includes serotypes 1, 3, 5, 6A, 7F, and
19A in addition to the seven serotypes in the PCV7 vaccine. Due to its recent introduction,
very limited information is available on the impact of this vaccine. Therefore, our research

focused on the PCV7 vaccine and its impact.

Modeling
Due to the spread of bacteria by healthy individuals, it is necessary to include colonization in

the characterization of the S. pneumoniae epidemiological system. Certain parameters of this
system, such as transmission probabilities and fractions of colonized subjects developing
IPD, are typically unable to be directly determined using observational data. The indirect
effects of vaccination on a population (i.e., herd immunity) are also difficult to quantify.

These characteristics may, however, be estimated through modeling techniques.

Early mathematical models described a framework for pneumococcal colonization [42; 43].

These models used two-serotype systems to track the colonization and vaccination status of



subjects in the population. Direct competition between serotypes was included in these
transmission models. In other words, if a subject is already colonized with one serotype, in
the presence of direct competition that subject is less likely to become dually colonized with
a second serotype than a completely susceptible subject would be. In order for serotype
replacement to occur, as has been observed since the introduction of the vaccine, competition

between serotypes must be present.

Temime et al. expanded that framework to model pneumococcal colonization in France, both
before and after the introduction of the vaccine [44]. That model also included further
refinements, such as accounting for patterns of interaction between subjects in different age
groups (i.e., school-age children spend more time in contact with each other).
Characterization of age structure can be complicated, due to the increased numbers of
parameter values needed [45]. These authors predicted that, due to competition between
serotypes and the resulting serotype replacement of vaccine-type serotypes by non-vaccine-
type serotypes after vaccination, the vaccine would cause a very slight drop in total

colonization levels, but no large decreases.

More recent epidemiological models have expanded the colonization framework to develop
systems that include both colonization and IPD [46-48]. These models vary significantly in
their characterization of vaccine effect, forces of infection, and relationships between
different age groups.

We developed an age-structured dynamic transmission model, incorporating findings from
recent literature, to estimate colonization and IPD caused by vaccine-type and non-vaccine-
type serotypes in the United States, following the PCV7 introduction. This model was
calibrated to IPD incidence in 1999 — 2009, as reported by the CDC [17], and was used to
estimate colonization and pneumococcal disease incidence in the United States. This model
also fitted unknown parameter values, such as transmission probabilities and fractions of

colonized subjects developing IPD, which are otherwise difficult to estimate. We then



explored the economic impact of pneumococcal disease, and later incorporated those cost
estimates into model-based estimates of pneumococcal disease to further evaluate the effects

of vaccination.

Economic Impact and Antimicrobial Resistance

It is important to estimate the incidence of pneumococcal disease because of the significant
economic burden caused by S. pneumoniae. This bacterium is a leading cause of CAP [49],
as well as being the leading cause of bacterial meningitis [50]. Patients with pneumonia
have also been shown to present a significant financial burden to employers [51], with the

majority of costs attributed to hospitalized patients.

Several studies have examined certain types of pneumococcal disease, but often included all-
cause CAP, or were limited to specific age groups, infection sites, or antimicrobial resistance
types. Cost analyses of pneumococcal disease are further complicated by changes over time,
as different treatments and different medical practices emerge; there are also increasing

trends in antimicrobial resistance and hospitalization costs.

Antimicrobial resistance occurs when a bacterium exhibits decreased susceptibility to a
specific group of antimicrobial agents. The first known cases of penicillin-resistant S.
pneumoniae cultures were identified in the 1960s. Antimicrobial resistance rates have
typically been found to be increasing over time [52-56], and vary by geographic area [57].
For instance, in Cleveland, Ohio, the first penicillin-resistant strain was isolated in 1980 and
the first macrolide-resistant strain in 1984; by 2004, over 50% of isolates were penicillin-

resistant and/or macrolide-resistant [55].

In general, infections caused by antimicrobially resistant bacteria are believed to cause longer
hospitalization times and higher costs when compared with infections by susceptible strains
of bacteria [58]. Resistance can affect patient outcomes by limiting available treatment
options, causing a delay in the administration of appropriate therapy, and enhancing

virulence [59]. Broad-spectrum antimicrobials, such as fluoroquinolones or third-generation



cephalosporins, are now often required for treatment of infections; these agents are typically
more expensive, have a greater impact on protective microflora, and can be more toxic or
less effective [59]. Furthermore, a patient with a history of resistant bacterial infections may
be treated with a very strong antimicrobial agent, such as vancomycin, when a more narrow-
spectrum agent might have worked for that particular infection. This increased use can also

contribute to the growth of resistance against these newer, broad-spectrum antimicrobials.

The cost of medical care for specific conditions is a key element of pharmacoeconomics.
With so many variables contributing to the medical cost when patients are admitted to the
hospital — such as antimicrobial resistance and site of infection — it is often hard to evaluate
the expected direct medical cost, which is of vital importance to researchers, insurance
providers, vaccine manufacturers, and other stakeholders. Accurate estimates of inpatient
cost, mortality, and length of stay (LOS) are vital to the development of economic models to
assess the effectiveness of new treatments [60].

There is very little information available about the direct effects of antimicrobial resistance
on the costs of pneumococcal disease [18]. While some researchers have presented
summaries of cost, LOS, and/or mortality in patients with S. pneumoniae infections or with
CAP in general, these figures typically present average values for that sample, leading to
estimates that are dependent on the demographic and disease characteristics of the patients in
that sample, without controlling for covariates. In addition to further exploring the
relationships between increasing levels of antimicrobial resistance and cost, LOS, and
mortality, we provide estimates of cost and LOS based on the demographic and disease
characteristics shown to be significantly related to each outcome. This allows us to provide
more accurate estimates of the economic impact of the hospitalization of a patient with

certain baseline characteristics.



Cost Effectiveness of VVaccination

Another key area of economic interest is the cost-effectiveness of the pneumococcal
conjugate vaccines. The PCV7 and PCV13 conjugate vaccines are some of the most
expensive vaccines introduced in the United States, with private pay costs from the CDC
price list of $83.88 (PCV7) and $108.75 (PCV13) in 2010 [61]. For comparison, the 38
pediatric vaccines listed on the current CDC price list have an average private pay cost of
less than $40.

The first cost-effectiveness study of PCV7 for the United States, published in 2000,
concluded that the PCV7 vaccine would prevent more than 65,000 cases of meningitis,
bacteremia, and pneumonia, and would prevent 116 deaths due to pneumococcal infection in
a hypothetical birth cohort of 3.8 million people, but it would not be cost effective at the list
price [62]. Another cost-effectiveness analysis compared two hypothetical birth cohorts in
the United Kingdom — one vaccinated, one unvaccinated — and concluded that the vaccine
cost would need to be reduced by approximately half in order to make the cost per quality-
adjusted life-year fall within acceptable limits [63]. These single-cohort analyses did not
incorporate the indirect effects of vaccination. For example, a vaccine that reduces
colonization would then reduce overall transmission in the population, and reduce the

incidence of colonization among unvaccinated individuals.

A more recent analysis, incorporating data from the first seven years of vaccination in the
United States, estimated that the characterization of indirect effects of vaccination reduced
the estimated cost per life-year saved by 95% [64]. Those researchers concluded that PCV7,
with an estimated cost of $10,400 per life-year saved, has likely been a cost-effective vaccine

when compared to the cost-effectiveness of other medical interventions currently in use.

We used our dynamic transmission model to estimate the incidence of meningitis,

bacteremia, and pneumonia since the introduction of the PCV7 vaccine, and to estimate the



amount of disease prevented. We then calculated the cost savings due to prevented disease,

and performed a cost-benefit analysis.

Organization of Dissertation

This research is organized as follows. Chapter 2 reviews previously published dynamic
transmission models for S. pneumoniae [42-44; 46; 47]. Chapter 3 describes the
development of an age-structured dynamic transmission model that uses parameter values
from available literature and is calibrated to fit reported IPD incidence. Chapter 4
investigates the relationship between antimicrobial resistance in S. pneumoniae and the
average duration of inpatient hospitalization, cost, and mortality, and provides estimates
based on demographic and disease characteristics. Chapter 5 uses model-based estimates of
colonization and IPD, in conjunction with average hospitalization costs, to evaluate the cost-
effectiveness of the PCV7 vaccine. Chapter 6 summarizes our findings and suggests future

research.
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2. RECENT DYNAMIC TRANSMISSION MODELS
FOR S. PNEUMONIAE

Several dynamic transmission models for Streptococcus pneumoniae have been previously
developed. Lipsitch [42] introduced a two-serotype colonization model in which subjects were
susceptible to (S) or colonized by (I) each of the two serotypes. In addition, subjects could be
vaccinated (V) against the first serotype. This SIS model provided a framework for analyses of
equilibria and model dynamics. Zhang, Auranen, and Eichner [43] expanded that framework to
a two-serotype SIRS colonization model with the incorporation of a temporarily immune (R)

compartment for each serotype.

Temime, Guillemot, and Boélle [44] expanded Lipsitch’s SIS colonization model to include age
structure and the effect of antibiotic treatment. Serotypes were categorized into two groups
(those included in the newly introduced vaccine, and those not included), and real-life parameter
values were used. The model was then used to estimate colonization following the introduction
of the vaccine. Melegaro et al. [46] and Snedecor et al. [47] later developed age-structured
models incorporating both colonization and invasive pneumococcal disease (IPD). These models
also used observed values to calculate parameter estimates, and predicted IPD following the

introduction of the vaccine.

Each of these models is reviewed below. The notation for each model was changed to be
consistent between models. In all cases, the models tracked the fractions of the population in

each compartment.

Two-serotype SIS Model with Vaccination (Direct Competition)

Lipsitch [42] published the first of the applicable models to explore the competition between two
serotypes of S. pneumoniae and the effect of a serotype-specific vaccine on the persistence of

colonization in the population.
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The introduction of the Haemophilus influenzae (Hib) vaccine in 1985, followed by the
introduction of the pediatric pneumococcal conjugate vaccine (PCV7) in 2000, led to speculation
on the effects of competition between different serotypes of the same organism in the presence of
a vaccine. For example, if competition exists between serotypes, and the prevalence of one
serotype is reduced due to vaccination, the prevalence of the other serotype may increase.
Several studies, both before and after the Lipsitch paper was published, have shown some degree
of increase in colonization levels of serotypes not targeted by the vaccine [34; 38; 65-67],
confirming the assumption of competition between serotypes.

Model Structure

Subjects in this two-serotype SIS model were susceptible to or colonized with one or both
serotypes. Subjects also could have been vaccinated against one serotype, and been either
susceptible or colonized with the other serotype. For consistency between descriptions of
different models, we have referred to the first serotype as the vaccine-type (VT) serotype and the
second serotype as the non-vaccine-type (NVT) serotype. We described each subject’s
colonization and vaccination status using a two-letter subscript, where the first subscript denotes
the VT serotype and the second subscript denotes the NVT serotype. The first subscript was also
used to indicate vaccination, which provides complete protection against the VT serotype. The
total population was then divided into four compartments for unvaccinated subjects (Nss, Ng;,
Nis, and Ny) and two compartments for vaccinated subjects (Nys and Ny;). Ns; consisted of
individuals who were susceptible to the VT serotype and colonized with the NVT serotype; this
was distinct from Ns, in which subjects were colonized with VT and susceptible to NVT
serotypes. Time was measured relative to the average human lifespan; hence per-capita birth and
death rates were taken to be 1. Vaccination was assumed to occur at birth, and provided
permanent protection against colonization with the VT serotype, but may or may not have been
effective against the NVT serotype. A fraction v entered a vaccinated compartment, Nys, at
birth, where they were susceptible to the NVT serotype. The remaining fraction 1- v of

newborns entered compartment Nss, where those individuals were susceptible to both serotypes.
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Vaccinated individuals could become colonized with the NVT serotype (Ny;) and later become
resusceptible to that serotype (Nys). Unvaccinated individuals could become colonized with VT
and NVT serotypes at rates 4; and A, respectively, where 1; = f1(Nis + Ny) and A, = £2(Ns; + Ny
+ Nyy) and each Nxx represented a fraction of the population. Subjects were taken to recover

from colonization with a given serotype at a constant rate y, independent of vaccination.

When an individual was already colonized with one serotype, the reduction in the rate of
colonization by the other serotype was characterized by a competition parameter c;. Possible
values of the competition parameters ranged from O to 1, where 1 indicated no reduction in
colonization and O indicated that dual colonization cannot occur. The parameter k, whose
possible values also ranged from 0 to 1, was used to indicate the reduction in NVT colonization
when the subject had been vaccinated against the VT serotype. When k = 0, vaccination
protected completely against both serotypes; when k = 1, colonization with the NVT serotype
was unchanged by the presence of vaccination. Values of k < 1 indicated that the vaccine was at

least partially effective against the NVT serotype (a bivalent vaccine).

Movement between compartments in this model is summarized by the equations shown in {2.1},
and displayed graphically in Figure 2.1:

sts/dt:(l_V)_ﬂﬂNss_;Lsts+7’NS| +7’le _Nss
dNSI /dt=/12Nss +7’N|| _Cl/llNSA _7’NS| _N5|

dN s /dt = ANg + Ny —C,A,N s =N g =Ny

dN, /dt=c, 4 Ng +C4,N s —2N, =N,

dNys /dt =v—kA, N + /N, — Ny

dN,, /dt =k2,Nys =N, =N,

{2.1}

where 1; :ﬁl(N|5 + N||) and A, :ﬂZ(NSI + N, + NV|).
Equilibria

The basic reproductive number of each serotype, Roi, was defined as the average number of

secondary colonizations caused by a colonized individual in an otherwise entirely susceptible
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population. In the absence of a vaccine, the prevalence of a serotype will decrease over time if

Roi < 1, and that serotype will persist in the population if Rg; > 1. R,; denotes the number of

secondary infections in a vaccinated population. If a fraction v of subjects were vaccinated

against a specific (VT) serotype, the average number of secondary colonizations (Ro;) would

need to be higher than 1 for that serotype to persist in the population: Ry; = Roz(1-v) > 1.

Analysis of Lipsitch’s model found four possible outcomes:

Eo: At equilibrium, Nss + Nys = 1, where Nss = 1-v and Nys = v. This equilibrium was
stable if Ry; < 1 and Ro, < 1/(v(k-1)+1). In other words, the average number of secondary
colonizations produced by subjects colonized with either serotype, after accounting for

vaccination, must be less than one.

E.: At equilibrium, Nss + Nys + Nis = 1, where Nys =V, Nss = 1/Rg1, and Nis = 1-v-1/R1.
This equilibrium was present and biologically feasible when Ry > 1 and

Roz < 1/(v(k-1)+1), and in addition was stable when Ro1/Ro, > 1-Co+Ro1 (V+C2(1-V)).

E.: At equilibrium, Nss + Nys + Ng; + Ny, = 1. This slightly more complex outcome is of
a form intuitive from the E; results. A fraction v of the population was in the vaccinated
subgroup, with Nys = V/Rgz and Ny, = v(1-1/Rgz). The same proportions held true in the
unvaccinated subgroup of size 1-v, with Ngs = (1-v)/Ro2 and Ng; = (1-v)(1-1/Roz). This
equilibrium was present and biologically feasible when Ry, > 1/(v(k-1)+1) and Ry; < 1.
The equilibrium was also stable when vaccination was high enough to prevent
coexistence, which was determined by calculating the necessary vaccination level to
ensure that all eigenvalues for the Jacobian matrix of partial derivatives of the differential
equations, evaluated at Nss, Nys, Ns;, and Ny, as described above, were negative. These

equations are shown below in {2.2} and {2.3}.

Ei,: the coexistence of the two serotypes at equilibrium was possible if both serotypes
had Ro; > 1 (or Ry1 > 1 if vaccine was present) and each could invade the population when

the other serotype was present at equilibrium. If no vaccine was present, or the vaccine
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was VT specific (k = 1), this equilibrium was stable if Ry; > 1, Rp; > 1/(v(k-1)+1) , and

both inequalities in {2.2} were true.

2.2
L <E<1—C2+ Roi(v +C2(1—v)) 2.2}
(I—-ci+ciR2)(1-v) Ro

In the presence of a bivalent vaccine (0 < k < 1 and v > 0), the two serotypes coexisted

when:

% <1—¢, +Ry,(kv+c,(1-V)) 2.3}

02
and vaccination was below a certain threshold, determined by setting the eigenvalues in
the Jacobian matrix at this equilibrium equal to zero and solving the resulting quadratic
for the vaccination fraction. It should be noted that equation {2.3} is a correction to the
equation displayed in the Lipsitch paper (correspondence with the original author has

verified this correction).

A summary of these outcomes is shown in Figure 2.2, where columns reflect the values of the
competition parameters and rows represent the presence of vaccination and its effect on the NVT
serotype. These figures depict the regions of Ro1, Rg2 parameter space where various outcomes
were observed. When competition between serotypes prevented dual colonization (c; = 0) and
the vaccination either did not affect the NVT serotype (k = 1) or was completely absent (v = 0),

the only time that both serotypes could coexist at equilibrium was when Ro; = Rgp.

Outcomes
The Lipsitch paper explored the basic structure of a two-serotype SIS model with vaccination,
and provided insight into the incidence of each serotype at equilibrium for different parameter
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Figure 2.2
Pattern of Outcomes: Two-Serotype SIS Model with Vaccination (Lipsitch)
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values. When no dual colonization was permitted (c; = 0), the dual-serotype equilibrium was
only present when Ro; = Rg2.  When a serotype-specific (k = 1) vaccine was present, less
vaccination was necessary to cause eradication of that serotype when competition between

serotypes was high.

This model was simple enough to allow an in-depth investigation of the relationships
between equilibria and parameter values, and provided the basis for future models. Later
models expanded this framework, with the addition of age structure, temporary immunity, or
alternative characterization of vaccination, leading to models that could be better applied to
real-world data.

Two-serotype SIRS Model with VVaccination (Direct or Indirect Competition)

Zhang et al. [43] investigated the impact of direct and indirect competition, using models
very similar to that used by Lipsitch. They expanded the two-serotype SIS model to include
a period of temporary immunity following colonization, and evaluated the influence of

competition and vaccination on the coexistence of two pneumococcal serotypes.

The direct competition model was very similar to the Lipsitch model previously discussed,
with the addition of a temporarily immune (R) compartment and additional potential effects
of dual colonization (increased recovery rate and reduced infectiousness) included. Although
the model did not require that birth and death rates be equal to each other, the authors
simplified the model by taking them to be equal. The model was also simplified slightly by
characterizing vaccination as having no effect on NVT serotype colonization, effectively

setting k = 1.

The indirect competition model also shared these traits but characterized competition
differently. While the direct competition model included terms for effects on one serotype

when the subject was currently colonized with the other serotype, the indirect model included
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terms for effects when the subject was recovered from the other serotype, and presumably

had antibodies in his system from the earlier colonization.

Model Structure

Both the direct and indirect competition models utilized 12-compartment SIRS models. Each
subject was susceptible, colonized, or temporarily immune to each serotype, and subjects
could be vaccinated against the VT serotype. Temporarily immune individuals became

resusceptible at rates p; and p, for the VT and NVT serotypes, respectively.

The direct competition model included parameters indicating reduced colonization among
subjects already colonized with one serotype (c; and c;), as were present in the Lipsitch
model. Additional competition terms (h; and hy, b; and b,), which resulted in potentially
increased recovery rates and decreased infectiousness, respectively, were also present in the
direct competition model. The indirect competition model incorporated slightly different
competition terms (c;* and c,*, hy* and hy*, b;* and b,*), reflecting the effect of antibody-
mediated competition. The decrease in NVT colonization due to vaccination, characterized
as k in the Lipsitch model, was set equal to 1 (no reduction in colonization) in the direct
competition model and set equal to c,* in the indirect competition model. In other words,
these two models treated vaccination either as not affecting colonization by the NVT
serotype (direct competition model), or as affecting colonization by the NVT serotype by
treating the immune response to vaccination as being identical to the immune response
following VT colonization, through antibody-mediated competition (indirect competition

model).

The equations shown in {2.4} describe both the direct and indirect models. For the direct
competition model, parameters ci*, hi*, and bi* were set equal to one. For the indirect
competition model, parameters c;, h;, and b; were set equal to one. Movement between

compartments is shown graphically in Figure 2.3.
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Figure 2.3
Two-Serotype SIRS Model with Vaccination (Zhang et al.)
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dNgg /dt = 215 (1= V) = 4Ngs = A,Ngg + pNgs + p,Ngg — 1iNg
dNg, /dt = 4,Ngs + o Ng —C 4N, = Ng, — uNg,

dNgg /dt = Ng + pNgg =€, * 4Nz — o, Ngg — 1iNgg

AN /dt = AN + p,Nig =CuA,Nis = Ny — N

dN, /dt =c,4Ng +C, 4N — (¥ /h)N, —(y/h,)N, —uN,
AN /dt=c, * AN + (7 /0)Ny = p,Ng = (¥ Th*)Ng — N
ANgs /dt = Nis + PNz = PN =€, * 4, Ngg — N

dNg /dt =c, *2,Ngs + (7 /0N, — o Ng = (7 /1,*)Ng — 1Ny,
ANge /dt = (7 /0 )N + (7 /h,*)Ng — o Nz — PN — 1N
dNys /dt = gV + p,Nyg =€, * 4,Nys — 1Ny

dN,, /dt=c, * 4,Nys — (¥ Th, )N, — uN,,

dNyg /dt = (7 /h,*)Ny, — o, Ny — Ny

{2.4}

where A= ﬁl(NIS + b1N|| + bl*N|R) and Ao :ﬂz(N5| + b2N|| + bz*Nm + bz*NV|).
It is important to recall that the asterisk is part of the parameter notation, differentiating

competition parameters between direct and indirect competition models, and does not
indicate multiplication.

Equilibria

The possible outcomes for the direct and indirect models were very similar to those discussed

in the Lipsitch model:
. Eo: Nss = (us /t)(1-v) and Nys = (ug /v at equilibrium.

ii. Ei: Nss + Nys + Ns + Ngs = (ug /u) at equilibrium, where
Nvs = (us /u)v and Nss = 1/Rq;. The fraction of non-susceptible subjects colonized
versus temporarily immune depended on the specific parameter values, with
Nis = ((p2 + 11)/y) Nrs.

iii. Ez: Nss + Nvs + Ng; + Nsg + Ny + Nyr = 1 at equilibrium, where Nss = (1-v)/Ro2 and
Nvs = V/IRp2. The ratio of colonized to temporarily immune subjects, in both

vaccinated and unvaccinated groups, was (p2 + w)/y. In the indirect competition
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model, vaccination was parameterized as competition, so the equilibrium also
depended on the competition terms c,* and hy* In both cases,

Nss + Ng; + Ngg = (,uB /,u)(l-V) and Nys + Ny + Nyg = (,uB /,u)V at equilibrium.

iv. Eio: both the VT and NVT serotypes are present at equilibrium, when Ry > 1
(or Ry > 1 if vaccine was present). The presence of this equilibrium can be

determined numerically, but the system cannot be explicitly solved algebraically.

Outcomes

The authors concluded that outcomes from each type of competition within model type (c;, b;,
and h; or ¢i*, bj*, and hy*, depending on the model) were broadly similar. Longer average
durations of immunity were associated with decreased levels of colonization, and a reduced
impact of competition parameters on colonization levels. Direct competition had the greatest
influence on colonization levels if the average duration of temporary immunity was short,
and indirect competition had the largest impacts on colonization levels in the presence of

long average durations of temporary immunity.

Although this model expanded the framework presented in the Lipsitch model, the intent was
not to incorporate observed data, or to provide model-based estimates for real-world
scenarios. The following model incorporated age structure and observed per-capita birth and

death rates, in order to estimate colonization levels following the introduction of the vaccine.

Two-serotype SIS model with Vaccination and Age Structure

Temime, Guillemot, and Boélle [44] explored the effect of childhood vaccination on S.
pneumoniae colonization and antimicrobial resistance through an age-structured two-
serotype SIS model. Their main goals were to incorporate observed data, to investigate the
epidemiological characteristics of S. pneumoniae in a vaccinated population, and to study the
potential changes in the distribution of resistance levels among colonized subjects after the

introduction of the vaccine. All S. pneumoniae serotypes were categorized into one of two
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groups: vaccine-type (VT; serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F) or non-vaccine-type
(NVT,; all other serotypes).

Model Structure

Temime et al. utilized a very complex model, which incorporated not only colonization
status, age group, and vaccination status, but also included antibiotic use and ten different
levels of antimicrobial resistance. A simplified version of their model, which does not
include antibiotic use or antimicrobial resistance, is presented below to allow a more
straightforward comparison with the other models described. This simplification resulted in
a two-serotype SIS model with three age groups. Subjects were divided into young children
(less than 2 years old), older children (2 - 15 years old), and adults (16 years or older), as
indicated by a third subscript.

Transmission parameters fj; were taken to be equal for both serotype groups. Therefore, the
basic reproductive numbers for each serotype group, Roi, calculated as a function of the
infectious contact rates, average duration of colonization, and mortality, were taken to be

equal for both serotype groups. This model did not allow dual colonization.

Young children were vaccinated at rate v, and moved from the unvaccinated compartments,
Nss1, Nsiz, or Nisi, to the vaccinated compartments, Nys and Ny;. These two vaccinated
compartments did not incorporate age structure. Vaccinated children moved into the adult
compartments (Nss3, Nsji3, and Nys3) at rate o, after remaining in the vaccinated compartments
for an average of 15 years. The vaccine was taken to be 100% effective against colonization

with VT serotypes, and was assumed to have no effect on NVT serotypes.

In the simplified Temime et al. model, as described in {2.5}, age group was denoted by
subscripti =1, 2, 3. Parameters go and gs were included for brevity of presentation, and were

set equal to zero. J;;=1wheni=j,and 0 when i #j.
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dNgg; /dt = 6,1y N, + gi—lNSS(i—l) — (A + Ay )Nggi + Ny + N5 + 530N s — (6;V + 95 + 44 )N
dNg, /dt = 9iaNgiig) + 45 Ngsi = Ny + 50N, —(0,V+9; + 14;)Ng,
dN g /dt = 0iaNisig + A4iNgsi = Nig; —(V+0; +44)N

{2.5}
dNys /dt =V(Ngg; + Nig;) + Ny = A, Nys — (@ + 1,)Nys
dN,, /dt =VNg; + 2, Nys; =Ny, — (@ + 1)Ny,

where 4, :i(%J and A, :[%}Li{ﬂws“]

= j 2 i i

and  Nj = Nss1 + Nsip + Nisa
N2 = Nss2 + Nsj2 + Nis2 + Nys + Ny
N3z = Nss3 + Nsi3 + Nis3

Equilibria

This model could be viewed as a more complex version of the Lipsitch model, with the same
four theoretically possible outcomes (Eo, E1, E2, and Ejp). Since dual colonization was not
present in this model (effectively ¢; = 0), coexistence at equilibrium (E;2) was only possible
prior to vaccination if Ro; = Rop, as shown in Figure 2.2. Multiple coexistence equilibria
were present if Rg; > 1 and vaccination was not present; at those equilibria, Ns;. + Njs. = 1-
1/Ro. If
Ro1 # Roz, the serotype with the larger basic reproductive number was present at equilibrium
(i.e., E1 if Ros > Rog, Or E; if Ro; < Rpp).

If both serotypes were present at the pre-vaccination equilibrium, no dual-serotype
equilibrium was stable after vaccination was introduced. In this situation, multiple equilibria
were present, where Nss. = 1/Rp and Njs. + Ng;. = 1 - 1/Ro. Therefore, the ratio of the VT
serotypes to the NVT serotypes at equilibrium depended on the initial conditions specified,

given that there were multiple equilibria.
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Outcomes

Model-based estimates of colonization prevalence before and after vaccination were not
specifically provided in the Temime et al. paper, so we estimated those values from the
graphs provided. Prior to vaccination, approximately 17% of subjects were colonized with
VT serotypes, and approximately 7% of subjects colonized with NVT serotypes, resulting in
24% total colonization among the general population. The scenario incorporating 80%
vaccination of young children estimated that VT colonization approached zero approximately
ten years after the introduction of vaccination, while NVT colonization increased to
approximately 22% during that time, and remained at approximately the same level for the

next ten years.

This model was the first S. pneumoniae dynamic transmission model to incorporate observed
data, in an effort to predict outcomes following the introduction of a pneumococcal conjugate
vaccine. It incorporated differing mortality rates by age group, and also allowed infectious

contact rates to vary between different pairs of age groups.

The focus of this model was to incorporate antibiotic use and antimicrobial resistance, and by
simplifying the model, we adapted it to a use not originally intended by the authors. Certain
aspects of the model, such as the assumption that the vaccine was 100% effective against
colonization, were disproven in more recent research [31-39]. Transmission parameter
values used in this model were selected to fit colonization patterns observed in France, and
may not be applicable to other populations. Furthermore, most S. pneumoniae incidence and
cost data available focus on IPD. Therefore, a model that incorporates both colonization and
IPD is essential.

Two-serotype SIS model for colonization and IPD

Melegaro et al. [46] more recently developed an age-structured transmission model that
incorporated both colonization and IPD. Colonization information was based on a

longitudinal study conducted in the United Kingdom in 2001 and 2002. Unknown parameter
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values were fitted using a second set of epidemiological data from England and Wales, and
IPD surveillance data from the United States. The authors estimated IPD incidence in the

United Kingdom for the twenty-year period following the introduction of the PCV7 vaccine.

Model Structure

This SIS colonization model used 100 different age cohorts, denoted by subscripts i = 0, 1,
..., 99. Death only occurred in the oldest cohort of subjects, and total births and deaths were
taken to be equal. Each cohort was the same size, with 1/100™ of the population in each
cohort. Ageing was taken to occur at the end of each year, when subjects in the i age group

moved to the (i+1)™ age group.

Vaccination was similarly considered a discrete event, with all infants in a cohort assumed to
be vaccinated at the same time, depending on the particular vaccination schedule used in the
model. The effect of vaccination waned at rate w, where 1/w was the average duration of
protection. Vaccination provided partial protection e against colonization by VT serotypes,
and no protection against colonization by NVT serotypes, effectively setting k = 1.

The 100 age cohorts were combined into six age groups (0-1, 2-4, 5-9, 10-19, 20-39, and 40-
99 years, inclusive) before estimating the transmission parameters £jj. As with the Temime et
al. model, serotypes were grouped into VT and NVT serotypes, although the VT serotype
group also included serotype 6A in this model. The transmission parameters were calculated
assuming a combination of assortative (5%) and proportionate (5°) mixing between age
groups, where gij = ¢ f% + (1- €) g% for each serotype group. This approach allowed the
authors to estimate a reduced number of transmission parameters than is required by other
methods. The authors used detailed information from the longitudinal colonization study,
allowing them to calculate more transmission parameter values than is typically possible for
other researchers. Average durations of colonization were taken to be the same for all

serotypes, and varied by age group (0-1, 2-4, 5-17, and 18+ years).
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The movement between compartments is described by the equations shown in {2.6}, where
i =0 to 99. Because birth, ageing and vaccination occur annually, terms corresponding to

these processes do not appear in the differential equations.

Fractions of colonized subjects were then assumed to develop IPD. These fractions, or
case:colonization ratios, were estimated separately for each serotype group for nine different
age groups (<2 months, 2-11 months, 1-4, 5-14, 15-24, 25-44, 45-64, 65-74, and 75+ years).
Vaccination was characterized as leading to a reduction in the chance of colonization by VT

serotypes, but not having any further effect on the development of IPD.

ANggi/dt = Ny + Ny = (4 +4,)Ngs; = Vi N + ON\gg;

stn [dt = /12N55i _Clﬂ'lNSIi _7’Nsn +N i~ Vi Nsn + a)stn

dNISi [dt = /llNSSi _CzﬁzN ISi _7N|Si "’7’N i Vi N isi T a)NVISi

dNy; /dt = A4 Ng; +C,A,Nig =2 =V Ny + Ny,

ANyssi /dt = MNyg + Ny = (€4, + 4,)Nyss; + Vi Nygs; = Ny {26}
desn [dt = /12Nv55i _eclﬂ’lNVSIi _7’Nsn + 7’Nvui +Vi stn - Wstn

dNVISi [dt = eﬂlNVSSi _CZJ“ZNVISi -N isi T }’ani Vi NVISi _a)NVISi

ANy / dt =ec; 4 Nyg +€,4, Ny = 2Ny +Vi Ny — Ny

Ay = Zﬂlij (Nyg; + Ny + Ny + Ny )

where :
Ay = Zﬂzij(NSIj + stu + Nllj + NVIIj)
i

Equilibria

This model could also be viewed as a more complex version of the Lipsitch model, where
k = 1. We could not explicitly calculate the values of Ro; used in this model, due to the lack
of information provided on transmission parameters and demographic information. Based on
the graphs provided in their paper, we concluded that both serotype groups were present prior
to vaccination (Ei2), and that the VT serotype group eventually died out following
vaccination (Ey).
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Outcomes

Estimates of unknown parameters (c;, ¢, @, €) were obtained by fitting the model to IPD
incidence data from the United States. Competition parameters were estimated to be
different between serotype groups, with a greater reduction in co-colonization caused by VT
serotypes (c1= 0.5) than by NVT serotypes (c; = 0.85). Vaccination was estimated to provide
a 75.6% reduction in the chance of colonization by VT serotypes among vaccinated subjects
(i.e., the direct effect of vaccination), with an average duration of protection of 8.3 years.
These parameter values were estimated by fitting model outputs to observed data. This one-
stage characterization of vaccination effects as causing a large reduction in VT colonization,
and no additional reduction in IPD, differs from the two-stage vaccination effect incorporated
into the Snedecor et al. model, and our SIRS model, as discussed below.

Transmission parameters were estimated as 87% assortative and 13% proportionate, meaning
that 13% of interactions were distributed across the five age groups according to
proportionate mixing, and the other 87% were interactions within a subject’s own age group.
Average durations of colonization were 72 days (0-1 year olds), 28 days (2-4 year olds), 18
days (5-17 year olds), or 17 days (18+ year olds). Case:colonization ratio estimates for the
development of IPD ranged from 0.00001 to 0.00064, depending on the serotype and age
groups. Case:colonization ratios were equal between serotypes for 1-14 year olds, but ratios
for NVT serotypes were approximately 2-3 times as high as ratios for VT serotypes in the

other age groups.

At equilibrium, this model estimated that the total IPD cases would decrease by 63% in
children less than 5 years old, and by 35% in the rest of the population by the end of the first
ten years. Based on the figure presented, this model estimated that NVT IPD incidence
would increase by approximately 20% during the first ten years after the vaccine was
introduced in the United Kingdom, and that the total number of NVT IPD cases each year
would remain approximately constant after that time. Similarly, the model also estimated
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that VT IPD incidence would approach zero approximately ten years after the introduction of
the vaccine in the United Kingdom. Since IPD incidence was calculated as a fraction of
colonization incidence, this implied that NVT colonization incidence would increase, while
VT serotypes would virtually disappear in that time period. Predicted outcomes from this
model were very sensitive to changes in the protective effect of vaccination and the

competition between serotypes.

These outcomes differed somewhat from the disease patterns observed in the United States in
the ten years following the introduction of the pneumococcal conjugate vaccine. Based on
CDC-reported IPD [17], annual IPD incidence decreased by 76% in children under 5 years
old, (from 93.5 to 22.2 cases per 100,000 children) from 1999 to 2009. It was difficult to
compare specific outcomes, due to the limited amount of publicly available information
regarding IPD incidence by serotype group and the minimal amount of numeric outcomes
provided by Melegaro et al.

Certain parameter values used in this model differed from the values indicated in more recent
literature. Other research indicated that the vaccine was associated with a 29%-69%
reduction in colonization [31; 32; 35-39], and an approximate 95% total decline in VT IPD
incidence [68; 69], in comparison with this model’s characterization of vaccine effects as
leading to a 75.6% reduction in VT colonization with no additional decrease in the chance of
developing VT IPD. Other authors have suggested that competition between serotypes
results in a 20% decrease in co-colonization among already colonized individuals (c; = 0.80)
[70]. A more recent publication by Melegaro et al. [71] stated that the United Kingdom was
experiencing higher serotype replacement than has been observed in the United States,
suggesting that competition parameters vary between the two countries. Furthermore,
case:colonization ratio estimates in this model were calculated for England and Wales; these
may vary slightly from case:colonization ratios for the United States. In particular, these

case:colonization ratios calculated by Melegaro et al. were two to three times higher for NVT
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serotypes than VT serotypes among most age groups. Therefore, this model may not provide

the best fit for estimating colonization and IPD in the United States.

Single-serotype SIS model with colonization and IPD

Snedecor et al. [47] recently developed a single-serotype, age-structured dynamic
transmission model for S. pneumoniae which included both colonization and IPD. The
purpose of this model was to quantify the direct and indirect benefits of infant vaccination
and simulate the acquisition of colonization and IPD in the overall population during the ten
years following the introduction of the vaccine in the United States. Unlike previous models,
this model did not differentiate between VT and NVT serotypes. However, it was the first
model to incorporate a catch-up vaccination period, to allow slightly older children to be
vaccinated following the introduction of the vaccine, as occurred in the United States.

Model Structure

In this model, a fraction of subjects who became colonized immediately developed IPD, and
a fraction of those developing IPD immediately died. IPD was divided into three diseases:
meningitis, bacteremia, and invasive pneumonia. Transmission parameters f; were estimated
from disease incidence [72], colonization incidence [5], and average duration of colonization
[9]. Pre-vaccination estimated IPD incidence was presented for eight age groups, average
colonization levels were presented for four age groups, and average durations of colonization
were presented for six age groups. However, the specific methods used for parameter
estimation were not discussed. Subjects with IPD were not considered infectious subjects
when determining the transmission of infection, although this is expected to have a very

small effect due to the small fractions of subjects developing IPD.

Subjects were born into the youngest age group (less than 2 years) at a constant birth rate,
and matured into the older age groups (2-4, 5-17, 18-49, 50-64, 65+ years) at constant rates
gi (i = 1-5). Subjects in each of the six age groups died from non-IPD related death at rates y;

(i = 1-6). Additional deaths were caused by IPD at age-group- and disease-specific rates zxi,
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where X = M, B, P indicates meningitis, bacteremia, or pneumonia respectively. Total birth
and death rates were taken to be equal, to ensure a constant population size. The authors did
not specify how disease-related deaths were reconciled with the assumption of constant
population size; we assume that they did this by setting birth rates equal to the sum of IPD-

related and unrelated death rates, and allowing birth rates to vary over time.

The fractions of subjects in the two youngest age groups who were vaccinated during the first
five years of vaccination varied, to approximate patterns in the United States following the
introduction of the vaccine. In the fifth and subsequent years, 95% of children under 2 years
old and 0% of children 2-4 years old were vaccinated. Vaccine protection was considered to
remain constant for the ten-year duration of the model. Snedecor et al. incorrectly labeled
fractions of subjects vaccinated each year as the “rate of vaccine administration at year t.”
Although it was unclear whether the fractions of subjects vaccinated were incorrectly
substituted for per-capita vaccination rates, labeled vi(t) and v,(t) in the equations shown in
{2.7}, we assume that those authors incorporated vaccination rates necessary to achieve the

observed vaccination levels among children in those age groups.

Since VT and NVT serotypes were not differentiated in this model, the vaccine was
characterized as providing 40% protection against all S. pneumoniae colonization (e = 0.60),
and an additional 90% protection against IPD (r = 0.10). The characterization of vaccine
effect against colonization was based the reduction in VT colonization among vaccinated
children in Dagan et al. [32]. This two-stage characterization of vaccine effects effectively
characterized the vaccine as having 94% efficacy against all IPD, including that caused by

serotypes not included in the vaccine.

This model characterized birth, death, and growth between age classes as occurring only
among susceptible and colonized subjects. The average duration of colonization varied by
age, with average durations of 2 months for children less than 2 years old, 1.5 months for

children 2-4 years, and 0.75 months for all other subjects, based on Ekdahl et al.’s study of
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the duration of pneumococcal carriage. Average durations of IPD were assumed to be 1

month for all disease types and age groups, due to lack of available information.

The model equations shown in {2.7} characterize the movement between compartments in
this model, where Ns; and Nys; include susceptible subjects, Ny and Ny, contain colonized
subjects, and Nwmi, Ngi, Npi, Nvmi, Nygi, and Nypi include subjects with IPD. Colonized
subjects developed IPD at age-group- and disease-specific rates (x;, and recover from IPD at
rates nxi. A fraction dyx; of subjects who developed IPD immediately became case fatalities.
Therefore, a fraction of the subjects in the Ng;; compartment became colonized at rate 4;, (1-(
¢wit it ¢pi)) of those subjects remained in the colonized compartment for an average
duration of 1/y time units, (dwidmi+dsi eit dpilpi) died immediately from fatal IPD, and ((1-
dmi)dmit(1-dgi)&ei+ (1-dpi)¢pi) remained in an IPD compartment for an average duration of

1/nxi time units before becoming susceptible again.

In previously described models, the forces of infection, A;, were calculated as the products of
the transmission parameters (f;) and the numbers of colonized subjects as shown in equations
{2.3}, {2.4}, {2.5}, and {2.6}. However, the structural forms of the forces of infection used
in this model varied by age group, as shown in {2.7}. The forces of infection for the
youngest three age groups (children less than 18 years of age) were consistent with earlier
models. The forces of infection for 18 — 64 year olds were only dependent on the colonized
subjects in the particular age group (18-49 or 50-64 years) and the number of colonized
subjects less than 2 years old. The force of infection for subjects at least 65 years of age, 4,
was dependent on the number of colonized subjects in that age group, and the square of the
number of colonized subjects less than 2 years old. The authors did not fully explain this
apparently ad hoc characterization of forces of infection, but stated that it was due to

influences between different age groups when approximating observed data.
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Equilibria

The colonization portion of this model was an SIS model. In order to explore the stability of
the model, we simplified it to a single age group and a single IPD group, and assumed A =
BNy + Nyy). In the absence of IPD ({x = 0), this model was stable at the disease-free
equilibrium, where no infection was present, or at the endemic equilibrium, where 1/R,
subjects were susceptible and 1-1/R, subjects were colonized. In the presence of IPD,
1/(Ro(1- x)) were susceptible and ({x (ut y)(1-d)/(n(1- £x))) Ny had IPD, and the remainder of

the population was colonized.

We then expanded these results to the complete model. If the average number of secondary
colonizations caused by a colonized individual was less than one, the system would converge

to the disease-free equilibrium, with fractions of subjects in different age groups dependent
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primarily on g; and ;. The age-specific IPD rates {x; and associated IPD-related death rates
dxi also affected the fractions of subjects in different age groups. After the introduction of
the vaccine, the ratio of subjects in Ns; and Nys; depended on vi(t) and v,(t). The fractions of

colonized and IPD subjects within each age group then depended on g, &i, i, dxi, and 7x;.

Outcomes

No colonization outcomes were presented by the authors. This model estimated that IPD
decreased significantly within ten years after the introduction of the vaccine. Children 0-4
years of age were estimated to have an 85% reduction in IPD, with smaller reductions in
older age groups (5-17 years, 66%; 18-49 years, 46%; 50-64 years, 31%; 65+ years, 49%).
These estimates of reduction in IPD were slightly higher than were actually observed (<2
years, 81%; 2-4 years, 59%; 5-17 years, 20%; 18-49 years, 40%; 50-64 years, 12%; 65+
years, 37%) in the United States [17].

This model exhibited a better fit to observed IPD levels in the United States following the
introduction of the vaccine than was shown by the Melegaro et al. model. It incorporated
vaccination patterns that approximate those observed in the United States immediately
following the introduction of the vaccine, including catch-up vaccination of older children. It
also incorporated a two-stage vaccination effect, with vaccination leading to decreased
colonization and additional decreases in IPD.

However, there were certain parameter estimates and aspects of model structure that did not
reflect the most current findings. This model’s characterization of the vaccine as having 94%
efficacy against all IPD was approximately similar to the decrease in total IPD found during
a study conducted in 2002-2003, which found an 84-94% decrease, depending on age group,
when compared to a four year period prior to the introduction of the vaccine [21]. This study
found a 99-100% decrease in VT IPD and a 41% decrease to 21% increase in NVT IPD,
depending on age group, during that period. More recent research, comparing 2007 IPD

incidence to the incidence in 1998-1999, found a 45% decrease in IPD in the entire
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population, with a 94% decrease in VT IPD [73]. This implied that IPD due to NVT
serotypes (including all serotypes not in the vaccine) increased by 40% overall, and by 38%
among children less than five years old, during that time. Therefore, the assumption that
vaccination provided protection against all IPD for the ten-year period used in the model was

not supported by observed data.

This model characterized vaccination as affecting all serotypes, not just the seven serotypes
included in the vaccine. Forces of infection (4;) did not include subjects with IPD, and were
calculated differently for different age groups. The intent of this model was to predict
changes in IPD during the first ten years following the introduction of the vaccine.

Therefore, a different model is needed to estimate changes in IPD after the first ten years.

Conclusion

These models provided the framework necessary to explore the interactions of two serotypes,
or two groups of serotypes, of S. pneumoniae bacteria. The Lipsitch and Zhang et al. models
introduced the initial theoretical framework. The Temime et al. model expanded that
framework to a real-life setting, and incorporated observed data to provide estimates of
colonization incidence following the introduction of the vaccine. The Melegaro et al. model
incorporated both colonization and IPD, but its estimates did not reflect the pattern of IPD
observed in the United States following the introduction of the vaccine. The Snedecor et al.
model provided a better fit to observed IPD data, but characterized vaccination as providing
permanent protection against all serotypes, making it a poor candidate for long-term model

predictions.

However, the current models did not exhibit the best possible fit to the observed data. The
Temime et al. model characterized vaccination as providing complete protection against
colonization by VT serotypes, and the Melegaro et al. model used a one-stage vaccine effect,
which over-estimated the observed reduction in VT colonization among vaccinated subjects

[31-39] and underestimated the reduction in VT IPD among vaccinated subjects [68; 69].
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The Snedecor et al. model characterized vaccination as causing reductions in colonization
and IPD due to all serotypes, with no waning of vaccine protection, due to the model’s
intended duration of ten years. While each of these models was a valuable contribution, none
of these models both provided a good fit to observed data in the United States, and was
suitable for estimating colonization and disease patterns more than ten years after the
introduction of the vaccine.

In the following chapter, we propose an age-structured dynamic transmission model that
incorporated recently published research to provide estimates of both colonization and IPD
following the introduction of the vaccine in the United States.
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3. AGE-STRUCTURED SIRS DYNAMIC TRANSMISSION MODEL
FOR S. PNEUMONIAE

Introduction

Streptococcus pneumoniae is a leading cause of pneumonia, bacteremia, and meningitis, and
is a considerable public health concern worldwide. This bacterium has been a focus of
vaccine development over the last two decades. When the bacteria adhere to the epithelial
lining of the upper respiratory tract, it is considered colonization [2]. If the bacteria penetrate
the mucosal barrier and enter the tissues, it is considered pneumococcal infection [3].
Pneumococcal disease occurs when the body’s immune system reacts to the presence of the
bacteria, such as the development of fluid in the lungs (pneumonia). Invasive pneumococcal
disease (IPD) occurs when bacteria enter a normally sterile site, such as the blood or

cerebrospinal fluid.

Asymptomatically colonized subjects serve as the primary source of transmission to other
hosts [3]. S. pneumoniae is considered one of many bacterial flora normally found in the
upper respiratory tract of children, and is typically spread through exposure to nasal aspirate
from a colonized individual, such as through sneezing or coughing. Exposure does not

always lead to colonization [4].

The first pneumococcal conjugate vaccine (PCV7) was licensed for use in children in the
United States in February 2000 [21]. It targets seven of the more than 90 serotypes identified
to date. Serotypes were categorized as vaccine-type (VT) or non-vaccine-type (NVT)
serotypes, based on the PCV7 vaccine. This vaccine has been shown to decrease
colonization [31-39] and IPD [22; 24-30] caused by VT serotypes. The majority of studies
have observed both a decrease in VT serotypes and a slight increase in NVT serotypes (due
to serotype replacement), in colonization [31; 33-36; 38-40] and IPD [22; 24; 26-28].

Earlier S. pneumoniae transmission models [42-44] have suggested scenarios in which

colonization levels following vaccination may be similar to, or even exceed, pre-vaccination
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levels, due to serotype replacement. More recent models [46-48], which used colonization
levels to predict IPD levels, were either limited to young children [48] or did not include a
period of temporary immunity following colonization [46; 47] as has been suggested by other
research [74-76].

We developed a deterministic age-structured transmission model, based on colonization and
IPD levels reported in published research and US surveillance data. This model was used to
estimate unknown parameter values, such as transmission probabilities, as well as to estimate
colonization and IPD incidence, by age group and serotype group, following the introduction
of the vaccine. This model was also used to predict the long-term effect of vaccination on
colonization and IPD levels, including serotype replacement, and to compare these
predictions to those based on recent models. Furthermore, a sensitivity analysis was used to
examine the range of possible outcomes and to determine which parameter values have the
greatest impact on these predictions, to allow further research to focus on providing

improved estimates of those parameters.

This paper is organized as follows: first, a summary of the structure of past and current
models is presented in the model development section. The notation, movement between
compartments, and derivation of parameter values in the current model is discussed next.
Estimated parameter values, model-based estimates of incidence, and findings from the
sensitivity analysis are presented in the Results section. The importance of these results, and
comparisons to results found in other research, are included in the Discussion section.

Appendix A presents the differential equations used in the model.

Methods
Model Development

The spread of S. pneumoniae colonization in a population has often been modeled using
compartmental epidemiological models, such as the SIS or SIRS models. In these models,

subjects are either susceptible and able to be colonized (S), colonized with S. pneumoniae (1),
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or recovered and temporarily immune (R). Several S. pneumoniae transmission models have
been developed in recent decades. The first of the models [42] provided a structural
framework for epidemiological models, utilizing a two-serotype SIS model with vaccination.
Other researchers [43] expanded that framework into a two-serotype SIRS model with
vaccination, and explored the effect of the average duration of temporary immunity on
colonization levels. The effects of competition (i.e., the decreased chance of becoming
colonized, if already colonized with a serotype from the other serotype group) were also
explored. Age-structured models were developed to better incorporate differences between
different age groups [7; 44], such as the inverse relationship between age and average

duration of colonization [9].

Later models combined the earlier framework with vaccination, colonization, and IPD
information collected since the introduction of the PCV7 vaccine in the United States. Some
of these models focused on transmission within families [7; 10; 77] or were limited to
transmission among young children [48], making it difficult to apply these results on a

national level.

The most recent models [46; 47] utilized an age-structured SIS approach to estimate both
colonization and IPD incidence since the introduction of the vaccine. Both of these models
incorporated contact rates between different groups by using proportionate and assortative
mixing between age groups. Neither model included a period of temporary immunity

following the clearance of colonization.

We created an age-structured SIRS model, based on the colonization and IPD information
available to date. This model includes a temporarily immune period following colonization
as per recent research [74-76]. Transmission of the bacteria within the model was assumed
to occur through clearly specified patterns of interaction and transmission between age
groups. Recently published estimates of parameter values were also incorporated [31-39;

70], and unknown parameter values estimated by fitting the model to observed data. Model-
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based estimates of both colonization and reported IPD incidence in the United States were

then produced.

While the SIRS model can be used to model colonization in general, we were specifically
interested in exploring the interactions of multiple serotypes of S. pneumoniae. This was
particularly applicable since current vaccines are only effective against certain serotypes; for
example, the PCV7 vaccine was targeted at seven serotypes: 4, 6B, 9V, 14, 18C, 19F, and
23F. Therefore, when one serotype, or group of serotypes, included in the vaccine was
modeled concurrently with another serotype (or group of serotypes) not targeted by the
vaccine, it is possible to explore the effects of the vaccine on the non-vaccine-type (NVT)

serotype(s), as well as its effects on the vaccine-type (VT) serotype(s).

Model Structure

This model tracks the fractions of the population within each compartment. Movement
between compartments was taken to be directly proportional to the number of subjects in the
originating compartment, and is presented graphically in Figure 3.1 for the youngest age

group. Model equations are displayed in Appendix A.

A two-serotype model was used to model this epidemiological system, in which the
colonization statuses of subjects within a given population and age group were tracked with
respect to two serotypes. Subjects were divided into three age groups: young children (less
than 2 years), older children (2 - 15 years), and adults (16 years or older). These age groups
were identical to those used in an earlier model [44], and allowed us to incorporate differing
characteristics between age groups, such as transmission probabilities and average durations
of colonization, while limiting the number of unknown parameter values being estimated.
Each compartment was identified by subscripts indicating infection status, vaccination status,
and age group. For example, a young child who was susceptible to both serotypes was

included in Nss;; an older child, colonized with the first serotype and recovered from the
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Note: Subjects die at a rate of x; and age in to the next age group at a rate of g,, from every compartment.

Figure 3.1
Schematic of Colonization among Young Children Less Than 2 Years Old
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second, was in Nig2. Since vaccination was characterized as reducing, but not eliminating,
colonization by VT serotypes, a set of compartments for vaccinated subjects was also
included; similar subjects were included in Nyssi and Nyire. The last subscript indicates the
age group.

Invasive pneumococcal disease was modeled similarly, with subjects in compartments for
VT and NVT IPD (Njpp1i and Nippyi, respectively) for each age group. IPD cases were
tracked separately from colonization cases within the model. Subjects developing IPD were
counted concurrently in both the colonization and IPD compartments. The IPD
compartments were therefore not counted when determining total population size, and did
not feed back into the rest of the model for colonization or transmission. Therefore, IPD was
characterized as not affecting transmission rates, or increasing death rates, among colonized

subjects.

Movement Between Compartments

The flow of subjects within the youngest age group is shown in Figure 3.1. Movement
within the other age groups was similar, with reduced vaccination among older children (v,),
and no vaccination among adults. Subjects were born into the youngest age group at rate un.
Within each compartment, these young children either died at rate x4, or aged into the next

age group at rate gj.

A fraction of subjects acquiring S. pneumoniae was considered to concurrently develop IPD,
since most IPD occurs shortly after colonization [13]. The proportion of dually colonized

individuals developing IPD was taken to be the sum of the proportions for each serotype.

Colonization Model and Parameter Estimation

Subjects were born susceptible, entering the Nss; compartment. The population size was
held constant, by taking the total birth rate to be equal to total death rate, whose value was
based on the 2006 U.S. life expectancy of 77.7 years [78]. Subjects died at an age-group-

specific rate (x;) within each compartment, based on age-specific 2006 U.S. death rates [78].
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The average number of contacts with persons per day, by age group, was used to develop a
matrix of contact rates. These contact rates were based on average contacts of subjects
within fifteen different age groups in the United Kingdom [79]. Those fifteen age groups
were collapsed into our three age groups using the following method. The total number of
contacts made by a person was summed across appropriate age groups to calculate the total
number of contacts who were in each of the three age groups. The weighted averages of the
total number of contacts per day in each of the three age groups were then calculated. This
resulted in the matrix of contact rates displayed in Table 3.1. These contact rates were
included in the model as nine different parameters, m;;, where i indicated the age group of the

colonized subjects and j indicated the age group of the susceptible contacts.

Table 3.1
Average Number of Daily Contacts per Person, by Age Group.

Age of Colonized Age of Contact (years)
Subject (years) <2 2-15 >16
<2 0.768 2.648 5.464
2-15 0.323 6.834 6.346
>16 0.149 1.568 8.879

A 3x3 matrix of transmission probabilities per contact between and within age groups was
then created. Each transmission probability indicates the probability that a contact between a
colonized subject and a susceptible subject results in the susceptible subject being colonized.
In order to reduce the number of unique parameter values fitted, the probabilities were
grouped into three parameters: transmission within young children (p1); transmission
between young children and older children, and within older children (p,); and transmission
between children and adults, and within adults (ps). This type of approach is commonly
implemented, to reduce the number of unknown parameters to a number that is able to be

uniquely estimated from the data [80].
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This results in a matrix of transmission probabilities of the form:

Pr P Ps
P, P Ps
P; P Ps

where columns and rows reflects age groups of the colonized subjects and contacts. VT and
NVT transmission probabilities are likely to be different.  Therefore, transmission
probabilities for the NVT serotypes were taken to be a multiple d of the transmission
probabilities for the VT serotypes. This maintained the same relationship between different
age groups’ transmission probabilities, within serotype group. Numbers of contacts between
subjects in different age groups (i.e., the mixing matrix) were taken to be the same for both
serotype groups. For each serotype, the matrix of transmission probabilities was combined
with the average number of daily contacts to create a 3x3 matrix of transmission parameters
(Bij), commonly referred to as the ‘who acquires infection from whom’ (WAIFW) matrix
[45].

Completely susceptible subjects became colonized at a rate 4, called the force of infection,
where i indicates the serotype (1=VT, 2=NVT) and j indicates the age group. This per-capita
rate at which susceptible subjects were colonized, for a certain serotype and age group, was
calculated as the sum over all three age groups of the products of the transmission parameters
for colonization caused by each age group (e.g., A for young children) and the fraction of
subjects in the age group who were colonized by that serotype. These equations are shown in
Appendix A.

Competition within each subject, i.e., the reduced chance that a subject already colonized
with one serotype would become colonized with the other type, was accounted for by
parameters c; and c,. The force of infection A;; was multiplied by c;, so that ¢; = 0.8 indicated

a 20% reduction in the rate of colonization among subjects who were already colonized [70].
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In this model, subjects could not be dually colonized with serotypes from the same serotype
(VT or NVT) group.

Average durations of colonization for young children (yi1™%), where i indicates VT (i = 1) or
NVT (i = 2) serotypes, were calculated using the weighted averages of durations of
colonization for VT and NVT serotypes as recorded in 1996 - 2001 in Great Britain [81].
Since that research was limited to children under 2 years of age, the relationship between the
average duration for VT colonization and NVT colonization in young children was used to
calculate average durations for older subjects. Ratios of average durations of colonization for
older children and adults, with respect to young children, were calculated as 70% and 46%,
based on earlier research [9]. Information from these two sources was then used to calculate

average durations of colonization for older age groups (yi2 ™%, 7is™).

Fitting of Unknown Parameter Values (excluding Vaccination), Colonization Model

The transmission probabilities for VT serotypes (pi, P2, P3), ratio of transmission
probabilities between VT and NVT serotypes (d), and average durations of temporary
immunity (p1, p2) were simultaneously fitted. These parameter values were fitted using
observed data for five outcomes: pre-vaccination colonization levels by age group of 52.2%,
26.6%, and 8.5% from youngest to oldest age groups respectively [5], time to reinfection in
young children of 14 weeks [82], and the fraction of colonization in young children caused
by VT serotypes of 58% [81] at the pre-vaccination equilibrium. Average durations of
temporary immunity, labeled p; for VT serotypes and p, for NVT serotypes, were set equal to

each other.

The twenty-three parameter values based on earlier research were held constant, and values
of the remaining five parameter values (p1, p2, P3, pi, d) which best fit the five colonization
and time to reinfection characteristics recorded before the introduction of the vaccine were
obtained using the Nelder-Mead simplex method [83], as implemented in the fminsearch

function in Matlab v7.0. This method used unconstrained nonlinear optimization to find the
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local minimum of the difference between recorded levels and model-based estimates of
colonization levels by age group, time to reinfection in young children, and fraction of
colonized young children having VT serotypes before vaccination. This was performed by

minimizing

where x; represents each of the five outcomes of interest (52%, 26.6%, and 8.5% colonization
by age group; 14 week time to reinfection; 58% VT colonization) and X; indicates the

model-based estimate of that outcome. This optimization was performed using different sets
of initial values to guard against the optimization routine finding a local minimum rather than
the global minimum. The problems inherent in using five outcomes to fit five parameter
values, such as the lack of standard errors associated with these estimates, are examined in

the Discussion section of this chapter.

While the average durations of susceptibility varied by both age group and serotype, the
average duration of temporary immunity (i.e., the time in the “R” compartment of the SIRS
model) was taken to be constant for all subjects. This parameter value was determined as
part of the optimization process, since the total time to reinfection is the sum of the average

duration of temporary immunity and the average duration of susceptibility.

Vaccination and IPD: Model Structure and Fitting of Unknown Parameter Values

Vaccination was characterized as having a two-part effect on VT serotypes. First, it was
taken to cause a reduction in the chance of colonization with VT serotypes, represented by
the parameter e. Then, it was taken to cause an additional reduction in the chance of
colonized subjects developing VT IPD, represented by the parameter r. The product of these
two parameters represents the efficacy of the vaccine against VT IPD. This efficacy was
taken to be 95% to reflect the 93.9% - 97.4% observed efficacy [68; 69].
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Recent studies of the reduction in colonization of VT serotypes following vaccination have
compared the prevalence of VT serotype colonization between vaccinated and unvaccinated
subjects [31; 32; 35-39]. These studies found that vaccinated subjects had 29% - 69% lower
colonization by VT serotypes than unvaccinated subjects in the same study. Due to the wide
range of possible values, we chose to fit the parameter e to the available data, and
subsequently calculated the value of r to ensure an overall 95% reduction in VT IPD among

vaccinated subjects.

The parameter k accounted for the potential reduction in colonization by NVT serotypes
among subjects who have been vaccinated. The value k = 1.0 was selected, representing no
reduction in NVT colonization when vaccinated against VT serotypes, to see the most
conservative (i.e., worst case) scenario. This value was chosen to allow the greatest possible
increase in NVT colonization following the introduction of vaccination, since multiple

studies [31; 33-36; 38-40] have observed such increases.

A second optimization was then performed to determine case:colonization ratios within each
age group and serotype as well as the effect of the vaccine on VT colonization. A fraction f;;
of unvaccinated young children who become colonized with VT serotypes was assumed to
develop VT IPD. Among vaccinated young children, a smaller fraction (r fi;) who were
colonized with VT serotypes developed VT IPD. A fraction f,; of young children who were
colonized with NVT serotypes developed NVT IPD. Dually colonized individuals were

allowed to develop both types of IPD.

The parameter values for six distinct case:colonization ratios, fj;, and the reduction in the
chance of VT colonization among vaccinated subjects were determined using the Nelder-
Mead simplex method, as described previously. This optimization minimized the differences
between reported annual IPD incidence in each year during 1999 — 2009 [17] and model-
based estimates of IPD incidence for those eleven years, and concurrently minimized the

differences between reported and predicted fractions of IPD within each age group which
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were caused by VT serotypes in 1999 and 2007, based on serotype group and age group-
specific IPD incidence published by Pilishvili et al. [73].

This optimization was performed by minimizing the objective function

3,200 (x; —%)° & =9 &Sz -2)°
D R

i=1 j=1999 X ER—

where i indicates age group, j indicates year, x; represents the reported IPD (VT and NVT
combined) for that age group and year, and X; represents the model-based estimate of IPD
for that age group and year. Similarly, y; indicates the fraction of reported IPD due to VT
serotypes in 1999, z; indicates that fraction in 2007, and ¥, and Z, represent the associated

model-based estimates of those fractions. Model-based incidence was calculated by tracking
the fractions of subjects within each age group who acquired IPD during a 52-week period,
and calculating the number of cases per 100,000 subjects for that period. Since the
incidence, not prevalence, of IPD was tracked in this model, and subjects with IPD were not
taken to be more infectious than colonized subjects who had not developed IPD, the duration

of IPD is irrelevant to this model.

While vaccination may reduce colonization by NVT serotypes (k), this model did not include
an additional parameter to represent the potentially reduced rate of NVT IPD development
among vaccinated subjects colonized with NVT serotypes. No information was available to

suggest that such an effect is present.

Vaccination

Young children received vaccine at rate vy, and moved from Ny t0 Nyxa. Annual
vaccination levels in the youngest age group were based on the proportion of children less
than twenty-four months of age who received one or more doses of either PCV7 or a
pneumococcal vaccine of unknown type in a given birth cohort, calculated from the National
Immunization Survey data for 2001 — 2009 [84].
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Children who were 24 — 35 months of age received vaccination at rate v,, and similarly
moved from Ny t0 Nyxxe. Annual vaccination levels in older children were similarly based
on the calculated proportion of children who received their first dose of PCV7 or an

unknown pneumococcal vaccine of unknown type at 24 - 35 months of age.

Where available, vaccination information based on actual birth cohort was used [85].
Vaccination by age group among other birth cohorts was calculated from weighted averages
of the results for each survey year. The per-capita vaccination rate among young children
was modeled as a time varying piecewise linear function for 2000-2001, and for each year
thereafter, and taken to be constant from 2009 onward. In other words, each year (or pair of
years, for 2000-2001), was fit separately, and the function constrained to be continuous. The
per-capita vaccination rates among children 24 - 35 months of age (v,) were similarly
calculated through 2003, and taken to be constant after that time. The effect of vaccination
was taken to wane when subjects move into the oldest age group. This was implemented by
having both vaccinated and unvaccinated older children move into unvaccinated

compartments as adults.

Results
Fitted Parameter Values

Five unknown parameter values were fitted by determining the values whose resulting
model-based estimates best fit the total colonization levels by age group, the ratio of VT and
NVT serotypes among colonized young children, and the mean time to recolonization in
young children before the introduction of the vaccine that were reported in literature. Fitted
values of transmission probabilities were p; = 0.022, p, = 0.0013, and ps = 0.00031 contact™
for VT serotypes. Simultaneously, fitted values of NVT transmission probabilities were
160% of those for VT serotypes, resulting in equivalent transmission probabilities of 0.035,

0.0021, and 0.00050, respectively. The average duration of temporary immunity was
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estimated to be 3.4 weeks (p1 = p2 = 0.29) for all subjects. The parameter values used to

model colonization are shown in Table 3.2.

Table 3.2
Parameter Values Used to Model Colonization Prior to Vaccination
Parameter Symbol Value Reference
Birth rate L 0.0002475 week ™ [86]
Death rate, <2 yrs 1w 0.0006914 week * [78]
Death rate, 2-15 yrs 1y 0.0000415 week * [78]
Death rate, >16 yrs " 0.000245 week * [78]
Average weekly contact rates Based on

Among <2 yrs My 5.38 week™ [79]

From <2 yrs to 2-15 yrs M2 18.54 week*

From <2 yrs to >16 yrs My3 38.25 week*

Among 2-15 yrs Moy, 47.84 week*

From 2-15 yrs to <2 yrs My 2.26 week®

From 2-15 yrs to >16 yrs Ma3 44.42 week™

Among >16 yrs M33 62.15 week™

From >16 yrs to <2 yrs M3y 1.04 week*

From >16 yrs to 2-15 yrs Map 10.97 week™
Average duration of colonization Based on

Among <2 yrs, VT yt 16.0 weeks [9; 81]

Among 2-15 yrs, VT Yot 11.2 weeks

Among >16 yrs, VT Y3 7.3 weeks

Among <2 yrs, NVT Yot 10.3 weeks

Among 2-15 yrs, NVT Vo2t 7.2 weeks

Among >16 yrs, NVT yas" 4.7 weeks
Average duration of temporary immunity, VT ot 3.4 weeks Fitted
Average duration of temporary immunity, NVT ot 3.4 weeks Fitted
Competition within subject, VT C1 0.8 [70]
Competition within subject, NVT Co 0.8 [70]
Transmission probability, VT Fitted

Among <2 yrs o 0.022 contact *

Among 2-15 yrs and between <2 yrs and 2-15 yrs P2 0.0013 contact *

Among >16 yrs and btwn. >16 yrs and other groups P3 0.00031 contact ™
Ratio of NVT:VT serotype transmission probability d 1.6 Fitted

While this method of fitting unknown parameter values had the advantage of using observed
data (instead of choosing parameter values that seem plausible), it is not a defensible
statistical approach. This represented an overfitting of the data; for example, it is possible to

exactly fit an n" degree polynomial model to n+1 data points. However, the alternative was
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to choose values for one or more of these parameters, or make additional assumptions, such

as assuming p1 = p».

Since we fit five parameter values using five quantities, we did not obtain an estimate of the
standard error of each estimate. Therefore, we could not determine whether any of these
parameter values were significantly different from zero (such as the transmission
probabilities and average duration of temporary immunity) or significantly different from one
(e.g., the ratio of transmission probabilities between serotype groups). Similarly, we could
not determine if the pairwise differences between different transmission probabilities were
significantly different from zero. The transmission probabilities did, however, exhibit the
expected pattern, with highest transmission probability among interactions between children
less than 2 years old, and the lowest transmission probability among interactions with adults.
The ratio of transmission probabilities between serotype groups and average duration of
temporary immunity both seemed to be reasonable, in that they were not extremely high or

extremely low.

Seven additional parameter values were fitted by determining the values which, when

combined with model-based estimates of colonization within each serotype and age group,

best fit the reported IPD incidence by age group and fractions of IPD due to VT serotypes.
The fitted value for the effect of vaccination on VT colonization was 0.45, representing a
55% reduction in the chance of colonization. This was consistent with the 29% - 69%
difference in colonization by VT serotypes between vaccinated and unvaccinated subjects
observed in multiple studies [31; 32; 35-39]. The further effect of vaccination on the
development of IPD, r, was then calculated to be 0.11, representing an 89% reduction in the
chance of developing VT IPD among vaccinated subjects who were colonized with VT

serotypes.

Fitted values for the case:colonization ratios (i.e., the proportion of colonized subjects who
develop IPD) were 0.00017, 0.000088, and 0.00035, from youngest to oldest age group
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respectively, for VT serotypes. Similarly, the fitted values for case:colonization ratios for
subjects developing NVT IPD were 0.000022, 0.000049, and 0.00034 of subjects colonized
with NVT serotypes. The parameter values used to model vaccination and IPD are shown in
Table 3.3.

The next generation matrix [87] was calculated by multiplying the average duration of
colonization and the transmission parameters for the appropriate age group and serotype. For
each serotype group, the basic reproductive number, Roj, was calculated as the maximum
eigenvalue of each next generation matrix. The basic reproductive number for VT serotypes,
Ro1, was estimated by the model to be 1.90, and the basic reproductive number for NVT

serotypes, Roz, was similarly estimated at 1.96.

Model Predictions

Model-based estimates of colonization prevalence and IPD incidence in 1999, 2010, and
2025 are presented in Table 3.4. Colonization prevalence is based on the middle of the year,
and IPD incidence reflects the total number of new cases throughout the entire year.
Estimated colonization prevalence is displayed by age group in Figure 3.2, and estimated
IPD incidence is shown by age group in Figure 3.3. Model-based estimates of both

colonization prevalence and IPD incidence, across all age groups, are shown in Figure 3.4.

Table 3.3
Additional Parameter Values Used to Model Vaccination and IPD

Parameter Symbol Value Reference
Effect of vaccine on colonization by VT serotype e 0.45 Fitted
Effect of vaccine on VT IPD r 0.11 [68; 69]
Effect of vaccine on colonization by NVT serotype k 1.0 --
Fraction of subjects being colonized who develop IPD, VT Fitted

Among <2 yrs fi1 0.0017

Among 2-15 yrs fio 0.000088

Among >16 yrs fis 0.00035
Fraction of subjects being colonized who develop IPD, NVT Fitted

Among <2 yrs o 0.000022

Among 2-15 yrs foo 0.000049

Among >16 yrs fs 0.00034
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The model estimated that overall colonization levels in 2010 decreased from pre-vaccination
levels in all age groups, to 33.5%, 16.2%, and 4.9% of subjects from youngest to oldest age
group, respectively. This reflected the reduction in VT colonization due to 96% of young
children and 47% of older children having received one or more doses of vaccine by this
time. In addition to the direct reduction in colonization associated with vaccination, these
levels reflected the effect of indirect reduction in colonization due to herd immunity,
resulting in reductions in colonization levels among unvaccinated individuals, such as adults.
Furthermore, these reductions in colonization reflect both decreases in VT colonization and
slight increases in NVT colonization, where present. Young children showed the largest
model-estimated changes, with VT colonization dropping from 29.5% to less than 0.1% of
subjects, and NVT colonization increasing from 30.7% to 33.5% of subjects. The other age

Table 3.4
Model-Based Estimates of Colonization Prevalence and IPD Incidence

IPD Incidence
Colonization Prevalence? (%) (Cases per 100,000 Subjects)
Subject Serotype 1999 2010 2025 1999 2010 2025
Group Group
All Subjects  All 12.4 7.2 7.2 28.7 16.3 16.3
VT 6.4 0.0 0.0 13.8 0.0 0.0
NVT 6.6 7.2 7.2 14.9 16.3 16.3
<2yo All 51.8 335 335 192.3 4.1 4.1
\Va) 29.5 0.0 0.0 188.5 0.0 0.0
NVT 30.7 335 335 3.8 4.1 4.1
2-15yo All 27.5 16.2 16.2 11.0 5.7 5.7
\Va) 14.6 0.0 0.0 59 0.0 0.0
NVT 14.8 16.2 16.2 5.2 5.7 5.7
>16 yo All 8.7 4.9 4.9 27.6 18.5 18.5
VT 4.3 0.0 0.0 10.7 0.0 0.0
NVT 4.5 4.9 4.9 16.9 18.5 18.5

2 Dually colonized subjects were counted in both VT and NVT serotype groups, allowing the sum of VT and NVT to exceed the total
number colonized.
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Figure 3.2
Estimated Fractions of Subjects Colonized with S. pneumoniae, by Age Group
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Figure 3.3
Estimated Annual Incidence of IPD per 100,000 Subjects, by Age Group
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Figure 3.4
Model-Based Estimates of Total Colonization Prevalence and Total IPD Incidence
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groups also reflected slight increases in NVT colonization, with VT colonization dropping
below 0.1% of subjects.

The incidence of IPD during the same period also exhibited large decreases. The greatest
reduction was in young children, with an overall decrease from 192.3 to 4.1 cases per
100,000 subjects. Reductions in both overall IPD and VT IPD were present in all age
groups. Among young children, the percentage of IPD cases caused by VT serotypes
decreased from 98% to almost no measurable cases. The percentage of VT-caused IPD cases
among older children and adults similarly decreased to less than 0.1 cases per 100,000
subjects. While a portion of the reduction in IPD among older children was due to
vaccination, the reduction in IPD among adults and a significant portion of the reduction in
IPD among older children reflects the indirect effects of the vaccine. After the virtual
eradication of VT colonization and resulting IPD following the introduction of colonization,
the estimated fractions of subjects colonized with NVT serotypes, and experiencing NVT

IPD, remained approximately constant through 2025.

Sensitivity Analysis

The majority of the parameter values used in this model were obtained from individual
studies, and the remaining parameter values were fitted using observed data. While these
values represent the best estimates available, these parameter values may or may not be valid
for the American population as a whole. Therefore, we conducted a sensitivity analysis to
determine which of these parameters had the greatest impact on the model-based estimates.
These results could be used to guide future research, in order to provide improved parameter

values for use in this model.

The robustness of these results was evaluated using Latin hypercube sampling methodology
to generate partial rank correlation coefficients (PRCC) [88]. Latin hypercube sampling

allowed us to evaluate the effect of variation in each parameter value with a relatively small
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number of samples. This method was the best approach to explore the monotonic, non-linear
relationships between parameters and outcomes, to explore the ambiguity surrounding
parameter values and to determine which of these parameters had the greatest impact on the

outcomes [89].

The two outcomes of interest were the model-estimated prevalence of colonized subjects in
2010, and the model-estimated prevalence of IPD cases per 100,000 subjects in 2010.
Relationships between each parameter and these two outcomes were explored graphically.
Each parameter in the model, excluding birth, death, and vaccination, was assigned a
distribution as described below. Each parameter’s distribution was divided into one hundred
equiprobable intervals. One hundred complete sets of parameter values were then selected,

and each set of values were used in the model to generate the outcomes of interest.

Due to the wide ranges of values used, some combinations of parameter values resulted in
models in which one or both of the basic reproductive numbers, Ro; and Ro,, were less than 1,
which equated to extinction of that serotype group over time. Therefore, the sensitivity
analysis was limited to the 68 combinations that had both Ry; and Ry, greater than 1, resulting
in both serotype groups being present at equilibrium before the introduction of vaccination.
The selection of 68 simulations to evaluate the variation in the thirty-eight parameter values
exceeded the recommended lower bound of the number of necessary iterations of (4/3 *
number of parameters) [90].

The sensitivity analysis was then performed using PRCC to determine which parameters had
a significant effect on the outcomes. The parameters which had the most effect on the
outcomes were further evaluated to determine the change in outcome caused by a 10%

increase in that parameter value.

Distributions of Parameter Values

Distributions for each parameter were selected, as presented in Table 3.5. Parameters whose

possible values ranged from 0 to 1, but whose literature-based parameter values were above
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0.1, were assigned a triangular distribution on the [0, 1] interval, with the mode equal to the
estimated value. This allowed us to sample a wide range of possible values, with values

close to the literature-based parameter value being chosen more frequently.

Parameters whose possible values were on the same range but had literature-based or
optimization-based parameter values less than 0.1 (such as the case:colonization fractions
[fi]) were assigned an approximately symmetric Weibull distribution to their inverse. For
example, f1; had an optimization-based estimate of 0.00017, so 1/ f;; was assigned a Weibull
distribution centered at 5882. This distribution was truncated so that possible values were
less than one. This allowed variation in parameter values without having possible values
selected over the entire [0, 1] interval, as would be done with a triangular distribution. This
approach was used due to concerns that values close to 1, which were mathematically valid
choices but inappropriate biologically, could impact the sensitivity analysis and potentially
mask the impact of other variables.

The effect of vaccination on NVT colonization, k, was modeled as a beta distribution, to
allow a strongly left-skewed distribution with values on the [0, 1] interval. Parameter values
for this beta distribution were selected to have 75% of the distribution above 0.75, but also
allow some values to be chosen from the lower range. While it is unlikely that k has a true
value significantly below 1, which would minimize or prevent the post-vaccination increase
in NVT colonization and IPD observed in other studies [34; 66; 67], we acknowledge that
there is little information available regarding this parameter, so chose a distribution that also

included some values over the lower range of mathematically possible values.

All other parameter values were assigned Weibull distributions, with mean values of those
distributions equal to the literature-based parameter value. This distribution limited values to
be greater than zero, while not constraining the maximum possible value. The shape
parameter for all Weibull distributions was set equal to 3.44, to produce an approximately

symmetric distribution. In order to explore the effect of different parameter values upon the
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outcomes, some parameters whose values were taken to be equal in the baseline parameter

set (¢, and ¢y, p1 and p,) were instead generated separately.

Multiple studies have shown the relationship between age and average duration of
colonization [9; 10]. Therefore, the values chosen for average duration of colonization were
further restricted, within serotype, so that the average duration for adults was less than or
equal to the average duration for older children, which was less than or equal to the average
duration for young children. All other parameter values were randomly chosen for each set

of values used in the sensitivity analysis.

Results of Sensitivity Analysis

The PRCC for parameters and the two outcomes of interest are shown in Table 3.5. All

Table 3.5
Results of the Sensitivity Analysis.
Range of PRCC
Symbol  Distribution Simulated Coloni-

Parameter [a] [b] Values zation IPD

Average weekly contact rates Weibull
Among <2 yrs My 5.98 1.90-9.49 0.57 0.59
From <2 yrs to 2-15 yrs Miy 20.62 3.63-29.42 N/E N/E
From <2 yrs to >16 yrs M3 42.55 7.49-60.72 N/E N/E
Among 2-15 yrs My, 53.22 15.79-88.15 0.31 0.23
From 2-15 yrs to <2 yrs Moy 2.51 0.83-3.83 0.07 0.01
From 2-15 yrs to >16 yrs M3 49.41 12.22-83.87 0.17 0.19
Among >16 yrs Ma3 69.14 19.80-105.41 -0.10 -0.02
From >16 yrs to <2 yrs M3y 1.16 0.30-1.90 0.18 0.13
From >16 yrs to 2-15 yrs M3y 12.21 1.64-24.26 0.14 0.20

Average duration of colonization Weibull
Among <2 yrs, VT yt 17.80 7.2-27.4 0.02 -0.09
Among 2-15 yrs, VT yit 12.46 3.5-20.3 0.31 0.26
Among >16 yrs, VT ys” 8.12 2.5-13.1 -0.21 -0.17
Among <2 yrs, NVT yor 11.46 4.9-19.2 0.43 0.41
Among 2-15 yrs, NVT Y22 8.01 2.6-12.5 0.08 0.01
Among >16 yrs, NVT yo3 5.23 1.6-8.7 0.17 0.10

Average duration of temporary ot Weibull 0.6-6.1 0.27 0.29

immunity, VT 3.79
Average duration of temporary pat Weibull 0.8-6.0 -0.20 -0.18
immunity, VT 3.79
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Table 3.5

Continued
Range of PRCC
Distribution Simulated Coloni-
Parameter Symbol [a] Values zation IPD
Competition with subject, VT C1 Triangular 0.13-0.96 0.09 0.07
Competition with subject, NVT C, Triangular 0.06-0.96 0.09 0.15
Transmission probability, VT Weibull*
Among <2 yrs P1 49.98 0.013-0.077 0.45 0.41
Among 2-15 yrs and btwn. <2, 2-15 yrs P2 875.93 0.00069-0.0051 0.72 0.67
Among >16 yrs and btwn. >16 yrs,
other groups ps 3588.5 0.00015-0.0015 0.01 0.19
Ratio of NVT:VT serotype transmission d Weibull 0.7-2.8 0.50 0.56
probability 1.75
Effect of vaccine on VT colonization e Triangular 0.05-0.86 0.34 0.30
Effect of vaccine on NVT colonization k Triangular 0.37-1.0 0.24 0.20
Effect of vaccine on VT IPD r Triangular 0.01-0.87 -0.04
Fraction of subjects being colonized who Weibull*
develop IPD, VT
Among <2 yrs f11 11,494 0.00001-0.0008 0.05
Among 2-15 yrs fio 111,111 0.00005-0.0003 0.04
Among >16 yrs fis 16,949 0.0002-0.002 -0.06
Fraction of subjects being colonized who Weibull*
develop IPD, NVT
Among <2 yrs o 50,000 0.00001-0.0001 -0.23
Among 2-15 yrs f2 181,818 0.00003-0.0007 0.29
Among >16 yrs fas 16,949 0.00002-0.003 0.25

[a] Scale parameters were provided for Weibull distributions; mode was provided for triangular distributions. Asterisk indicates Weibull
modeled using inverse of parameter value.

relationships were presented in that table, in spite of the number of covariates examined, to
allow the reader to review all potentially significant relationships. Previous research has

indicated potentially significant covariates based on the p-value provided by the

analysis [90]. However, the p-values decrease as the number of sample sets analyzed
increases. Therefore, virtually all covariates could be deemed potentially significant if a
large enough number of sample sets was analyzed. We chose a different approach, to allow
us to select the most influential parameters while using a cutoff that was not dependent on
sample size choice. For each outcome, the absolute values of the partial rank correlation

coefficients were sorted from smallest to largest, and graphed as shown in Figure 3.5. The
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five parameters with the greatest impact on each of the outcomes were selected, based on the
shape of the graph. In particular, we looked for an obvious break in the graph, in order to
select the parameters with the highest impact. The effects of a 10% increase in these
parameter values (duration of NVT colonization among young children; transmission
probabilities among and between young children and older children; the ratio of transmission
probabilities between VT and NVT serotypes, and the average number of contacts among

young children) are shown in Table 3.6.

Table 3.6
Effects of Changes in Parameter Values Identified by the Sensitivity Analysis.
Parameter Values 2010 Total
Parameter Colonization Prevalence®  IPD Incidence ®
Altered My Yot P P, d (VT, NVT) (VT, NVT)

None 5.38 103 0.022 0.0013 1.6 1.46% (0.0, 1.46) 0.92 (0.0, 0.92)
myq 5.91 10.3 0.022 0.0013 1.6 1.61% (0.0, 1.61) 1.01 (0.0, 1.01)
Yot 5.38 11.3 0.022 0.0013 1.6 1.63% (0.0, 1.63) 1.02 (0.0, 1.02)
P1 5.38 10.3 0.024 0.0013 1.6 1.61% (0.0, 1.61) 1.01 (0.0, 1.01)
P> 5.38 10.3 0.022 0.0014 1.6 1.64% (0.0, 1.64) 1.07 (0.0, 1.07)
d 5.38 10.3 0.022 0.0013 1.7 1.83% (0.0, 1.83) 1.27 (0.0, 1.27)

a Dually colonized subjects were counted in both VT and NVT categories.
b IPD incidence reported in number of cases per 100,000 subjects for the entire year.

Discussion

We developed a dynamic transmission model for S. pneumoniae that used parameter
estimates and reported IPD incidence from published literature to estimate the changes in
colonization and IPD in the United States since the PCV7 vaccine was introduced, and to
predict future changes. Our model has the advantage of being able to incorporate recently
published findings, such as those of Erasto et al. [70], which allowed us to use literature-
based estimates of the competition between serotypes, and those of Pilishvili et al. [73],
which provided serotype group information for IPD incidence at certain time points. In
addition, reported IPD incidence through 2009 was incorporated, allowing this model to be

based on data from a longer time period than other recent models.
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Model Results

We presented estimates of parameter values for transmission probabilities for each serotype
group, and estimated the average duration of temporary immunity. Estimates of these values
are not available in the current literature. The sensitivity analysis also provided insight into
which parameter values have the greatest impact on model-estimated colonization and IPD

levels, and provides direction for future research to refine the most critical parameter values.

Our model explicitly estimated the underlying changes in colonization patterns that have
driven the observed changes in IPD levels following the introduction of the vaccine. Our
model estimated that VT colonization prevalence would drop to less than 1% of subjects
within each age group by 2010, with an increase in NVT colonization to 3-4% higher than
pre-vaccination levels within each age group during that time. During the subsequent 16
years, the model predicted that VT colonization would be virtually eradicated, with minimal
changes in NVT colonization among any age group. Colonization levels were the driving
force behind IPD incidence. Therefore, the model-estimated colonization levels over time
were presented to allow further comparisons with other models. Our sensitivity analysis
indicated that certain parameters that affected colonization levels were significantly
associated with estimated changes in both colonization and IPD, but parameters only
affecting IPD (vaccine effect on VT IPD, fractions of colonized subjects developing IPD)

had a lesser impact on estimated IPD incidence after controlling for all other variables.

The model also estimated changes in IPD incidence by age group and serotype group. The
largest estimated decrease in IPD occurred in young children, with the majority of that
decrease occurring within the first five years after the introduction of the vaccine. VT IPD
was estimated to become virtually eradicated in young children during the first ten years
following the introduction of the vaccine, with an 8% increase in NVT IPD in that age group
during the same time. A similar pattern was present among older children, with VT IPD
virtually disappearing and NVT IPD increasing by 10%. Due to the indirect effects of the
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vaccine, VT IPD was also virtually eradicated among adults. NVT IPD among adults was
estimated to increase by 9% by 2010, and to remain virtually unchanged among all age
groups between 2010 and 2025.

Model Limitations

Several features of this epidemiological system made it challenging to select the model
structure and parameter values. The primary source of data [17], did not provide publicly
available information on IPD incidence by VT or NVT serotype group. Most clinical studies
of S. pneumoniae focus on IPD, as it is the actual cause of the resource utilization in the
population, with relatively few studies focusing on the underlying colonization. Several
parameter values, such as transmission probabilities and average duration of temporary
immunity, are almost impossible to directly estimate in a clinical setting, and have not
previously been explicitly estimated using models, although they may have been implicitly
estimated as part of a composite parameter. We made assumptions regarding the
relationships between transmission probabilities among age groups and serotype groups, in
order to reduce eighteen unique parameters down to four unique parameters (p1, p2, ps, d).
Similarly, the average duration of temporary immunity was taken to be the same among
subjects colonized with all serotypes (p1= p>), in order to reduce the total number of unknown
parameter values for the colonization model to five. These five parameter values were then
fitted using five known results (fractions of colonized subjects by age group [5], fractions of
VT and NVT subjects among colonized young children [81], and time to reinfection in young
children [82]). A similar approach was subsequently used to fit the effect of vaccination on
VT colonization and fractions of colonized subjects developing IPD (case:colonization
ratios), with IPD incidence within age group for each of eleven years and fractions of IPD
due to VT serotypes during two of those years being used to fit these seven parameter values
(e, fij). Other parameter values used in the model were based on clinical data in published
literature, but were often based on data from a single study, due to the limited amount of

available information.
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We concede that this approach is not an ideal statistical approach, as above, and that the
model estimates would be strengthened if multiple data sources were available for each
parameter estimate. In particular, we were overfitting the model by using five data points to
fit five unknown values. However, the alternative was to either select values with no
numerical basis for one or more parameter estimates, or to impose additional constraints on

the parameter relationships, such as assuming p; = p>.

In addition, due to the overfitting, we were unable to estimate standard errors for the five
fitted parameter values, which does not allow us to determine which estimates were
significantly different from zero, or if there were any significant differences between
transmission probabilities. However, this type of model is often constrained by the amount
of observed data available. Certain parameter values were simply not available, and what
information was available was often not provided for specific age groups or serotypes, since
much of the data was collected for other purposes and was not geared toward this type of
research. This inevitably led to compromises in terms of model structure and parameters.
The only other viable alternative, which has been used in similar research, was to propose a
number that researchers felt was appropriate, without numeric justification. We felt that,
although our estimates may have been based on sparse data, it was preferable to have data-

driven estimates instead of estimates without concrete justification.

Another simplification used in this model was the method of grouping multiple serotypes
together into the VT and NVT serotype groups, and treating each of these groups as a single
serotype, as has been done in similar research [44; 46; 47]. We acknowledge that by
grouping serotypes together, all seven VT serotypes were assumed to have the same
transmission probabilities and average durations of colonization within age group. The
remaining (84+) NVT serotypes were also assumed to have the same transmission
probabilities and average durations of colonization, although they differed from the VT

serotypes. Very little information was available on specific serotypes; the few studies that
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reported information by serotype typically observed only the most common serotypes, and
with very few observations of each serotype. Further, incorporating individual serotypes into
the model would have vastly increased the number of necessary parameters, with little to no
information available to determine those parameter values. We feel that grouping serotypes
into VT and NVT groups allowed us to incorporate the changes to the epidemiological
system following the introduction of the vaccine, while still having some amount of data

available to estimate parameter values.

This model structure also prevented subjects from being colonized with more than one VT
serotype, or more than one NVT serotype, concurrently. Such dual colonization has rarely
been documented in most populations, possibly due in part to collection mechanism bias [91-
93]. The model estimated that 0.7% of subjects were dually colonized with one VT and one
NVT serotype prior to vaccination, decreasing below 0.1% within five years. Due to
differing colonization levels between age groups, this equated to 8.5% of young children,
1.9% of older children, and 0.2% of adults being dually colonized prior to vaccination, with
no measureable fraction of any age group dually colonized by 2010, due to the large

decreases in VT colonization during that time.

We acknowledge that some researchers have found subjects dually colonized with more than
one VT serotype, or more than one NVT serotype [91; 93]. Our model structure effectively
treated a dual VT colonization, or a dual NVT colonization, as a single colonization of that
serotype. Therefore, we acknowledge that the model potentially underestimated the average

durations of colonization and temporary immunity for these subjects.

We assumed that the effect of vaccination waned by adulthood, providing approximately a 15
year average duration of effect, similar to the waning effects incorporated in other models
[44; 46].

The mechanisms behind temporary immunity following colonization are still being

investigated.  Various research has suggested both serotype-specific and serotype-
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independent immunity. Murine-based research found antibody-independent protection
lasting at least two months, following colonization or vaccination [74], while an
observational study of children suggested serotype-specific protection occurs for some
serotypes, but not for others [75]. Earlier studies found that serotype-specific antibodies did
not prevent colonization [76]. Although the mechanisms behind immunity are still being
explored, we felt it important to include temporarily immune compartments in this model,
although some other researchers have chosen to exclude temporary immunity and use SIS
models. This decision was supported by the fitted parameter value for the average duration
of temporary immunity of 3.4 weeks, which was obtained by optimizing the fit of the model
to observed data. If an SIS model were more appropriate than an SIRS model, this fitted
parameter value would be expected to be close to zero. However, since we cannot estimate
the standard errors for the duration of temporary immunity, we do not know whether that

parameter value was significantly different from zero.

Comparisons of Results

Our model predictions differed from those of Temime et al. [44], whose age-structured SIS
model incorporated vaccination of 80% of young children. Although there were several
differences between these models, such as different pre-vaccination colonization levels,
complete prevention of VT colonization by vaccination, constant average durations of
colonization across age groups, absence of a temporarily immune phase, incorporation of
antibiotic use, and differing infection parameters, the most substantial difference was that the
Temime et al. model characterized colonization by one serotype as preventing colonization
with the other serotype (effectively, c¢; = 0), leading to very high serotype replacement.
Therefore, when 80% of young children were vaccinated, that model predicted eradication of
VT colonization approximately 10 years after the introduction of the vaccine, with NVT
colonization levels concurrently increasing by approximately 300%, from about 7% of the

population to about 23% of the population (estimated from the figure provided).
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More recent research by Melegaro et al. [46] used an SIS model with 100 annual age groups
incorporating different average durations of colonization by age group, and then incorporated
ratios of IPD cases to numbers of colonized subjects to estimate IPD incidence in the United
Kingdom. This model predicted the virtual eradication of VT IPD, and therefore the virtual
eradication of VT colonization (due to its characterization of IPD as a fraction of
colonization, with no reductions in the chance of developing IPD among subjects who were
vaccinated and colonized by VT serotypes), within approximately ten years after the 2006
inclusion of the pneumococcal vaccine into the United Kingdom’s routine immunization
schedule. It concurrently predicted that the total annual incidence of NVT IPD would
increase by approximately 20% within the first ten years, and remain constant after that time.
The Melegaro model characterized vaccination as a large (75.6%) reduction in colonization,
with no further vaccine-driven reductions in the fraction of colonized subjects developing
IPD. It also incorporated larger competition effects than our model, leading to higher
serotype replacement, although a more recent publication by many of the same authors
indicates that serotype replacement is higher in the United Kingdom than in the United States
[71]. In addition, case:colonization ratios were the same for both serotype groups among 1 —
14 year olds, and two to three times higher among NVT serotypes than VT serotypes in the
remaining age groups.

In contrast to both the Temime et al. and Melegaro et al. models, our model incorporated a
two-part direct vaccination effect, with vaccination causing a 55% reduction in colonization
and an additional 89% reduction in the fraction of subjects colonized with VT serotypes who
develop VT IPD. This approach incorporated a decrease in colonization consistent with that
found in other studies [31; 32; 35; 37] as well as a 95% overall reduction in VT IPD [68;
69]. We found case:colonization ratios to be higher for VT serotypes than NVT serotypes
among age group, with the differences between VT and NVT serotypes decreasing in older

age groups.
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Due to the substantial herd immunity effect, colonization by VT serotypes was predicted to
be virtually eradicated, with less than 0.1% of subjects in any age group colonized by those
serotypes by 2008. The fractions of subjects colonized with NVT serotypes is estimated to
increase by approximately 9% within each age group during the first ten years, with virtually

no change in the fractions of subjects colonized after that time.

Although the predicted vast decreases in VT serotype colonization agree with predictions
from the Temime et al. and Melegaro et al. models, we predicted smaller increases in NVT
serotypes than either of those models. The Temime et al. model predicted approximately a
300% increase in colonization by NVT serotypes within the first ten years following
vaccination, with minimal changes in total colonization following vaccination. The
Melegaro et al. model estimated approximately a 20% increase in NVT IPD, which indicated
a similar increase in NVT colonization, due to its one-part characterization of vaccine effects.
Furthermore, that model did not predict IPD as a fraction of the population (such as number
of cases per 100,000 subjects), and so did not allow for increases in predicted IPD incidence
due to increases in population size (which were likely not necessary for the United Kingdom,
which was the focus of that model), making it difficult to predict future prevalence in the
United States. Our model predicted NVT IPD incidence to remain approximately constant at
16.3 cases per 100,000 subjects annually from 2009 through 2025. This equates to an
increase from 49,000 cases of NVT IPD in 2009 to almost 57,000 cases of NVT IPD in 2025,

after incorporating projected population increases as shown in Table B.2 (Appendix B).

A model recently developed by Snedecor et al. [47] used a single-serotype SIS model with 6
age groups focusing on specific types of IPD (invasive pneumonia, bacteremia, or
meningitis), and was limited to the first ten years following the introduction of the vaccine.
Unlike other models, this model incorporated infection-specific case fatality rates. VT and
NVT serotypes were not differentiated, and the 40% reduction in colonization following

vaccination, based on the studies of a 9-serotype vaccine among Israeli children [32], was
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effectively applied to all serotypes. This model differed significantly from ours in its
characterization of the forces of infection, with different age groups’ forces of infection
having different relationships to the number of infectious subjects in other age groups.
Model-based estimates were not presented for colonization, making it difficult to compare
results. However, model predictions of overall IPD incidence from the Snedecor et al. model

follow the same pattern as those from our model during the ten-year period.

Conclusion

In summary, this model estimated that the largest changes to colonization and IPD would
occur during the first ten years following the introduction of the vaccine, with the largest
changes observed among young children. Colonization by vaccine-type serotypes were
estimated to be virtually eradicated in each age group, with similar decreases occurring in
vaccine-type IPD during that time. The prevalence of NVT colonization was estimated to
increase within those first ten years, then remain stable during the next 16-year period. The
annual incidence of NVT IPD was similarly estimated to increase within the first ten years,
and to remain at a constant rate after that time. Total IPD incidence was estimated to
decrease from 28.7 cases per 100,000 subjects in 1999 to 16.3 cases per 100,000 subjects in
2005, and to remain constant at that level through 2025.
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4. EFFECTS OF ANTIMICROBIAL RESISTANCE ON
HOSPITALIZATION COST, DURATION, AND INPATIENT
MORTALITY AMONG SUBJECTS WITH S. PNEUMONIAE
ISOLATES

Streptococcus pneumoniae bacterial infections cause significant medical and economic
burdens, both domestically and worldwide. S. pneumoniae is a leading cause of community-
acquired pneumonia (CAP) [49; 94], as well as being the leading cause of bacterial
meningitis [50]. Isolates collected from normally sterile sites, such as the lungs, blood, and

cerebrospinal fluid (CSF), are indicative of severe pneumococcal disease.

Influenza and pneumonia were the eighth leading cause of death in the United States in 2007
[95]. In 2008, an estimated 44,000 cases of invasive pneumococcal disease (IPD;
pneumococcal disease in the CSF, blood, or other normally sterile site) occurred in the
United States, with an estimated 4500 deaths [17]. Non-invasive pneumococcal pneumonia,
in which bacteria are not present in the bloodstream, was not included in those estimates of
IPD [14]. Therefore, those figures significantly underestimate the total amount of

pneumococcal disease.

Cost analyses for pneumococcal pneumonia are often performed using the costs for all
pneumonia cases [18]. In 2009, hospitalization costs for subjects with a primary diagnosis of
pneumonia were over $9000 per person and 10.5 billion dollars total, among 1.2 million
hospitalized patients [96]. Patients with pneumonia have also been shown to present a
significant financial burden to employers [51], with the majority of costs attributed to
hospitalized patients. While these figures include pneumonia due to other causes, S.
pneumoniae is the most commonly isolated cause of CAP [49; 94; 97; 98] and is also a

significant cause of nosocomial pneumonia.

Several studies have examined mortality or length of stay for some types of S. pneumoniae

infections, but often include CAP, or are limited to specific age groups, infection sites, or
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antimicrobial resistance types. Cost analyses of pneumococcal disease are further
complicated by changes over time as different treatments and different medical practices

emerge, and as levels of antimicrobial resistance and hospitalization costs increase.

Antimicrobial resistance, often referred to as “drug resistance,” occurs when a particular
culture of S. pneumoniae exhibits decreased susceptibility to a specific group of
antimicrobial agents. In general, infections caused by antimicrobial resistant bacteria are
believed to cause longer hospitalization times and higher costs when compared with
infections by susceptible strains [58]. Resistance can affect patient outcomes by limiting
available treatment options, causing a delay in the administration of appropriate therapy, and
enhancing virulence. Broad-spectrum antimicrobials, such as fluoroquinolones or third-
generation cephalosporins, are now often required for treatment of infections; these agents
are typically more expensive, have a greater impact on protective microflora, and can be
more toxic or less effective [59]. Furthermore, a patient with a history of resistant bacterial
infections may be treated with a very strong antimicrobial, such as vancomycin, when a more
narrow-spectrum agent might have worked for that particular infection. This increased use
can also contribute to the growth of resistance against these newer, broad-spectrum

antimicrobials.

The first known cases of penicillin-resistant Streptococcus pneumoniae cultures were
identified in the 1960s. Antimicrobial resistance rates have typically been found to be
increasing over time [52-56], and vary by geographic area [57]. For instance, in Cleveland,
Ohio, the first penicillin-resistant strain was isolated in 1980 and the first macrolide-resistant
strain in 1984; by 2004, over 50% of isolates were penicillin-resistant and/or macrolide-
resistant and over 25% were lincomycin-resistant [55].

The cost of medical care for specific conditions is a key element of pharmacoeconomics.
With so many variables contributing to the medical cost when patients are admitted to the

hospital — length of hospitalization , mortality, and antimicrobial resistance especially — it is
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often hard to evaluate the expected cost for the “average” patient, which is of vital
importance to economic researchers, insurance providers, vaccine manufacturers, and other
stakeholders. Accurate estimates of inpatient cost, mortality, and length of stay are vital to
the development of economic models to assess the effectiveness of new treatments [60].

There is very little information available about the direct effects of antimicrobial resistance
on the costs of pneumococcal disease [18]. While various papers have presented summaries
of cost, length of stay (LOS), and/or mortality in patients with S. pneumoniae infections or
with CAP in general, these figures are typically average values for that sample, leading to
estimates that are dependent on the demographic and disease characteristics of those patients.
In addition to further exploring the relationships between increasing levels of antimicrobial
resistance and cost, LOS, and mortality, we provide estimates of these parameters based on
the demographic and disease characteristics shown to be significantly related to each
particular outcome. This allows us to provide more accurate estimates of the economic

impact of an individual’s hospitalization.

METHODS
Data Collection

Medical records reflecting positive S. pneumoniae cultures were collected from the Duke
University Health System databases for the period of June 1996 through June 2006, and the
study approved by the Institutional Review Board. Patients for this study were selected due
to the presence of S. pneumoniae isolates, regardless of admission reason or primary
diagnosis. S. pneumoniae isolates were collected from 1153 patients at one or more visits
during this period. This population was limited to the isolates that were collected after
hospital admission (761 patients) and who had at least one S. pneumoniae isolate collected
from a location indicative of pneumococcal disease (588 patients). Ten patients who did not
have antimicrobial resistance testing conducted were also excluded, resulting in an analysis

population of 578 patients. Total cost and/or total charge information was available for 274
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of those patients. Information on the 11 patients who had S. pneumoniae isolates collected
during more than one inpatient hospitalization was limited to the first hospitalization, to
ensure independence between records analyzed. Distinct patients were determined by unique

medical record numbers.

Source of Isolates

S. pneumoniae isolates were collected from various sites throughout the body. Those isolates
collected from locations that would not be expected to have S. pneumoniae present during
colonization in the absence of pneumococcal disease, including lungs, were classified as
being from sterile sites. Isolates collected from the nasopharyngeal area or from areas which
could not definitely be classified as being from sterile sites (such as ‘abscess’ or’ tissue’)

were classified as being from non-sterile sites and excluded from further analyses.

Sterile infection sites were categorized as CSF, blood, lung, or ‘other sterile site’. For the
purposes of analysis, abdomen, bone, and eye were grouped together as ‘other sterile site’

locations. Verbatim terms for actual sterile sites are shown in Table 4.1.

Table 4.1
Categorization of Sterile Isolate Locations

Isolate Location Category  Specific Isolate Locations

CSF Cerebrospinal fluid

Blood Blood

Lung Bronchial wash, bronchoalveolar wash, endotracheal suction, tracheal aspirate,
pleural

Other Sterile Site Abdomen: Abdominal, gastric, pancreas, peritoneal

Bone: Ankle, finger, hip, knee, neck, sternal, synovial fluid, toe, vertebra, wrist
Eye: Aqueous humor, eye, cornea, vitreous fluid

Patients with S. pneumoniae-positive isolates collected from more than one location were
categorized using a hierarchical method similar to that of Gray [99]. CSF infections are
widely considered the most severe; therefore, if a patient had an isolate taken from this
location, that patient was categorized as CSF regardless of whatever other isolates were

collected. Patients were similarly classified as having infections in the blood, and then
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classified as having lung infections, with the remaining patients classified as ‘other sterile
site’.

Antimicrobial Resistance Testing

S. pneumoniae isolates were tested for resistance to different classes of antimicrobials as
shown in Table 4.2. All isolates in this analysis population were tested for resistance to at
least one, but not more than seven, classes of antimicrobial agents. The majority (445; 77%)
were tested for resistance to three or more classes. Ninety-six (17%) and 37 (6%) were
tested for resistance to one and two classes of agents, respectively. Isolates were classified as
resistant, intermediate, or not resistant (susceptible) to specific agents, with intermediate

grouped with resistant for analysis purposes.

Table 4.2

Classes of Antimicrobial Agents

Antimicrobial Class Antimicrobial Agents

Beta-lactams Ampicillin, oxacillin, penicillin

Cephalosporins (3" generation) Cefotaxime, ceftriaxone

Fluoroquinolones Gatifloxacin, lefofloxacin, moxifloxacin, ofloxacin
Glycopeptides Vancomycin

Lincomycins Clindamycin

Macrolides Azithromycin, clarithromycin, erythromycin
Sulfonamides Trimethoprim/sulfamethoxazole

Patients were classified according to dichotomous resistance status (whether or not a patient
was resistant to any antimicrobial agent) as well as incremental resistance (resistance to 0, 1,
2, or 3+ classes). Subjects resistant to three or more classes of antimicrobial agents were

considered multi-drug resistant (MDR).

Outcomes
Death was defined as inpatient mortality, based on a discharge status of ‘Expired’ in hospital

records, and was unknown for three patients.

The duration of inpatient hospitalization, or length of stay (LOS), was calculated as the

discharge date and time minus the admission date and time, divided by 24 hours.
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The total costs — i.e., the actual cost of the treatment, supplies, facilities, et cetera — were
available for 142 visits. The total charges (amount billed) were available for 191 visits. Both
cost and charge were available for 59 of the visits, yielding a total of 274 patients with
available monetary information [15].

Analysis Methods

Mortality
Separate bivariate logistic models were created to investigate the individual associations

between mortality and categorical age (<18, 18-64, and 65+ years), gender, race (categorized
as white, black, and other), isolate location, and dichotomous resistance. Covariates
demonstrating significance at 0=0.10 level in the bivariate model, and all two-way
interactions between those covariates, were placed in a multivariate model. A backwards-
stepping method was used to remove interactions, then covariates, which were not significant

at the 0=0.05 level, to obtain the final multivariate model.

Length of Stay
LOS and cost outcomes typically have a very skewed distribution, which violates the

assumption of normality required for a typical least squares regression, requiring the use of
transformations or generalized linear models (GLMs). The following model determination
procedure used the method of Manning and Mullahy [100] to determine whether a least

squares on the logged outcome or a GLM with a log link provided the best fit to the data.

The multivariate least squares model on the natural logarithm of the outcome, In(LOS), was
created in the manner previously described, using mortality and patient and disease
characteristics as covariates. The model terms for the final multivariate least squares model
for the logged outcome were then used to create an equivalent generalized linear model with
a log link. Using the Park method described in Manning and Mullahy [100], a subsequent

regression of the log of the squared raw-scale residuals on the log of the predicted values was
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used to determine whether a Poisson, gamma, or non-linear model was the most appropriate
GLM.

The more appropriate model was then determined based on the kurtosis of residuals from
each model and the symmetry and variance of residuals from the least squares model. The
selected multivariate model was then used to generate estimated values for the outcome for
each covariate combination. Mean estimates from least squares models, which are given in
the form E(In(y[x)), were retransformed into In(E(y|x)) via multiplication by Duan’s smearing
estimator [101] (the mean of the exponentiated residuals), and then exponentiated to
calculate the expected value of the outcome for each combination of the independent

variables.

Cost

A least squares regression was used to estimate the relationship between costs and charges
among those patients for which both types of information was available, and that ratio used
to estimate the actual cost information for patients with only charge information available,
and all figures converted to 2010 dollars [102]. The procedure described for LOS was then

applied to the 274 subjects with cost information.

Results
Description of Patients

Demographic characteristics of patients are summarized in Table 4.3. Nine percent of
subjects had unknown race/ethnicity (n=16) or listed race/ethnicities other than white or
black (n=35). Age category and race were correlated (,°, p = 0.0001), with white patients

being older than black patients and patients of other races.
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Table 4.3
Demographics by Antimicrobial Resistance

Number of Resistance Classes

Value/ 0 1+ 1 2 3+ Overall
Characteristic Statistic N=309 N=269 N=66 N=77 N=126 N=578
Gender, n (%) Female 119 99 (36.8) 25(37.9) 36(46.8) 38(30.2) 218
(38.5) (37.7)
Male 190 170 41(62.1) 41(53.2) 88(69.8) 360
(61.5) (63.2) (62.3)
Age Category, n <18 yrs 47 (15.2) 63 (23.4) 9 18 (23.4) 36(28.6) 110 (19)
(%) (13.6)
18 — 64 yrs 174 133 36 (54.5) 39 (50.6) 58 307
(56.3) (49.4) (46) (53.1)
65+ yrs 88 (28.5) 73(27.1) 21(31.8) 20 32 (25.4) 161
(26) (27.9)
Age n 309 269 66 77 126 578
Mean 48.2 43.8 49.8 44 4 40.2 46.1
Std Dev 24.14 26.49 23.62 26.8 27.31 25.34
Median 52 49 52.5 50 46.5 51
Min/Max 0/96 0/93 0/93 0/89 0/84 0/96
Race/Ethnicity, n ~ White 151 152 36 (54.5) 34 (45.9) 82(67.8) 303
(%) (50.2) (58.2) (52.4)
Black 134 90 (34.5) 24(36.4) 36(48.6) 30(24.8) 224
(44.5) (38.8)
Other* 16 (5.3) 19 (7.3) 6 (9.1) 4 (5.4) 9(7.4) 35 (6.1)

Note: Asterisk indicated all patients who reported race/ethnicity other than White or Black, excluding Unknown.

Zip code information was available for 562 patients, of which 88% were from North Carolina

and 7% from Virginia. Admissions did not significantly vary by year, with the majority of

patients (n=446, 77%) being admitted via an emergency room.

Thirty-two subjects had positive cultures from the CSF. 265 patients were classified as

having S. pneumoniae isolates from the blood, and 267 patients as having lung isolates.

Relatively few subjects had S. pneumoniae isolates only from ‘other sterile sites’, which were

obtained from the abdomen, bone, or eye (4, 4, and 6, respectively).
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Isolates from all patients were tested for resistance to beta-lactams, including penicillin; 239
(42%) were resistant. Substantial numbers of subjects yielded isolates which were resistant
to third generation cephalosporins (117 of 463 tested, 25.3%), macrolides (119/309, 38.5%),
and sulfonamides (138/293, 47.1%). A few isolates were found to be resistant to lincomycin
(38/307, 12.4%). No isolates tested for resistance to fluoroquinolones or glycopeptides (256
and 156 patients respectively) displayed any resistance. Additionally, one subject was tested
for resistance to tetracycline and was found to be susceptible; due to the very infrequent use
of this compound as an antibiotic and the minimal amount of testing for its resistance, this

antimicrobial class was excluded from analyses.

Three hundred and nine subjects (53%) provided isolates that were not resistant to any
antimicrobial agents against which they were tested. Sixty-six subjects (11%) demonstrated
resistance to one agent, and 77 subjects (16% of the 482 patients tested for 2+ agents)
showed resistance to two compounds. 126 subjects (28%) of the 445 patients with isolates
tested against 3+ agents demonstrated multi-drug resistance (MDR), defined as resistance to
three or more antimicrobial agents. Of those, 72 were resistant to 3 compounds, 45 were
resistant to four compounds, and 9 were resistant to 5 compounds. Resistance levels, by

isolate location, are displayed in Table 4.4.
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Table 4.4
Antimicrobial Resistance and Testing, by Isolate Location.

CSF Blood Lung Other Overall
Parameter # N=32 N=265 N=267 N=14 N=578
n (%) n (%) n (%) n (%) n (%)
Number of Classes of 0 21 (65.6) 152 (57.4) 126 (47.2) 10 (71.4) 309 (53.5)
Resistance
1+ 11 (34.4) 113 (42.6) 141 (52.8) 4 (28.6) 269 (46.5)
1 5 (15.6) 35(13.2) 26 (9.7) 0 66 (11.4)
2 5 (15.6) 44 (16.6) 26 (9.7) 2 (14.3) 77 (13.3)
3+ 1(3.1) 34 (12.8) 89 (33.3) 2 (14.3) 126 (21.8)
Number of Classes 1 3(94) 28 (10.6) 64 (24) 1(7.2) 96 (16.6)
Tested
2 8 (25) 7 (2.6) 22 (8.2) 0 37 (6.4)
3 17 (53.1) 82 (30.9) 1(0.4) 4 (28.6) 104 (18)
4 1(3.1) 32(12.1) 6 (2.2) 0 39 (6.7)
5 0 16 (6) 72 (27) 5(35.7) 93 (16.1)
6 3(9.4) 98 (37) 98 (36.7) 4 (28.6) 203 (35.1)
7 0 2(0.8) 4 (1.5) 0 6 (1)
Mortality

Summary Statistics
One hundred and one patients (18%) with pneumococcal disease died during hospitalization,

as shown in Table 4.5. As expected, mortality increased with age, reaching 29.2% among
elderly patients. This was slightly more than twice the mortality rate among adults 18-64
years old (14.4%) and three times that of juveniles (9.2%). Deaths were approximately
equally distributed by gender, with 18.5% of females and 17% of males expiring during
hospitalization. Slightly more whites died than subjects from other races (20.9% among
whites; 13.5% among blacks, 11.8% among other races), likely due to the correlation
between race and age. Mortality was highest in patients with CSF infections. No obvious
trends were present among incremental resistance, with patients without demonstrated
antimicrobial resistance having higher mortality than non-susceptible patients (18.2% and
16.9%, respectively).
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Table 4.5

Outcome by Antimicrobial Resistance and Isolate Location

Cost of
Inpatient Length of Stay Hospitalization*
Mortality (days) (2010 %)
Parameter N n (%) Mean/Median Mean/Median
Overall 578 101 (18) 145/9.0 35,351/17,111
Number of Antimicrobial
Resistance Classes
0 309 56 (18) 12.8/79 28,109/12,671
1+ 269 45 (17) 16.4/10.3 41,890/ 26,772
1 66 12 (18) 13.4/8.1 28,081/ 20,774
2 77 15 (20) 13.5/8.8 36,485 / 15,620
3+ 126 18 (14) 19.7/12.4 50,706 / 32,371
Isolate Location
CSF 32 8 (25) 10.4/9.3 15,864 /12,163
Blood 265 43 (16) 11.7/6.0 24,417 /9,495
Lung 267 49 (18) 18.1/13.8 48,558 / 38,456
Other Sterile Site 14 1(7) 6.7/ 4.2 18,506 / 7,989

*Cost of hospitalization based on subset with cost or charge information.

Modeling

In bivariate modeling, only categorical age (p<0.0001) and race category (p=0.0606) were
found to be significant at a = 0.10. Gender (p=0.64), isolate location (p=0.46), and
dichotomous resistance (p=0.68) were not significantly associated with mortality.

The resulting multivariate model included only age, as race and race x age interaction was
not significant when age was present in the model. The final model demonstrated

appropriate fit, as per the Hosmer and Lemeshow Goodness-of-Fit test (p=0.9999).

Patients under 18 years of age were significantly less likely to die during hospitalization than
those 65 years or older (odds ratio 0.24, 95% CI1 0.12-0.51, p=0.0002). Similarly, patients
18-64 years old were also significantly less likely to die during hospitalization than the
elderly (odds ratio 0.41, 95% CI 0.26-0.65, p=0.0002). The pairwise difference between
mortality estimates for juveniles and non-elderly adults was not significant (p=0.17). The

estimated inpatient mortality rates for patients with pneumococcal disease are: 9.1% (95%
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Cl, 5.0-16.2) for juveniles, 14.4% (95% ClI, 10.9-18.8) for adults, and 29.1% (95% CI, 22.7-
36.7) for elderly patients.

Length of Stay
Summary Statistics
Patients with positive S. pneumoniae cultures from sterile sites had a mean inpatient

hospitalization period of 14.5 days, based on LOS calculations of the total number of hours
divided by 24. LOS periods range from 0 to 176.5 days. Mean LOS and median LOS both
displayed an increasing trend with increasing amount of antimicrobial resistance, as shown in
Table 4.5.

Bivariate Modeling

Isolate location and dichotomous resistance were significant in bivariate modeling at
a = 0.10, using the logged LOS as the outcome (p-values <0.0001 and .0041 respectively).
Gender (p=0.24), race (p=0.26), and age category (p=0.99) were not considered for the
multivariate model.

Multivariate Modeling

The multivariate least squares regression model included both isolate location (p<0.0001)
and dichotomous resistance (p=0.0310), with their interaction removed due to lack of
significance. This model was homoscedastic (p=0.6285). The distribution of the residuals
was heavier-tailed than a normal distribution (kurtosis = 2.52, compared to kurtosis=0 for a
normal distribution), with variance = 1.09 and skewness of -0.62 (normalized skewness,
-6.2).

A generalized linear model (GLM) was then created, using the same model terms with a
normal distribution and a log link function. The subsequent regression of the log of the
squared residuals on the log of the predicted values produced a coefficient of 0.95, indicating
that the Poisson distribution was most appropriate of the GLMs. The GLM using the Poisson
distribution and log link was then created.
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Per the algorithm given in Manning & Mullahy [100], the least squares model provided the
best fit due to variance >1 and kurtosis of the residuals. = Duan’s smearing estimator,
calculated as the mean of the exponentiated residuals, was 1.64 [101]. This was multiplied
by the predicted values for logged LOS and the product exponentiated, to calculate the
estimated LOS as shown in Table 4.6.

Table 4.6
Estimated LOS (days), by Isolate Location and Dichotomous Resistance

Susceptible Resistant
Isolate Location Statistic (0 classes) (1+ classes)
CSF N 21 11
Estimate 11.9 14.4
95% ClI (7.5-16.3) (8.9-19.9)
Blood N 152 113
Estimate 9.7 11.8
95% Cl (8.3-11.2) (9.9-13.7)
Lung N 126 141
Estimate 17.6 21.3
95% ClI (14.9-20.4) (18.1-24.5)
Other N 10 4
Estimate 6.3 7.6
95% Cl (2.8-9.7) (3.3-11.9)

Cost

Summary Statistics
Patients with positive S. pneumoniae cultures from sterile sites had inpatient hospitalization

costs (converted to 2010 dollars) ranging from $525 to over $311,000. Patients with isolates
from the lungs had the highest costs, followed by blood and CSF infections. Patients with
resistance had higher average costs than those without any known antimicrobial resistance.
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Bivariate Modeling
Gender (p=0.0209), race (p=0.0099), isolate location (p<0.0001), and dichotomous resistance

(p=0.0041) showed significant bivariate relationships with logged cost at the a=0.10 level.
Age category (p=0.87) was not included in the subsequent models.

Multivariate Modeling

As with LOS, a multivariate least squares regression model was created, using gender, race,
isolate location, dichotomous resistance, and all of their two-way interaction terms, using the
271 subjects with all information available. After utilizing the backwards-stepping method,
the final model included isolate location (p<0.0001), race (p=0.2206), dichotomous
resistance (p=0.0362) and race by resistance interaction (p=0.0011). This final least squares
model for the logged cost was not found to be heteroscedastic (p=0.1646). Its residuals were
relatively symmetrical (skewness 0.12, normalized skewness 0.78), with variance of 1.07 and
kurtosis of 0.39.

Due to the variance (>1) and symmetry (based on low normalized skewness) of the residuals,
a least squares regression model is indicated [100]. Duan’s smearing estimator was 1.76
[101]. This was multiplied by the predicted values for logged cost and the product

exponentiated, to calculate the estimated costs as shown in Table 4.7.

Sensitivity Analysis

We further examined the associations of mortality, LOS, and cost with incremental resistance
(0, 1, 2, or 3+ classes). This was considered a sensitivity analysis as not all subjects were

tested with 3 or more classes of antimicrobial agents, as shown in Table 4.4.

Mortality
Mortality was not significantly correlated with the incremental resistance (p=0.75).
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Table 4.7

Estimated Cost by Race, Isolate Location, and Dichotomous Resistance

Susceptible Resistant
(O classes) (1+ classes)
Isolate Location Race Statistic 2010 $ 2010 %
CSF White N 3 2
Estimate 17,736 30,811
95% ClI (4,947- 30,526) (18,429- 53,194)
Black N 3 0
Estimate 24,054 16,875
95% ClI (6,645- 41,463) (3,916- 29,834)
Other N 1 0
Estimate 18,524 57,311
95% ClI (0-37,645) (752-113,869)
Blood White N 27 34
Estimate 15,752 27,365
95% ClI (11,071- 20,434) (19,907- 34,823)
Black N 38 23
Estimate 21,363 14,987
95% ClI (15,269- 27,458) (10,062- 19,913)
Other N 1 3
Estimate 16,452 50,900
95% ClI (2,013- 30,891) (14,827- 86,973)
Lung White N 32 50
Estimate 41,632 72,322
95% ClI (29,626~ 53,638) (54,425- 90,219)
Black N 15 23
Estimate 56,462 39,610
95% ClI (37,796~ 75,128) (26,584- 52,637)
Other N 3 6
Estimate 43,482 134,523
95% ClI (5,866- 81,098) (41,439-227,608)
Other Sterile White N 2 0
Estimate 15,723 27,314
95% ClI (2,854- 28,593) (4,558-50,071)
Black N 3 1
Estimate 21,324 14,960
95% ClI (4,102- 38,546) (2,374- 27,545)
Other N 1 0
Estimate 16,422 50,806
95% ClI (0-34,127) (0-104,547)
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LOS

Incremental resistance was significantly associated with logged LOS in the bivariate model
(p<0.0001). The subsequent multivariate least squares model included both isolate location
(p<0.0001) and incremental resistance (p=0.0251), was homoscedastic (p=0.5015), skewed
(skewness -0.61; normalized skewness -5.95), and had variance of 1.08. The associated
generalized linear model was created, and the subsequent regression using the Park method
resulted in a coefficient of 1.29, indicating a Poisson model as before. The log-scale errors
were heavy-tailed (kurtosis 2.4). As with the dichotomous resistance model, the least squares
model was concluded to be the best fit per the selection algorithm [100]. Estimated LOS
values from this model were given in Table 4.8. Due to limited information available for
some combinations, some confidence intervals were very wide. Predictions for the

susceptible class were slightly different from those in Table 4.6, due to model differences.

Table 4.8
Estimated LOS (days), by Isolate Location and Dichotomous Resistance

Isolate Statistic Susceptible Number of Resistance Classes

Location (0 classes) 1 2 3+

CSF n 21 5 5 1
Estimate 12.3 135 12.8 17.4
95% ClI (7.8-16.8) (7.7-19.3) (7.4-18.1) (10.1-24.7)

Blood n 152 35 44 34
Estimate 9.9 10.9 10.3 14
95% ClI (8.4-11.4) (8.0-13.8) (7.7-12.8) (10.8-17.2)

Lung n 126 26 26 89
Estimate 17.1 18.8 17.8 24.2
95% ClI (14.4-19.8) (13.6-24.0) (13.1-22.4) (19.6-28.8)

Other n 10 0 2 2
Estimate 6.3 6.9 6.5 8.9
95% ClI (2.8-9.7) (2.7-11.1) (2.7-10.3) (3.7-14.0)
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Cost

Incremental resistance was significantly associated with logged cost in the bivariate model
(p=0.0013). The subsequent multivariate least squares model included isolate location
(p<0.0001), race (p=0.0031), incremental resistance (p=0.0202), and race x resistance class
interaction (p = .0236) was homoscedastic (p=0.2735), relatively unskewed (skewness 0.11;
normalized skewness 0.72), and had variance of 1.04. The associated generalized linear
model was created, and the subsequent regression using the Park method resulted in a
coefficient of 1.24, indicating a Poisson model as before. The log-scale errors from the
Poisson model had approximately normal tails (kurtosis = -0.04). As with the dichotomous
resistance model, the least squares model was concluded to be the best fit per the selection
algorithm [100]. Estimated LOS values from this model are given in Table 4.9. Predictions
for the susceptible class were slightly different from those in Table 4.6, due to model

differences.

Discussion

It is well known that mortality rates increase with age; therefore, it was anticipated that
categorical age would be related to mortality. Categorical age and race were correlated in
this sample, with a large portion of elderly patients being white. Therefore, the bivariate
relationship between race and mortality was confounded by the correlation between age and
race, and the race/mortality relationship was better summarized by controlling for age

through the multivariate model.

Although isolate location category was not significantly associated with mortality in our data,
the data reflected the highest mortality (8/32, 25%) among subjects with CSF isolates, which
is similar to CSF mortality rates found in other studies [103; 104]. The mortality rate for
patients with bloodstream infections (43/265, 16%) was well within the rates of 11-32%
[105-113] found in other research, and the mortality rate for lung infections (49/267, 18%)
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Table 4.9

Estimated Cost, by Race, Isolate Location, and Incremental Resistance

Location Susceptible Number of Resistance Classes
Race Statistic (0 classes) 1 2 3+
CSF
White n 3 1 1 0
Estimate 18,236 26,220 23,835 37,254
95% ClI (5,080- 31,391) (4,709- 47,730) (3,834- 43,837) (8,726- 65,782)
Black n 3 0 0 0
Estimate 24,642 10,826 22,606 21,015
95% ClI (6,811- 42,473) (1,249- 20,403) (2,348- 42,864) ( 3,000- 39,030)
Other n 1 0 0 0
Estimate 19,024 46,936 74,059 59,316
95% ClI (0- 38,626) (0-122,723) (0-194,110) (0-128,107)
Blood
White n 27 7 9 18
Estimate 15,455 22,221 20,200 31,573
95% ClI (10,865~ 20,045) (11,130- 33,312) (9,571- 30,829) (20,980- 42,166)
Black n 38 7 9 7
Estimate 20,884 9,175 19,158 17,810
95% ClI (14,940- 26,828) (4,140- 14,210) (8,492- 29,825) (8,726- 26,894)
Other n 1 1 0 2
Estimate 16,122 39,778 62,765 50,270
95% ClI (2,011- 30,234) (0-97,745) (0-155,379) (3,433- 97,106)
Lung
White n 32 11 6 33
Estimate 40,174 57,762 52,510 82,072
95% ClI (28,597- 51,750) (29,802- 85,722) (24,202- 80,817) (57,246-106,897)
Black n 15 8 5 10
Estimate 54,287 23,850 49,801 46,297
95% ClI (36,324- 72,250) (10,866~ 36,834) (21,175- 78,428) (23,217- 69,377)
Other n 3 1 2 3
Estimate 41,909 103,401 163,153 130,673
95% ClI (5,759- 78,059) (0-254,082) (0-399,904) (19,934-251,412)
Other
White n 2 0 0 0
Estimate 14,929 21,465 19,513 30,499
95% ClI (2,722- 27,135) (1,502- 41,427) (949- 38,078) (4,462- 56,535)
Black n 3 0 0 1
Estimate 20,173 8,863 18,507 17,204
95% ClI (3,893- 36,454) (340- 17,386) (514- 36,499) (1,728- 32,680)
Other n 1 0 0 0
Estimate 15,574 38,425 60,629 48,559
95% ClI (0-32,324) (0-102,139) (0-161,543) (0-107,782)

89



was comparable to the pneumococcal pneumonia mortality rates of 8-26% [94; 111; 114-
116], although reported pneumococcal pneumonia mortality rates typically include subjects

with invasive pneumonia (i.e. bacteria were found in both the blood and lung).

Estimated LOS for patients displaying antimicrobial resistance was consistently longer than
that for susceptible patients, with the longest LOS for patients exhibiting MDR, regardless of
isolate location. LOS also varied by isolate location, with estimated LOS among subjects
with lung infections significantly higher than those with blood (p<0.0001) infections, after
controlling for resistance. Estimated LOS among patients with lung infections was
significantly longer than that for patients with CSF infections when controlling for
dichotomous resistance (p=0.0466) but not when incorporating incremental resistance
(p=0.0961).

After controlling for isolate location, white patients and “other” patients had higher estimated
hospitalization costs in the presence of antimicrobial resistance, while black patients with
antimicrobial resistance had lower estimated costs than susceptible black patients. Further
research is needed to fully understand this pattern, which may be present due to differences

in comorbidities.

It should be noted that most research of this type is based on the use of hospitalization costs
and a cost-to-charge ratio conversion [117; 118] such as the Medicare average cost-to-charge
ratio of 0.57 [119]. By contrast, this method of using actual charges better reflects the true
cost of hospitalization. While charges may provide a proxy for costs, they generally
overestimate costs, and the relationship between charges and costs varies between hospital

departments [60].

As shown in Table 4.4, isolate testing for antimicrobial resistance varied between patients.
Therefore, care should be taken when interpreting the results based on incremental resistance,

since these results may be confounded by other factors.
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Mortality was found to be associated with LOS, but was not associated with cost, in this
sample. However, it was not included as a covariate in LOS or cost models, as the intent is

to provide estimates based on characteristics at admission.

This study only evaluated outcomes from the first hospitalization during the data collection
period in which a S. pneumoniae isolate was collected from a sterile site in a patient. It is
possible that some deaths, which occurred after discharge, were not included. However,
other research has found that more than half of the fatalities were during the first seven days
[106; 120], and more than two-thirds of deaths were within the first 10 days after admission
[106]. In addition, it seemed unlikely that a patient with severely declining health would be
discharged, so we anticipate that the vast majority of deaths due to S. pneumoniae would be
captured using inpatient mortality. Mortalities were also affected by patients having do-not-
resuscitate orders, which are more common among the elderly or those with severe

comorbidities.

This study only considered medical costs (both direct and indirect inpatient costs) from
patients who were admitted to the hospital, and excluded outpatient costs, repeat
hospitalizations, prescription drugs, physician office visits, and other economic factors such
as loss of work and disability costs for patients who were hospitalized. One study found that
hospitalizations comprise 87-95% of the total medical costs [18]. Another study estimated
inpatient costs for all-cause pneumonia to be approximately 63% of health care costs and
55% of total costs (including health care, disability, and absenteeism costs) [121]. In
addition, estimates of inpatient treatment range from one in three to one in five patients for
pneumonia [18; 122; 123]. It should be emphasized that these cost estimates reflected only
those patients who were ill enough to be admitted to the hospital, and did not include the
sometimes substantial additional costs for outpatient care and other costs. The mortality rate
for CAP patients who do not require hospitalization is less than 1% [94; 124], and elderly

patients with pneumococcal CAP have been found to have significantly lower mortality rates
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than those with CAP due to other causes [125]. Deaths among those who were not

hospitalized were therefore considered negligible.

Additionally, the inpatient population may not have been representative of all patients with
pneumococcal disease; patients with CAP who were treated on an outpatient basis tend to be
younger, have fewer comorbidities, and have less severe infections than those who were

treated on an inpatient basis [94].

This data was collected from a single health system, and may not be representative of other

health systems or geographic regions.

Conclusion

No significant relationship was found between Streptococcus pneumoniae disease
characteristics and mortality, which was significantly associated with age. The longest
estimated LOS and highest estimated costs were associated with patients with lung
infections. Estimated LOS was consistently higher among resistant patients, as were
estimated costs among white patients and those of ‘other’ races. Estimated costs among
black patients were higher among susceptible patients. Insufficient information was
available to determine the cause of the pattern difference between racial groups, which was
possibly due to underlying differences in health status between the different groups. Patients
with multi-drug resistance consistently had the highest estimated costs.
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5. COST-BENEFIT ANALYSIS OF THE SEVEN-SEROTYPE
PNEUMOCOCCAL CONJUGATE VACCINE, UTILIZING
ESTIMATES FROM A DYNAMIC TRANSMISSION MODEL

Introduction

Multiple cost-effectiveness analyses have been performed on the PCV7 pneumococcal
conjugate vaccine since its February 2000 approval in the United States. Indirect vaccination
effects (herd immunity) were typically underrepresented in these analyses, due to lack of
available information or use of model types that did not incorporate these effects. Many of
the analyses conducted were cost-effectiveness or cost-utility analyses, which estimate
effectiveness in terms of cost per life-years saved [62; 64] or cost per quality-adjusted life-
years saved [63], and then require subsequent evaluation to determine whether cutoff criteria
were met (i.e., whether the intervention is a good use of resources). In contrast, cost-benefit
analyses, such as that used in this research, evaluate the consequences of a vaccination
program from a purely monetary standpoint, and identify whether the monetary benefits
outweigh the costs.

We developed an age-structured dynamic transmission model to explore the effect of
vaccination on pneumococcal colonization and invasive pneumococcal disease (IPD) in the
United States (Chapter 3). Reported cases of IPD, as tracked by the Centers for Disease
Control and Prevention’s Active Bacterial Core surveillance (CDC ABCs) team, consists
primarily of meningitis, bacteremia, and invasive pneumonia (i.e., pneumonia in which
bacteria is also present in the blood). Non-invasive pneumococcal pneumonia (i.e.,
pneumonia in which bacteria has not spread into the bloodstream) is not classified as IPD by
the CDC [14]. The transmission model was calibrated to CDC-reported IPD, so model-based

estimates of IPD also do not include non-invasive pneumonia.

Prior to the introduction of the PCV7 vaccine, the CDC estimated that Streptococcus
pneumoniae caused 3000 cases of meningitis, 50,000 cases of bacteremia, and 500,000 cases
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of pneumonia annually [19; 126]. Therefore, although significantly underrepresented in
estimates of pneumococcal disease based on CDC-reported IPD, pneumococcal pneumonia
constitutes the majority of pneumococcal disease. Consequently, reductions in
pneumococcal pneumonia are a driving force in reductions in medical costs after the

introduction of pneumococcal vaccination.

Fractions of model-based estimates of reported IPD were used to estimate the incidence of
pneumococcal meningitis and bacteremia, by age group and year. Due to the
underrepresentation of pneumonia in model-based estimates of IPD, model-based estimates
of colonization were used to develop estimates of pneumococcal pneumonia incidence, by

age group and year.

Hospitalization costs (Chapter 4) and vaccination costs were combined with model-based
estimates of pneumococcal disease to perform a cost-benefit analysis, using the following
approach. The total number of doses of vaccine administered through 2009 was estimated,
and the total cost of vaccination calculated. The incidence of pneumococcal disease in 1999
(pre-vaccination) and during the first ten years of PCV7 vaccination (2000 — 2009), by
disease type and age group, was then calculated. Fractions of model-based estimates of IPD
were used to calculate the incidence of pneumococcal meningitis and bacteremia, and
pneumococcal pneumonia incidence was calculated as a fraction of the model-based estimate
of colonized subjects. The amount of pneumococcal disease prevented was calculated as the
difference between the total number of pneumococcal disease cases during that ten-year
period and the estimated number of cases that would have occurred during that time in a
hypothetical no-vaccine scenario. The average cost of each pneumococcal disease case was
estimated, and the total cost savings associated with vaccine use calculated. The future cost
savings for continued use of this vaccine through 2025 was also predicted. A supplemental
analysis was also conducted using hospitalization costs based on a nationwide inpatient

sample.
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Vaccination and Population

The total population of the United States by age group (young children, <2 years; older
children, 2-15 years; adults, >16 years) was calculated based on information available from
CDC National Vital Statistics System (NVSS) [127] and the U.S. Census Bureau Population
Division (CBPD) [128]. Population estimates for all three age groups for 1999 were taken
from CBPD data. Estimates of the numbers of young children and older children for 2000 -
2009 were calculated as the average of the NVSS and CBPD estimates. Adult population
sizes were taken directly from CBPD data, which includes a specific estimate for >16 year

olds. These annual population estimates are displayed in Appendix B.

The CDC recommends that children receive 4 doses of pneumococcal conjugate vaccine, at
2, 4, 6, and 12-15 months of age [129]. The number of children eligible to receive
vaccination was taken to be the number of children alive at 1 year of age. This was
calculated as the number of live births minus the number of deaths of infants less than 1 year

old, for each year (Appendix B).

The percentage of eligible children receiving 1, 2, 3, or 4 doses of pneumococcal vaccine was
estimated from the National Immunization Survey for 2001 - 2009 [84]. Where available,
vaccination information based on actual birth cohort was used [85]. The number of doses
received by children in the remaining birth cohorts was calculated using survey sampling
methodology provided by the CDC [130]. Weighted averages of the results for each survey
year were used to estimate vaccination for each birth cohort. Estimates of percentages of
children vaccinated and numbers of doses administered are presented by year in Table 5.1.
Due to the age at which the survey is administered, complete vaccination information was
not available after the 2006 birth cohort. Therefore, vaccination levels were taken to remain
constant at 2006 levels in later birth cohorts. Overall, almost 139 million doses were

estimated to have been administered to children born through 2009.
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The cost of the vaccine was obtained from the CDC price list [61], using the cost per dose for
the private sector each year, and converted to 2010 dollars [102]. The cost per dose for
vaccine administered to each birth cohort was conservatively taken to be equal to the cost
listed for the subsequent calendar year. In other words, children born in 1999 were assigned
the vaccine cost for 2000, and those born in 2009 were assigned the vaccine cost for 2010.
Children born in 1998 were also assigned the vaccine cost for 2000. Twelve dollars per dose
for vaccine administration costs, based on estimated costs in Ray et al. [64], were also
included in the cost per dose presented in Table 5.1.

Table 5.1
Estimates of Eligible Children and Vaccination
% Eligible Children Receiving

Vaccine
Number 1 2 3 4 Total Cost

Eligible for Dose Doses Doses Doses Cost Per  (Millions of
Year  Vaccination (%) (%) (%) (%) Total Doses Dose " Dollars)
1998 3,913,174 6.2 4.4 0.5 0.1 661,000 $85.45 $57
1999 4,130,275 144 19.2 8.0 4.9 3,980,000 $85.45 $340
2000 4,030,779 9.7 16.4 23.7 26.2 8,810,000 $84.34 $743
2001 3,998,365 59 12.5 30.2 38.0 10,940,000 $83.21 $910
2002 3,993,692 45 9.4 275 48.5 11,970,000 $85.06 $1018
2003 4,061,925 3.0 6.3 25.0 58.7 13,220,000 $83.17 $1100
2004 4,084,116 2.6 4.3 15.7 718 14,120,000 $85.63 $1209
2005 4,109,909 1.8 3.0 12.5 78.5 14,770,000 $91.72 $1355
2006 4,237,028 14 2.6 11.4 80.6 15,380,000 $95.28 $1465
2007% 4,287,095 14 2.6 11.4 80.6 15,560,000 $96.95 $1509
2008% 4,219,665 14 2.6 11.4 80.6 15,320,000 $97.26 $1490
2009% 4,104,493 1.4 2.6 11.4 80.6 14,900,000 $120.75° $1799
Total 139,631,000 $12,995

a Estimates after 2006 were assumed to be constant at 2006 levels.

b Costs converted to 2010 dollars and presented for the subsequent calendar year. Costs included the cost of vaccine plus $12
administration cost.

¢ Vaccine cost associated with the PCV13 vaccine, introduced in February 2010, which includes six serotypes in addition to the seven
included in the PCV7 vaccine.

During the first ten years of vaccine administration, an estimated 13.0 billion dollars were
spent on the vaccine and its administration. Our approach included vaccination costs for 11
birth cohorts in the summary of vaccine costs, for comparison with cost savings over a ten-

year period. It also assigned the price associated with the new PCV13 vaccine (a 13-serotype
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vaccine which includes the serotypes found in the PCV7 vaccine), introduced in February
2010, to children in the 2009 birth cohort. Therefore, these figures provide a slight
overestimate of actual vaccine costs during this ten-year period.

Pneumococcal Disease

The dynamic transmission model described in Chapter 3 was used to estimate both
colonization and IPD for 1999 (pre-vaccination) and the first ten years of vaccine use in the
United States (2000 — 2009), as shown in Tables C.1 and C.2. Model-based estimates of IPD
were calibrated to IPD incidence reported by the CDC ABCs. This reported IPD included
meningitis (isolates collected from the cerebrospinal fluid [CSF]), bacteremia (isolates
collected from the blood), invasive pneumonia (isolates collected from both the blood and
lungs), and other types of disease. Non-invasive pneumonia, in which bacteria were not

isolated from the blood, was not included in these reports of IPD incidence.

Meningitis and bacteremia (excluding subjects with invasive pneumonia) accounted for
approximately 25% of reported IPD. Invasive pneumococcal pneumonia accounted for
approximately two-thirds of reported IPD. Since only 10-25% of pneumonia spreads to the
bloodstream [126], the majority of pneumonia cases were not included in CDC-reported IPD.
Furthermore, many cases of pneumonia are treated without the underlying microbiological
cause being determined, causing pneumococcal pneumonia to be under-diagnosed.
Therefore, pneumonia incidence could not be accurately calculated from estimates of
reported IPD, and was instead calculated as a fraction of model-estimated colonization
(Table C.2).

Pneumococcal Meningitis

The number of meningitis cases reported to the CDC ABCs, by age group and two-year
period (1998-99, 2000-01, 2002-03, 2004-05) was presented by Hsu et al. [27]. The fraction
of reported IPD caused by meningitis, within age group, was then calculated using these

breakdowns by age group in conjunction with model-based estimates (Chapter 3) of reported
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IPD cases [17]. Percentages of reported IPD caused by meningitis ranged from 5.1% to 6.3%
for young children, from 4.7% to 7.9% for older children, and from 4.0% to 5.2% for adults.
An analysis of variance model did not find that the changes in percentages between different
two-year periods were statistically significant. Therefore, mean values of 5.35%, 6.22%, and
4.38% were used to calculate the fraction of IPD caused by meningitis within each age
group. The estimated numbers of meningitis cases by age group, as well as the numbers

of cases per 100,000 subjects, are presented in Table 5.2.

Table 5.2
Model-Estimated Meningitis and Bacteremia Incidence, by Age Group and Year
Meningitis Bacteremia
Rate, by Age Group ? Rate, by Age Group ? Overall
Overall Number of
2-15 >16 Number of 2-15 >16 Cases
Year <2years Yyears years Cases (Rate ) <2 years years years (Rate )
1999 10.3 0.7 1.2 3,700 (1.4) 40.8 2.3 59 16,700 (6.1)
2000 8.7 0.7 1.2 3,700 (1.3) 34.5 2.3 5.8 16,800 (5.9)
2001 2.9 0.6 1.1 2,930 (1.0) 114 2 5.2 13,500 (4.7)
2002 0.9 0.5 0.9 2,430 (0.8) 3.4 1.6 4.5 11,300 (3.9)
2003 0.4 0.4 0.9 2,220 (0.8) 1.7 1.4 4.2 10,500 ( 3.6)
2004 0.3 0.4 0.8 2,140 (0.7) 1.2 1.3 4 10,000 ( 3.4)
2005 0.2 0.4 0.8 2,120 (0.7) 1 1.2 4 10,000 ( 3.4)
2006 0.2 0.4 0.8 2,120 (0.7) 0.9 1.2 3.9 10,000 ( 3.3)
2007 0.2 0.4 0.8 2,130 (0.7) 0.9 1.2 3.9 10,100 ( 3.3)
2008 0.2 0.4 0.8 2,150 (0.7) 0.9 1.2 3.9 10,200 ( 3.3)
2009 0.2 0.4 0.8 2,170 (0.7) 0.9 1.2 3.9 10,300 (3.4)

a Rates indicated number of cases per 100,000 subjects, within each age group.

Pneumococcal Bacteremia

While normally considered a less severe illness than pneumococcal meningitis,
pneumococcal bacteremia is much more prevalent. We considered subjects who were
categorized by the CDC as having bacteremia without focus to have bacteremia; those
categorized as having pneumonia with bacteremia were considered to have invasive

pneumococcal pneumonia, and were not incorporated into our estimates of bacteremia.

The fraction of reported IPD cases caused by bacteremia was significantly higher in 1999
(37.6%) and 2000 (30.3%) than in 2001 — 2009, when it ranged from 19.2% to 23.0%. This
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was likely due to higher levels of reporting prior to the introduction of the vaccine, similar to
that observed in the United Kingdom [71]. Therefore, we used the observed fractions of
37.6% and 30.3% of reported IPD for 1999 and 2000, respectively, in conjunction with
model-estimated IPD incidence (Table C.2) to estimate the incidence of pneumococcal
bacteremia within age group for those two years. Bacteremia incidence in subsequent years
was similarly calculated, using the 2001 — 2009 average of 21.4% of reported IPD being
caused by bacteremia. The estimated incidence of bacteremia, by year and age group, is
shown in Table 5.2.

Pneumococcal Pneumonia

The majority of pneumococcal pneumonia is not invasive [15], so is not included in CDC-
reported IPD. Model-based estimates of IPD were calibrated to reported IPD levels, and
similarly underrepresented the incidence of pneumococcal pneumonia. Furthermore, a
clinical diagnosis of pneumonia does not require microbiologic testing to determine the
underlying cause. Therefore, many, if not most, cases of pneumonia are treated without the
etiology being determined, as confirmed by subject matter experts in the CDC’s Division of
Infectious Diseases.  Pneumococcal pneumonia is then under-diagnosed, making it

problematic to estimate its incidence using specific diagnoses of pneumococcal pneumonia.

Therefore, its incidence was estimated using the following method. The 1999 Healthcare
Cost and Utilization Project (HCUP) survey identified 2,221,001 hospital discharges with
pneumonia listed as one of the diagnoses, as defined by a Clinical Classification Software
(CCS) code of 122 [96]. Each hospital discharge was taken to be a unique subject. Results
from the six different age groups provided were combined to calculate that 92,014 children
less than 2 years of age, 153,400 children 2 — 15 years of age, and 1,973,935 adults at least
16 years of age were hospitalized for pneumonia. The 1651 records with unknown age were

not included in these calculations.
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The HCUP records included both community-acquired pneumonia (CAP) and nosocomial, or
hospital-acquired, pneumonia. Nosocomial pneumonia has been estimated to occur in 4 — 8
subjects per 1000 hospitalizations [131]. Therefore, 0.006% of hospitalized subjects with a
diagnosis of pneumonia were taken to have nosocomial pneumonia, which was calculated to

be 552, 920, and 11,844 cases, from youngest to oldest age group.

Sixty-two percent of subjects with CAP were taken to have been admitted to the hospital
during their illness, as calculated from a retrospective study of 2287 patients with CAP [94].
The total number of cases of CAP, including both hospitalized and outpatient subjects, was
calculated by dividing the CAP incidence by 0.62.

The fraction of CAP due to S. pneumoniae was calculated as follows. The total number of
subjects with a diagnosis of unspecified bacterial pneumonia, unspecified
bronchopneumonia, or unspecified pneumonia (ICD-9-CM codes of 482.9, 485, and 486,
respectively) was subtracted from total number of subjects with a pneumonia diagnosis, to
obtain the total number of patients with pneumonia due to a known cause. This number
included patients with diagnoses of pneumonia with partially specified etiology (e.g.,
unspecified viral pneumonia) that ruled out S. pneumoniae as the cause. The total number of
patients diagnosed with pneumococcal pneumonia (ICD-9-CM: 481) was divided by the
number of patients diagnosed with pneumonia due to a known cause. This fraction was

calculated for each year in 1999 — 2009, and averaged.

S. pneumoniae was taken to cause 15.4% of CAP, and that fraction was taken to be the same
for nosocomial pneumonia. The fraction of CAP caused by S. pneumoniae was calculated to
be almost identical between inpatients and outpatients in a large retrospective study [94];

therefore we took the fraction of 15.4% to apply to both inpatient and outpatient subjects.

The incidence of pneumococcal pneumonia in 1999 was then calculated to be 22,800,

38,000, and 489,200 cases, from youngest to oldest age group, respectively. This equated to
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301.0, 69.4, and 232.5 cases per 100,000 people, based on the 1999 US population as shown
in Table B.1.

Model-based estimates of fractions of subjects colonized with S. pneumoniae in 1999 (Table
C.1) were used to determine the fraction of colonized subjects who developed pneumonia
within each age group, prior to the introduction of the vaccine. A small fraction of subjects
was estimated by the model to be dually colonized with both vaccine-type (VT) and non-
vaccine-type (NVT) serotypes; these subjects were assumed to have twice the probability of
developing pneumonia. The model structure did not allow subjects to be dually colonized
with two VT serotypes, or dually colonized with two NVT serotypes.

The serotypes included in the vaccine were those that were most likely to cause IPD in the
United States, making them likely to be more virulent than the non-vaccine serotypes.
Therefore, case:colonization ratios were allowed to vary between VT and NVT serotypes in
the dynamic transmission model. The fitted VT case:colonization ratios for reported IPD
were 7.7, 1.8, and 1.03 times higher than the equivalent NVT case:colonization ratios, from
youngest to oldest age group respectively (Chapter 3).

These relationships between VT and NVT case:colonization ratios were used to calculate
case:colonization ratios for pneumococcal pneumonia, by serotype and age groups. This
resulted in case:colonization ratios of 0.0017, 0.000088, and 0.00035 for VT pneumonia,
from youngest to oldest age group respectively, and corresponding ratios of 0.000022,
0.000049, and 0.00034 for NVT pneumonia. These ratios were then used to estimate the

number of cases of pneumococcal pneumonia each year.

As described in Chapter 3, fitting the model to the observed data resulted in an estimated
55% reduction in the chance of VT colonization due to vaccination. Vaccination has been
shown to cause an overall 95% decrease in the acquisition of VT IPD [68; 69], so the vaccine
was calculated to cause an 89% decrease in the development of VT IPD among vaccinated
subjects who were colonized with VT serotypes. Therefore, to calculate the cases of VT
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pneumonia among vaccinated children, the number of VT pneumonia cases among
vaccinated people was estimated as 11% of the product of the population size, the
case:colonization ratio, and the fraction of children who were vaccinated and had VT
colonization, by year and age group. The numbers of cases of NVT pneumonia and VT
pneumonia among non-vaccinated people were similarly calculated as the products of the
population size, the case:colonization ratio, and the appropriate fractions of subjects. The
final model-based estimates of pneumococcal pneumonia are presented in Table 5.3 by age
group and year.

Table 5.3
Model-Estimated Pneumonia Incidence by Age Group
Number of Cases (Rate %)

Year <2 years 2-15 years >16 years Overall

1999 24,100 (318.1) 37,800 ( 69.0) 491,900 (233.8) 553,800 (203.0)
2000 24,200 (291.4) 38,800 ( 68.5) 507,700 (233.1) 570,700 (201.8)
2001 9,900 (117.0) 33,300 (58.7) 448,800 (203.6) 492,000 (172.2)
2002 5,900 ( 69.0) 24,900 ( 43.7) 369,300 (165.6) 400,100 (138.7)
2003 5,300 ( 61.5) 19,800 ( 34.7) 327,000 (145.2) 352,100 (121.0)
2004 5,200 ( 59.4) 17,400 ( 30.5) 308,800 (135.5) 331,400 (112.9)
2005 5,000 ( 56.5) 16,300 ( 28.6) 302,400 (131.2) 323,700 (109.3)
2006 5,100 ( 57.3) 16,000 ( 28.1) 301,800 (129.4) 322,900 (107.9)
2007 5,200 (57.4) 15,800 ( 27.6) 303,600 (128.6) 324,600 (107.4)
2008 5,200 ( 56.7) 15,800 ( 27.6) 306,300 (128.4) 327,300 (107.3)
2009 4,800 ( 56.3) 15,900 ( 27.6) 309,100 (128.3) 329,800 (107.4)

a Rates indicated number of cases per 100,000 subjects, within each age group.

Pneumonia cases in which the infection spreads into the bloodstream are typically referred to
as invasive pneumonia, but are still diagnosed as pneumonia. The incidence of
pneumococcal pneumonia was calculated using the number of patients diagnosed with
pneumonia, which was taken to include those pneumonia patients in which the bacteria have
spread to the blood (bacteremia). Therefore, the fraction of reported IPD due to pneumonia
with bacteremia was taken to be included in these estimates of pneumonia, and was not

counted separately to avoid duplication.
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Comparisons to the Hypothetical No-Vaccine Scenario

We hypothesized that, if no pneumococcal conjugate vaccine had been introduced, the rate of
pneumococcal disease incidence (i.e., the number of cases per 100,000 subjects) would
remain constant at 1999 levels, within age group and disease type. In this scenario, although
the rates remained constant, the hypothetical number of pneumococcal disease cases per year

increased due to corresponding increases in population size.

The numbers of pneumococcal disease cases estimated under this scenario are presented in
Table 5.4. The resulting differences between the hypothetical numbers and the model-based
estimates displayed in Tables 5.2 and 5.3, for each year and summed over the total ten-year
period, are also presented in Table 5.4. The difference between these two estimates
represented the estimated number of cases of pneumococcal disease prevented. We
estimated that the vaccine has prevented 16,490 cases of meningitis, 70,500 cases of
bacteremia, and more than 2.2 million cases of pneumonia in the United States since its

introduction.

Table 5.4
Differences Between Estimated and Hypothetical Pneumococcal Disease Cases, Across All Age Groups, by
Year

Hypothetical Model-Estimated Cases Difference between Model-Estimated Numbers
Year in the Absence of Vaccine of Cases and Hypothetical Cases
Menin-  Bacte-  Pneumonia Overall Menin- Bacte- Pneumonia Overall
gitis remia gitis remia
1999 3,700 16,700 553,800 574,200 0 0 0 0
2000 3,870 17,500 574,500 595,870 170 700 3,800 4,670
2001 3,930 17,700 581,300 602,930 1,000 4,200 89,300 94,500

2002 3,970 17,900 587,500 609,370 1,540 6,600 187,400 195,540
2003 4,000 18,000 593,200 615,200 1,780 7,500 241,100 250,380
2004 4,040 18,300 599,600 621,940 1,900 8,300 268,200 278,400
2005 4,090 18,400 605,900 628,390 1,970 8,400 282,200 292,570
2006 4,130 18,600 612,800 635,530 2,010 8,600 289,900 300,510
2007 4,170 18,800 619,800 642,770 2,040 8,700 295,200 305,940
2008 4,210 19,000 626,500 649,710 2,060 8,800 299,200 310,060
2009 4,190 19,000 630,100 653,290 2,020 8,700 300,300 311,020
Total 16,490 70,500 2,256,600 2,343,590
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Costs of Pneumococcal Disease

The costs of hospitalization for patients with pneumococcal isolates from the CSF, blood, or
lungs were collected from the Duke hospital system during 1996 — 2006, and converted to
2010 dollars, as described in Chapter 4. The average cost of hospitalization for each type of
infection was then used in conjunction with estimated disease incidence for each disease to
calculate estimated disease costs. Patients with pneumococcal isolates were categorized
hierarchically as CSF, blood, or lung, where subjects with both blood and lung isolates were
categorized as blood, and subjects with isolates from both CSF and another location were
categorized as CSF. Due to the limited number of patients with financial information, and
the lack of a statistically significant relationship between age and cost, average costs for

patients across all age groups were used.

The mean cost of hospitalization for subjects with pneumococcal isolates from the CSF was
$15,864 (SE, $3667). Due to the severity of this disease, all subjects with pneumococcal
meningitis were considered to have been hospitalized. The average mean hospitalization cost
of subjects with pneumococcal isolates from the blood was somewhat higher than that of
meningitis, at $24,417 (SE, $3447). Based on an earlier study of pneumococcal bacteremia
[132], 97% of subjects with bacteremia were taken to be hospitalized, and the remaining
subjects to be treated as outpatients. The average cost of hospitalization for patients with
pneumococcal lung isolates was $48,558 (SE, $4154). Sixty-two percent of subjects with
pneumococcal pneumonia were taken to be hospitalized, and the remaining 38% treated as

outpatients, based on a large retrospective study of CAP [94].

The cost of outpatient treatment for pneumococcal disease has been very poorly
characterized in the literature. Recent research [133] indicated that inpatient costs for all-
cause CAP were 20-25 times the cost of outpatient treatment. Based on this, outpatient direct
medical costs were taken to be 5% of hospitalization costs. Therefore, outpatient costs were
calculated to be $1221 for bacteremia and $2428 for pneumonia.
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Hospitalization costs typically do not include fees from physicians and other professionals,
and hence underestimate the true cost of treatment. Physician fees for pneumonia were
calculated to be 6.581% of hospitalization costs, based on a national sample of patients with
CAP [119]. We took this ratio to be consistent for all types of pneumococcal disease, and

increased all costs by this fraction to incorporate physician fees.

We combined these cost figures with model-based estimates of pneumococcal disease
incidence (Tables 5.2 and 5.3) to calculate the annual treatment costs, in millions of dollars,
as displayed in Table 5.5. Overall, the total estimated direct medical cost for pneumococcal
disease for 1999 through 2009 was approximately 147 billion dollars.

Table 5.5
Estimated Annual Costs of Pneumococcal Disease, in Millions of Dollars
Menin- Bacteremia Pneumonia

Year gitis Inpatient  Outpatient Total Inpatient  Outpatient Total Overall
1999  $62.6 $421.6 $0.7 $422.2 $17,769.9 $544.6 $18,3145  $18,799.3
2000 $62.6 $424.1 $0.7 $424.8 $18,312.2 $561.2 $18,873.4  $19,360.7
2001  $49.5 $340.8 $0.5 $341.3 $15,786.9 $483.8 $16,270.7  $16,661.6
2002  $41.1 $285.3 $0.4 $285.7 $12,838.1 $393.4 $13,231.5  $13,558.3
2003  $375 $265.1 $0.4 $265.5 $11,297.9 $346.2 $11,644.1  $11,947.1
2004  $36.2 $252.4 $0.4 $252.8 $10,633.7 $325.9 $10,959.6  $11,248.6
2005  $35.8 $252.4 $0.4 $252.8 $10,386.6 $318.3 $10,704.9  $10,993.6
2006  $35.8 $252.4 $0.4 $252.8 $10,361.0 $317.5 $10,678.5  $10,967.2
2007  $36.0 $255.0 $0.4 $255.4 $10,415.5 $319.2 $10,734.7  $11,026.1
2008  $36.4 $257.5 $0.4 $257.9 $10,502.2 $321.8 $10,824.0 $11,118.2
2009  $36.7 $260.0 $0.4 $260.4 $10,582.4 $324.3 $10,906.7  $11,203.8

Total $470.2 $3,266.5 $5.1 $3,2715 $138,886.4 $4,256.2 $143,142.6 $146,884.3
Note: Costs are displayed in millions of 2010 dollars.

The hypothetical pneumococcal disease costs in the absence of vaccination, based on the
number of hypothetical cases displayed in Table 5.4, were similarly calculated. The
prevented medical costs due to vaccination during 2000 — 2009 were estimated as the
difference between costs based on model-estimated pneumococcal incidence and
hypothetical costs assuming constant disease rates at pre-vaccination levels, as displayed in
Table 5.6.
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For the first ten years following the introduction of the vaccine, we estimated that 13.0
billion dollars were spent on the vaccine. That cost was subtracted from the prevented
disease cost of 76.7 billion dollars, resulting in 63.7 billion dollars of cost savings. Over
95% of estimated cost savings were due to prevented pneumonia cases (which were the most
poorly characterized), with approximately seven percent of estimated cost savings due to
prevented bacteremia cases. Estimated cost savings due to prevented meningitis were less
than one percent. We then predicted the future cost savings due to vaccination through year
2025.

Table 5.6
Hypothetical Pneumococcal Disease Costs In the Absence of Vaccine, and Differences, in Millions of Dollars
Difference between Hypothetical Scenario

Hypothetical Scenario, Without Vaccine and Model-Based Estimates
Menin- Bacte- Menin- Bacte-
Year gitis remia Pneumonia Total gitis remia Pneumonia Total
1999  $62.6 $422.2 $18,3145  $18,799.3 - - - -
2000  $65.4 $442.4 $18,999.0  $19,506.9 $2.9 $17.7 $125.6 $146.2

2001  $66.4 $447.5 $19,2239  $19,737.8  $16.9 $106.2 $2,953.2 $3,076.3
2002  $67.1 $452.6 $19,428.9  $19,948.6  $26.0 $166.9 $6,197.4 $6,390.3
2003  $67.6 $455.1 $19,617.4  $20,140.1  $30.1 $189.6 $7,973.3 $8,193.0
2004  $68.3 $462.7 $19,829.1  $20,360.1  $32.1 $209.8 $8,869.5 $9,111.5
2005  $69.2 $465.2 $20,037.5  $20,571.8  $33.3 $212.4 $9,332.6 $9,578.3
2006  $69.8 $470.3 $20,265.7  $20,805.8  $34.0 $217.4 $9,587.2 $9,838.6
2007  $705 $475.3 $20,497.2  $21,0430  $34.5 $220.0 $9,762.5  $10,016.9
2008  $71.2 $480.4 $20,718.7  $21,270.2  $34.8 $222.5 $9,894.7  $10,152.0
2009  $70.8 $480.4 $20,837.8  $21,389.0 $34.2 $220.0 $9,931.1  $10,185.2
Total $749.0 $5,053.9  $217,769.7 $223)572.6 $2788 $1,782.4  $74,627.1 $76,688.3

Note: Costs are displayed in millions of 2010 dollars.

Predicted Impact of Vaccination Effects Through 2025
The estimated impact of vaccination was further evaluated over the next 16-year period

(2010 — 2025). Population levels during that period were taken to be linear and predicted
using linear regression, although the population growth over a longer period is more
complicated. All linear regressions were performed on data from 1999 — 2009 (Appendix B),
to obtain predictions for 2010 — 2025.

106



The predicted population size was first calculated within each age group, for years 2010 —
2025, using the data from 1999 - 2009. The ratio of births to number of adults (at least 16
years of age) was calculated for each year during 1999 — 2009. A linear regression was then
applied to this birth rate to predict the birth rate in subsequent years. The predicted birth rate
was multiplied by the predicted population of adults to predict the number of births each
year. The infant death rate for 1999 — 2009 was similarly used to predict future infant death
rates using a linear regression, and to predict the number of infant deaths for 2010 — 2025.
The number of children eligible for vaccination was taken to be the predicted number of
children surviving to 1 year of age. The percentages of eligible children receiving 1, 2, 3, or
4 doses were held constant at levels calculated for the 2006 birth cohort, as displayed in
Table 5.1. The predicted number of doses administered each year was then calculated
(Table B.2).

A new pediatric pneumococcal vaccine, PCV13, was approved in February 2010. This
vaccine includes the seven serotypes present in the original PCV7 vaccine, plus six additional
serotypes. Very limited information is publicly available regarding historic incidence of
colonization and IPD caused by these six additional serotypes. Therefore, the existing model
and its projections regarding the incidence of colonization and reported IPD were used for
these future predictions. Consequently, these predictions did not incorporate the expected
decreases in colonization and IPD due to the six serotypes not included in the PCV7 vaccine,

leading to an underestimation of reductions in disease burden after the PCV13 introduction.

The estimates of vaccination cost incorporated the cost of the PCV13 vaccine, $108.75 in
2010 and $114.15 in 2011, and assumed that the vaccine cost remains constant in future
years. Twelve dollars was also included for estimated vaccine administration costs. This
increase in vaccination cost without any corresponding increase in the characterization of
vaccine effects was again a conservative approach, leading to a possible overestimation of

vaccine costs in relation to disease costs, and an underestimation of cost savings due to
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vaccination. Over 28 billion dollars were predicted to be spent on pediatric pneumococcal
vaccination in 2010 through 2025 (Table B.2).

The incidence of pneumococcal disease was predicted for the same period, using model-
based estimates from the dynamic transmission model (Tables C.1 and C.2), as described in
Chapter 3. The previously described methodology was used to determine the rates of
meningitis, bacteremia, and pneumonia from those estimates. The fraction of estimated IPD
attributable to meningitis was 5.35%, 6.22%, and 4.38%, from youngest to oldest age group.
Bacteremia incidence was calculated as 21.4% of estimated IPD. Pneumococcal pneumonia
incidence was calculated using model-based estimates of colonization, and case:colonization
ratios by age group and serotype group. Predicted pneumococcal disease incidence and

costs, in 2010 dollars, are presented in Table 5.7.

Table 5.7
Predicted Pneumococcal Disease Incidence and Associated Costs

Number of Cases (Rate %) Predicted Costs (Millions of Dollars)

Menin-  Bacte-

Year Meningitis Bacteremia Pneumonia gitis remia Pneumonia Total

2010 2,200 (0.7) 10,400 (3.3) 334,600 (107.4) $37 $263 $11,065 $11,366
2011 2,220 (0.7) 10,500 ( 3.3) 338,300 (107.6) $38 $265 $11,188 $11,491
2012 2,240 (0.7) 10,600 ( 3.3) 341,900 (107.6) $38 $268 $11,307 $11,613
2013 2,280 (0.7) 10,700 ( 3.3) 345,600 (107.8) $39 $271 $11,429 $11,738
2014 2,300 (0.7) 10,800 (3.3) 349,300 (107.9) $39 $273 $11,552 $11,864
2015  2,320(0.7) 10,900 ( 3.3) 353,000 (108.0) $39 $276 $11,674 $11,989
2016 2,340 (0.7) 11,100 (3.4) 356,700 (108.1) $40 $281 $11,796 $12,116
2017  2,370(0.7) 11,200 (3.4) 360,300 (108.2) $40 $283 $11,915 $12,239
2018 2,390 (0.7) 11,300 (3.4) 364,100 (108.4) $40 $286 $12,041 $12,367
2019 2,410(0.7) 11,400 (3.4) 367,700 (108.4) $41 $288 $12,160 $12,489
2020 2,440(0.7) 11,500 (3.4) 371,500 (108.6) $41 $291 $12,286 $12,618
2021 2,460 (0.7) 11,600 ( 3.4) 375,200 (108.7) $42 $293 $12,408 $12,743
2022  2,480(0.7) 11,700 (3.4) 378,900 (108.8) $42 $296 $12,531 $12,868
2023 2,500 (0.7) 11,800 (3.4) 382,600 (108.9) $42 $298 $12,653 $12,993
2024 2,530 (0.7) 11,900 ( 3.4) 386,300 (109.0) $43 $301 $12,775 $13,119
2025 2,550 (0.7) 12,000 ( 3.4) 390,000 (109.1) $43 $303 $12,898 $13,244
Total $643 $4,536 $191,677 $196,856

Note: Costs are displayed in millions of 2010 dollars.
a Rates indicated number of cases per 100,000 subjects, within each age group.
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The hypothetical scenario of the vaccine not being introduced was then expanded to this time
period, by holding the rate of pneumococcal disease, within age group and disease type,
constant at pre-vaccination levels. The predicted disease burden in this hypothetical
scenario, and the difference in direct medical costs between these hypothetical costs and

model-based predictions of costs, are displayed in Table 5.8.

More than 196.8 billion dollars in direct medical costs were predicted to have been prevented
during these 16 years, with a cost savings of 168.5 billion dollars after accounting for
vaccination costs. Overall, the pneumococcal vaccine was predicted to prevent at least 10.3
billion dollars in pneumococcal disease costs each year during this period.

Table 5.8
Predicted Hypothetical Pneumococcal Disease Costs In the Absence of Vaccine, and Differences, in Millions of
Dollars

Hypothetical, Without Vaccine Difference between Hypothetical and Actual
Menin- Bacte- Pneu- Menin- Bacte- Pneu-

Year gitis remia monia Total gitis remia monia Total

2010 $73 $493 $21,182 $21,748 $36 $230 $10,116  $10,382
2011 $74 $498 $21,413 $21,985 $36 $233 $10,225  $10,494
2012 $74 $503 $21,641 $22,219 $36 $235 $10,335  $10,606
2013 $75 $508 $21,876 $22,459 $37 $238 $10,447  $10,721
2014 $76 $513 $22,104 $22,693 $37 $240 $10,553  $10,830
2015 $77 $521 $22,339 $22,937 $37 $245 $10,665  $10,948
2016 $77 $523 $22,571 $23,171 $38 $243 $10,774  $11,055
2017 $78 $528 $22,799 $23,405 $38 $245 $10,884  $11,167
2018 $79 $536 $23,030 $23,645 $39 $250 $10,989  $11,278
2019 $80 $539 $23,262 $23,880 $39 $250 $11,102 $11,391
2020 $80 $546 $23,487 $24,113 $39 $255 $11,201  $11,495
2021 $81 $549 $23,725 $24,355 $40 $255 $11,317  $11,612
2022 $82 $554 $23,953 $24,589 $40 $258 $11,423  $11,720
2023 $83 $561 $24,185 $24,828 $40 $263 $11,532  $11,835
2024 $83 $564 $24,416 $25,063 $41 $263 $11,641  $11,944
2025 $84 $571 $24,644 $25,300 $41 $268 $11,747  $12,056
Total $1,255 $8,507 $366,627  $376,390 $612 $3,972 $174,950 $179,534

Note: Costs are displayed in millions of 2010 dollars.

Supplemental Analysis Using Costs Based on a Nationwide Sample

The hospitalization costs used in the previous sections were based on a single hospital

system, and may not be representative of costs in other areas and other hospital systems.
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Those costs were calculated as the average direct medical costs of patients admitted to the
hospital who had a S. pneumoniae isolate collected from the CSF, blood, or lower respiratory
tract, as described in Chapter 4. Therefore, those costs included patients whose primary
diagnosis was not pneumococcal disease. A supplemental analysis was performed using

costs from a national sample of subjects, based on primary diagnosis.

Costs from subjects with a primary diagnosis of pneumococcal meningitis (949 patients), all-
cause bacteremia (26,939 patients), or pneumococcal pneumonia (26,736 patients) were
obtained from the 2009 HCUP survey [96]. Costs for the three age groups used in the model
were calculated from six age groups (<1, 1-17, 18-44, 45-64, 65-84, and 85+ years), and
converted to 2010 dollars. Costs were further increased by 6.581% to account for physician
fees [119].

The average cost for subjects with pneumococcal meningitis (ICD-9-CM code 320.1) was
$26,933 for young children, $20,401 for older children, and $23,722 for adults (SE, $3611,
$3004, $1453 respectively). The average cost for subjects with all-cause bacteremia (ICD-9-
CM code 790.7) was $9342, $13,311, and $12,838 (SE, $1959, $3544, $635) from youngest
to oldest age group, respectively. Subjects with pneumococcal pneumonia (ICD-9-CM code
481) had average costs of $13,006 (SE, $1688) for children less than 16 years of age, and
$11,439 (SE, $461) for patients at least 16 years of age. These costs were combined with
model-based estimates of disease incidence (Tables 5.2 and 5.3) to estimate medical costs of

pneumococcal disease during 1999 — 2009, as displayed in Table 5.11.

The hypothetical scenario of vaccine not being introduced was again applied in this
supplemental analysis, by holding the disease rates constant at pre-vaccination levels, within
age group and disease type. Model-based estimates of pneumococcal disease cases
prevented (Table 5.4) were used to calculate estimated cost savings, by disease type and
overall (Table 5.9).
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Table 5.9
Estimated Annual Costs of Pneumococcal Disease using HCUP Costs, and Differences, in Millions of Dollars
Difference between Hypothetical Scenario

Estimated Annual Costs and Model-Based Estimates
Menin- Menin-
Year gitis Bacteremia  Pneumonia Total gitis Bacteremia  Pneumonia Total
1999 $89.0 $839.7 $4,110.0 $5,038.7 $0.0 $0.0 $0.0 $0.0
2000 $88.8 $844.7 $4,233.9 $5,167.4 $4.4 $35.2 $31.0 $70.6
2001 $69.2 $678.8 $3,637.9 $4,385.8 $25.5 $211.2 $677.3 $914.0

2002 $57.0 $568.2 $2,953.8 $3,578.9 $38.7 $331.8 $1,407.1 $1,777.7
2003 $52.0 $527.9 $2,598.1 $3,178.1 $44.4 $377.1 $1,804.8 $2,226.3
2004 $50.2 $502.8 $2,445.0 $2,998.0 $47.3 $417.3 $2,005.1 $2,469.7
2005 $49.7 $502.8 $2,387.3 $2,939.7 $49.0 $422.3 $2,109.1 $2,580.4
2006 $49.7 $502.8 $2,381.5 $2,934.0 $49.9 $432.4 $2,165.6 $2,647.9
2007 $49.9 $507.8 $2,393.7 $2,951.4 $50.7 $437.4 $2,205.1 $2,693.2
2008 $50.4 $512.8 $2,413.5 $2,976.7 $51.2 $442.5 $2,234.8 $2,728.4
2009 $50.9 $517.9 $2,431.5 $3,000.2 $50.0 $437.4 $2,241.1 $2,728.5
Total  $656.7  $6,506.1 $31,986.2 $39,149.0 $411.2 $3,544.6 $16,881.0 $20,836.8

Note: Costs are displayed in millions of 2010 dollars.

This supplemental analysis estimated that 39.1 billion dollars were spent on pneumococcal
disease-related medical costs during 1999 - 2009, which is significantly less than the 146.8
billion dollars estimated by the original analysis. This analysis further estimated that 20.8
billion dollars in medical costs were prevented during the first ten years of vaccination, as
compared to the 76.7 billion dollars in prevented costs previously estimated by the original

analysis.

This large difference between estimates of prevented costs was driven by differences in
estimates of pneumonia costs. The estimated cost per subject ranged from $51,574 for data
from the Duke hospital system (including estimated physician costs) to $11,439 - $13,0086,
depending on age, for HCUP estimates. In spite of the large differences in estimated
pneumonia costs, the PCV7 vaccine is still considered cost-effective using estimates from the

HCUP data, with estimated cost savings of 7.8 billion dollars over the first ten years.

The predicted impact of vaccination during 2010 — 2025 was also evaluated using HCUP
costs. Model-based estimates of pneumococcal disease (Table 5.7) were again compared to

the hypothetical no-vaccine scenario. Predicted medical costs, and predicted cost savings
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due to vaccination, are displayed in Table 5.10. These estimates reflect a predicted 52.6
billion dollars in pneumococcal disease costs, and 48.3 billion dollars in prevented medical
costs, during this 16-year period. After incorporating the 28.3 billion dollars in predicted
vaccination costs for that period, 19.9 billion dollars were predicted to be saved during
2010 — 2025, in addition to the 7.8 billion dollars in cost savings estimated during the first

ten years of vaccination.

Table 5.10
Predicted Hypothetical Pneumococcal Disease Costs In the Absence of Vaccine, and Differences, using HCUP
Costs, in Millions of Dollars

Predicted Costs Difference between Hypothetical and Actual
Menin- Bacte- Menin- Bacte-

Year gitis remia Pneumonia Total gitis remia Pneumonia Total

2010 $52 $523 $2,467 $3,041 $52 $458 $2,284 $2,794
2011 $52 $528 $2,494 $3,074 $53 $463 $2,309 $2,824
2012 $53 $533 $2,521 $3,106 $53 $468 $2,333 $2,854
2013 $53 $538 $2,548 $3,139 $54 $473 $2,358 $2,885
2014 $54 $543 $2,575 $3,172 $54 $478 $2,382 $2,914
2015 $54 $548 $2,602 $3,205 $55 $488 $2,407 $2,950
2016 $55 $558 $2,629 $3,242 $55 $483 $2,432 $2,970
2017 $56 $563 $2,656 $3,274 $56 $488 $2,456 $2,999
2018 $56 $568 $2,684 $3,308 $57 $498 $2,480 $3,034
2019 $57 $573 $2,710 $3,339 $57 $498 $2,505 $3,060
2020 $57 $578 $2,738 $3,373 $57 $508 $2,527 $3,092
2021 $58 $583 $2,765 $3,406 $58 $508 $2,553 $3,119
2022 $58 $588 $2,792 $3,439 $59 $513 $2,577 $3,148
2023 $59 $593 $2,819 $3,471 $59 $523 $2,601 $3,183
2024 $59 $598 $2,846 $3,504 $60 $523 $2,625 $3,208
2025 $60 $603 $2,874 $3,537 $60 $533 $2,649 $3,243
Total $892 $9,020 $42,719 $52,631 $900 $7,899 $39,477 $48,276

Note: Costs are displayed in millions of 2010 dollars.

Discussion

We conclude that the pediatric pneumococcal vaccine introduced in 2000 has been
significantly cost-effective in the first ten years of use, saving at least 7.8 billion dollars. We
predict that it will continue to have significant cost savings in subsequent years, if the
vaccine use remained constant. However, the benefits of the vaccine were not limited to the

monetary aspect.
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Mortality and Morbidity
In addition to summarizing estimated monetary costs, we also explored the model-based

estimates of fatalities associated with pneumococcal disease.  Mortality rates for
pneumococcal meningitis, based on ABCs data as reported by Hsu [27], were estimated to be
8.4% among young children and older children, and 22.3% among adults 16 years or older.
Mortality rates among patients with pneumococcal bacteremia were taken to be 3.5% among
young children, 1.7% among older children, and 12.6% among adults [134]. Due to the lack
of specific information on outpatient mortality and the small fraction (3%) of subjects not
hospitalized [132], death rates were assumed to be the same among hospitalized and non-
hospitalized subjects with pneumococcal bacteremia. Mortality rates among patients with
pneumococcal pneumonia were taken to be 7.7% among hospitalized patients and 0.5%

among outpatients [94].

These fractions were used in conjunction with estimates of prevented pneumococcal disease
from our baseline model to estimate the number of deaths caused by the disease, and
similarly estimate the number of deaths prevented by the vaccine. In 1999, an estimated
29,800 deaths were caused by pneumococcal disease, with 700 due to meningitis, 1700 due
to bacteremia, and 27,000 due to pneumonia. The estimated annual deaths caused by
pneumococcal disease decreased to 18,000 in 2009, with an estimated 120,000 deaths
prevented by the vaccine during 2000 - 2009. We further predict that 280,800 additional
deaths will be prevented during 2010 — 2025.

Patients with meningitis are also known to experience long-term side effects. Among
survivors, approximately 32% of children less than 16 years old [135] and 26% of adults
[103] experience hearing loss, and 5% of children [135] and 22% of adults [103] experience
neurological sequelae. Therefore, this model estimated that the vaccine also prevented
almost 4000 cases of hearing loss and 1700 cases of neurological impairment during the ten-

year period.
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A cost-benefit analysis was chosen as the most appropriate type of cost-effectiveness
analysis, as the main question of interest is whether the vaccine is of financial benefit, i.e.
whether the estimated cost savings exceeded the estimated vaccine expenditures. Recent
cost-effectiveness analyses [62; 64] have evaluated vaccination cost per life-year saved or
cost per pneumococcal disease episode prevented. Other authors [63] have conducted a cost-
utility analysis, whose primary outcomes were life-years and quality-adjusted life-years
gained. While we agree that reduced mortality is a valuable result of the vaccination,
approximately 5% of pneumococcal disease cases result in death. Pneumococcal disease also
results in very little long-term disability, with 1266 estimated cases (779 hearing loss; 487
neurological impairment) in 1999. Due to the relatively low fatality and disability rates, we

felt that monetary savings were of greater interest than mortality and morbidity.

Effects of Vaccination, by Age Group

The pediatric pneumococcal vaccine has had the biggest impact on pneumococcal disease in
children less than two years of age. Our model-based estimates suggested that incidence of
pneumococcal meningitis decreased from 10.3 to 0.2 cases per 100,000 children under 2
years of age, with concurrent decreases in pneumococcal bacteremia (40.8 to 0.9 cases per
100,000 children) and pneumococcal pneumonia (318.1 to 56.3 cases per 100,000 children)
from 1999 to 2009. Over this ten-year period, the model estimated that 7700 cases of
meningitis, 30,600 cases of bacteremia, and 201,500 cases of pneumonia were prevented in
children less than 2 years of age. This equated to an approximate 60% reduction in each type
of pneumococcal disease within this age group, and a savings of 7.6 billion dollars in

pneumococcal disease costs among young children.

The model characterized the effect of vaccination as persisting through 15 years of age, and
waning as children move into the adult age group (> 16 years old). The disease burden per
100,000 subjects in older children (2 — 15 years old) was the lowest of all three age groups

prior to the introduction of the vaccine. Therefore, smaller decreases were seen in this age
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group than in young children. Model-based estimates indicated that pneumococcal
meningitis incidence among older children decreased from 0.7 to 0.4 cases per 100,000
children, with pneumococcal bacteremia incidence decreasing from 2.3 to 1.2 cases per
100,000 children, and pneumococcal pneumonia decreasing from 69.0 to 27.6 cases per
100,000 children. The model estimated that these decreases resulted in the prevention of
1480 cases of meningitis, 4800 cases of bacteremia, and 178,800 cases of pneumonia in
children 2 — 15 years of age during the first ten years of vaccination. This was associated

with a 6.1 billion dollar cost savings among older children.

The model-estimated reductions in pneumococcal disease among adults 16 years of age and
older was a reflection of the decreases in colonization, and additional decreases in
pneumococcal disease, due to herd immunity. Although substantial pneumococcal disease
costs remained in this population, the model estimated that 63.1 billion dollars in direct
medical costs among adults were prevented in the first ten years of pediatric vaccination.
The model-estimated decreases in pneumococcal disease incidence among adults (1.2 to 0.8
meningitis cases per 100,000 adults; 5.9 to 3.9 bacteremia cases per 100,000 adults; and
233.8 to 128.3 pneumonia cases per 100,000 adults) during this ten year period, and the
associated cost savings, demonstrated that the indirect effects of vaccination play an
important part in the calculation of the cost-benefit of the vaccine. We acknowledge that, by
conservatively not characterizing the pediatric vaccine as having any effect on subjects 16

years of age or older, the effects of this vaccine on adults was potentially underestimated.

Recent Literature

Huang et al. [136] evaluated the estimated pneumococcal disease burden in 2004, and
included non-invasive pneumococcal infections (such as acute otitis media and sinusitis) and
indirect costs (work-loss, lost wages, long-term disability costs) in the evaluation. The
authors used various national surveys, such as the National Hospital Discharge Survey and
the National Ambulatory Medical Care Survey, to estimate the incidence of these infections.
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These calculations were based on primary diagnoses, which can underestimate the true
incidence. Thirty percent of inpatient pneumonia, 20% of outpatient pneumonia, and 10-

60% of meningitis (depending on age) were assumed to be caused by S. pneumoniae.

While certain estimates differ between our studies, we agree with the authors’ findings that a
significant disease burden existed in 2004 (and in subsequent years), with the majority of
healthcare resource utilization due to pneumococcal disease occurring in adults. Of the 11.2
billion dollars in pneumococcal disease costs estimated by our model for 2009, 97% were
due to pneumonia. We further calculated that 83% of those estimated pneumonia costs were
due to adults. Further decreases in pneumococcal disease among adults, especially
pneumonia, would greatly decrease the pneumococcal medical costs in the overall

population.

Model Assumptions

We acknowledge that this cost-benefit analysis made certain assumptions. Our results were
based on estimates of reported IPD and colonization from the dynamic transmission model
described in Chapter 3. Any inaccuracies in those model-based estimates would be reflected
in this analysis. Estimates of direct medical costs, as recorded by the Duke hospital system
and described in Chapter 4, were assumed to be representative of average medical costs for
subjects hospitalized with pneumococcal disease.  These costs may have varied
geographically and between different hospital systems. Due to poorly characterized
outpatient direct medical costs, outpatient costs were taken to be 5% of inpatient costs [133],

for both bacteremia and pneumonia.

The focus of this cost-benefit analysis was limited to the three most common types of
pneumococcal disease: meningitis, bacteremia, and pneumonia. S. pneumoniae causes other
illnesses, such as acute otitis media, sinusitis, and bone and joint infections [136]. Acute
otitis media and sinusitis are typically treated on an outpatient basis, so were not included in

the cost analyses presented in Chapter 4. Pneumococcal bone and joint infections are
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infrequent, with only four such subjects identified during the ten-year data collection period
at the Duke hospital system. Other types of infection, such as the isolates of S. pneumoniae
from the eye or abdomen as identified in Chapter 4, are also very infrequent. Our analysis
focused on the types of infection leading to the greatest medical costs (i.e., those which were
most prevalent and which were primarily treated on an inpatient basis). We acknowledge
that these cost estimates did not include all possible types of illness caused by S.
pneumoniae. The decrease in colonization following the introduction of the vaccine was
expected to cause decreases in these other types of infections, making the numbers presented

here an underestimate of the true cost savings due to the vaccine.

The incidence of pneumococcal pneumonia was poorly characterized, and was calculated as
a fraction of model-estimated colonized subjects, as described earlier. We acknowledge that
the resulting estimates of pneumococcal pneumonia incidence were very sensitive to slight
changes to parameter values used in these calculations. Where possible, we conservatively
underestimated the disease burden. For example, we assumed that 15.4% of pneumonia was
caused by S. pneumoniae, based on the 1999 — 2009 average fraction of pneumonia due to a
known cause that is due to S. pneumoniae, and used that fraction in conjunction with 1999
colonization estimates to estimate case:colonization ratios. That average was lower than the
1999 fraction of 18.2% of pneumonia due to a known cause being due to S. pneumoniae. A
large retrospective study found S. pneumoniae to be the cause in 31% of CAP cases with
known etiology [94]. A meta-analysis of six large-scale studies of CAP found S. pneumoniae
to be the most commonly identified cause of the disease [97]. Another study explored the
use of lung aspirates in addition to standard microbiological procedures, and found that S.
pneumoniae was present in 33% of cases whose etiology was not identifiable by normal
means, and 30% of total cases [98]. Therefore, the incidence of pneumococcal pneumonia

may easily be twice as high as was estimated in this analysis.
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In addition, the estimated cost savings were so large that the pneumococcal vaccine would
still be cost-effective if reductions in pneumonia costs were as low as 15% of the estimated
reductions in the base case scenario. In other words, the vaccine would still be considered
cost effective across very different characterizations of pneumonia effects. Therefore,
although these calculations of pneumococcal pneumonia costs were based on a poorly
characterized process, the conclusion that the vaccine is cost-effective was very robust to

differences in pneumonia characterization.

Supplemental analyses were also performed using costs from a nationwide inpatient sample.
These figures had the advantage of being nationally representative, instead of being limited
to a single hospital system or geographic area, as well as being based on a much larger
sample of patients. These costs were limited to subjects with a specific primary diagnosis, so
did not include all subjects with a certain disease (for example, an immunocompromised
subject who was admitted to the hospital with pneumonia might have the
immunocompromising condition listed as the primary diagnosis, and pneumonia as a
secondary diagnosis). Subjects who were assigned an unspecific diagnosis (such as
pneumonia due to an unspecified organism) or incorrect diagnosis (such as streptococcal
septicemia) were also excluded [138]. Furthermore, information was not available to
determine what fraction of subjects with bacteremia developed septicemia (a more severe
form of blood infection); average hospitalization costs for pneumococcal septicemia were
close to twice the costs of bacteremia [96]. Therefore, these figures may have
underestimated actual costs. In spite of differences in hospitalization costs between the Duke
hospital system and the nationwide inpatient sample, the estimated cost savings during the
first ten years was still significant, confirming the conclusion of cost-effectiveness of the

vaccine.
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Conclusion

Our cost-benefit analysis, incorporating a dynamic transmission model to estimate
pneumococcal disease incidence by disease type, age group, and year, found that the PCV7
pediatric pneumococcal vaccine was significantly cost-effective within the first ten years.
Our baseline model estimated a 63.7 billion dollar cost savings during this period, or
approximately $499 saved for every vaccine dose administered. The model also predicted a
151.2 billion dollar cost savings during the next 16 years. The supplemental analysis,
incorporating cost estimates from a nationwide inpatient sample, resulted in reduced
estimates of cost savings, but also concluded that the vaccine was cost-effective. Due to the
introduction of an expanded PCV13 pneumococcal vaccine in 2010, and the anticipated
decreases in colonization and pneumococcal disease due to the six serotypes included in that

vaccine but not in the PCV7 vaccine, we underestimated the cost savings for this later period.
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6. CONCLUSIONS

Streptococcus pneumoniae is a leading cause of pneumonia, bacteremia, and meningitis. Itis
primarily transmitted by healthy, asymptomatically colonized subjects. A small fraction of
colonized subjects develops pneumococcal disease. The Centers for Disease Control and
Prevention’s Active Bacterial Core surveillance (CDC ABCs) team tracks the incidence of
invasive pneumococcal disease (IPD), including meningitis, bacteremia, and invasive
pneumonia. Non-invasive pneumococcal pneumonia, in which the bacteria have not spread

to the bloodstream, is also very prevalent but poorly characterized in the literature.

The PCV7 pneumococcal conjugate vaccine was approved for use in the United States in
February 2000. Since that time, decreases in IPD have been observed across all age groups,
with the largest decreases among young children. We developed a dynamic transmission
model, which reflects the changes in colonization and IPD in the United States since the
introduction of the vaccine, and predicts future colonization prevalence and IPD incidence.
We also explored the relationship between antimicrobial resistance and inpatient length of
stay (LOS), cost, and mortality in subjects with pneumococcal infections. We then combined
the average hospitalization cost by isolate location with results from the dynamic

transmission model, to evaluate the cost-effectiveness of the vaccine.

Dynamic Transmission Model

We developed an age-structured dynamic transmission model for S. pneumoniae, calibrated
to observed IPD incidence. Subjects were categorized as young children (< 2 years old),
older children (2 — 15 years old), and adults (16 years or older). This model estimated both
colonization prevalence and IPD incidence, reflecting the changes due to the introduction of
the vaccine, and predicted future levels of colonization and IPD through 2025. It used
parameter values from recent literature, where possible, and fitted the remaining parameter

values using observed data.
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Estimates of parameter values for transmission probabilities between subjects and the
average duration of temporary immunity are not available in the literature. Values for these
parameters were obtained by fitting five model outcomes (fractions of colonized subjects
within age group, fraction of young children colonized by vaccine-type [VT] serotypes, and
time to recolonization in young children) to observed data. These fitted parameter values
were: transmission probabilities of p; = 0.022, p, = 0.0013, and p3 = 0.00031 contact™ for VT
serotypes, from youngest to oldest age group, respectively; transmission probabilities of
p: = 0.035, p, = 0.0021, and p3 = 0.00050 contact™ for non-vaccine-type (NVT) serotypes,
based on a ratio of 1.6 between NVT and VT transmission probabilities; and a 3.4 week

average duration of temporary immunity.

Our model estimated that VT colonization prevalence decreased to approximately two
percent of pre-vaccination levels within each age group during the first ten years. VT
colonization was predicted to further decrease during the subsequent 16 years, falling below
0.1% of subjects in every age group by 2017. In other words, the prevalence of VT
colonization in young children was estimated to decline from 2.2 million children in 1999 to
less than 20 estimated children in 2005, with prevalence in the overall population decreasing
from 19.3 million people to less than 1000 in 2005 and less than 20 in 2009.

The fraction of subjects colonized with NVT serotypes was estimated to increase by nine
percent within each age group within the first ten years, and to remain approximately
constant during the next 16-year period, with increases of less than 0.1% of subjects within
any age group. This equated to an increase from 19.9 million subjects colonized with NVT
serotypes in 1999 to 24.7 million subjects colonized in 2010. Although the fraction of
subjects colonized was predicted to remain approximately constant after that point, a
predicted 27.5 million subjects will be colonized with NVT serotypes in 2025, due to

projected increases in population size.

121



Vaccine-type IPD was also estimated to decrease dramatically during the first ten years of
vaccination. The largest changes were estimated to occur among young children, with
incidence decreasing from 188.5 cases per 100,000 subjects, or 14,280 subjects in 1999, to
virtual eradication by 2010. Similar decreases were also estimated to occur among older
children, with VT IPD incidence decreasing from 5.9 cases per 100,000 subjects, or 3210
cases in 1999 to virtual eradication by 2010. Due to the effects of herd immunity, decreases
in VT IPD incidence were also estimated to occur among adults, from 13.2 cases per 100,000
subjects, or 40,040 in 1999, to less than ten cases estimated in 2010.

The incidence of NVT IPD was estimated to grow by approximately nine percent within each
age group during the first ten years of vaccination. This equates to increases from 3.8 to 4.1
cases per 100,000 young children, from 5.2 to 5.7 cases per 100,000 older children, and from
16.9 to 18.5 cases per 100,000 adults. While these numbers may seem quite small, these
increases, combined with population growth, equated to an increase of 10,200 cases of NVT
IPD annually by the end of 2010.

NVT IPD incidence per 100,000 subjects was predicted to remain approximately constant
from 2010 through 2025, while VT IPD was predicted to virtually disappear by 2010. The
total number of NVT IPD cases each year was estimated to increase due to projected
increases in population size. Overall, the annual incidence of total IPD was estimated to
decrease from 78,800 cases in 1999 to 47,000 cases in 2006, with slightly increases in
subsequent years, leading to 56,800 estimated cases of NVT IPD occurring in 2025.

The associated sensitivity analysis provided insight into which parameter values had the
greatest impact on model-estimated colonization and IPD levels. These findings provide
direction for future research that may be conducted to refine the most critical parameter
values. Model estimates were most strongly affected by contact rates and average duration
of NVT colonization among young children, transmission probabilities among children less

than 16 years old, and the relationship between VT and NVT transmission probabilities.
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Improved estimates of these parameter values could be obtained using the following
methods. Contact rates between young children could be further explored by surveying
parents of young children. The average duration of colonization could be estimated by
conducting a longitudinal study, collecting nasopharyngeal swabs from children on a weekly
basis for a minimum of several months. The transmission probabilities, while not able to be
explicitly observed, could be calculated from the longitudinal study by concurrently
collecting information on average contacts, and calculating transmission probabilities from

the infectious contact rate.

Estimates from our model differed somewhat from those from similar models developed by
Temime et al. [44] and Melegaro et al. [46]. The major reasons for these differences were
the characterization of vaccine effects and competition between serotypes among the
different models. The Temime et al. model was published before large-scale information
was available on vaccine effects, and characterized vaccination as providing 100% protection
against VT colonization. It further assumed that the basic reproductive numbers were the
same for both serotype groups (Roz = Ro2), and that dual colonization was not possible. That
model estimated that VT colonization would approach zero after 10 years, and that NVT

colonization would increase by approximately 300% during that time.

The Melegaro et al. model, calibrated to observed data in the United Kingdom, characterized
vaccination as reducing the probability of being colonized by VT serotypes by 75.6%, and
that colonization by VT serotypes led to a 50% reduction in the chance of colonization with
NVT serotypes. Their model estimated that VT IPD would approach eradication within 8 —
12 years, depending on the vaccination strategy, and that the total number of NVT IPD cases
each year would increase by approximately 20% during that time, and then remain steady.
The Snedecor et al. [47] model did not distinguish between VT and NVT serotypes, and
characterized forces of infection in an apparently ad-hoc method. It did characterize

vaccination as decreasing the probability of VT colonization and subsequently decreasing the
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probability of VT IPD. It also exhibited the same pattern of estimates of total IPD as shown
in our model. However, it was only intended to apply to the first ten years following the
introduction of the vaccine, and so should not be used to predict future colonization or IPD

incidence.

None of these previously published models was intended to predict future IPD incidence in
the United States. Both the Temime et al. and Melegaro et al. models exhibited a high degree
of competition between serotypes, leading to increased serotype replacement, which may not
be suitable for this population [71]. The Melegaro et al. model also predicted that the total
annual incidence of NVT IPD would stabilize approximately ten years after the introduction
of the vaccine, which did not incorporate the anticipated increases in the American

population size.

We developed an age-structured model that incorporates a two-part characterization of
vaccine effect, incorporating both a reduction in VT colonization and an additional reduction
in the chance of developing VT IPD, as supported by multiple studies [31-39; 68; 69]. It was
calibrated to eleven years of reported IPD incidence [17], recently published information on
the fractions of reported IPD due to VT and NVT serotypes [73] and recently published
estimates of competition parameters [70]. By incorporating the most up-to-date information
available, it estimates both colonization prevalence and IPD incidence in the United States
since the introduction of the vaccine, and predicts future colonization and IPD.

Antimicrobial Resistance and Inpatient Cost, Length of Stay, and Mortality

We evaluated the effect of antimicrobial resistance on hospitalization cost, LOS, and
inpatient mortality in patients who had S. pneumoniae bacteria isolated from the lower
respiratory tract or another normally sterile site. Patients were classified hierarchically into
cerebrospinal fluid (CSF; n = 32), blood (n = 265), lung (n = 267), or ‘other sterile site’
(n = 14) categories, according to isolate location. Patients with isolates from multiple
locations were classified as CSF, then blood, then lung, then other sterile site. Less than half
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of the 578 patients exhibited resistance to one or more classes of antimicrobial agents, with
the most frequent resistance found against sulfonamides (47.1% of isolates tested) and beta-
lactams (42% of isolates tested). Fifty-three percent of patients were susceptible to all
antimicrobial agents they were tested against, and 28% of patients exhibited multi-drug

resistance (MDR; resistance to 3 or more classes of antimicrobial agents).

Eighteen percent of patients died during hospitalization; no significant relationship was
found between mortality and either antimicrobial resistance or isolate location. LOS was
significantly related to both isolate location and resistance, and cost was significantly related
to isolate location, race, and resistance. Those relationships were present for both
dichotomous resistance, in which patients were classified as susceptible or resistant to one or
more classes of antimicrobial agents, and incremental resistance, in which patients were

classified as resistant to 0, 1, 2, or 3 or more classes of antimicrobial agents.

LOS was consistently higher among subjects demonstrating resistance to at least one class of
antimicrobial agents, after controlling for isolate location. Subjects exhibiting MDR had
consistently longer estimated LOS than those with resistance to one or two classes of
antimicrobial agents, after controlling for isolate location. Patients categorized as having

lung isolates had the longest average LOS.

Cost analyses were performed on a subset of 274 patients. Isolate location, race, resistance,
and race by resistance interaction were significantly related to hospitalization costs. Black
patients who were susceptible to all antimicrobial agents tested had higher costs than black
patients exhibiting resistance to at least one class of antimicrobials. That pattern was
reversed for white patients and patients of other races, who had higher costs among subjects
exhibiting resistance to at least one class of antimicrobials. Costs were highest among
subjects with S. pneumoniae isolated from the lung, but not from the blood or CSF.

The longest estimated LOS and highest estimated costs were associated with patients with
lung infections. Estimated LOS was consistently higher among resistant patients, as were
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estimated costs among white patients and those of ‘other’ races. Estimated costs among
black patients were higher among susceptible patients. Patients with multi-drug resistance

consistently had the highest estimated costs.

Cost-Effectiveness of PCV7 Vaccine
The cost effectiveness of the PCV7 pneumococcal conjugate vaccine was evaluated using a

cost-benefit analysis. The estimated annual incidences of pneumococcal meningitis,
bacteremia, and pneumonia were calculated using model-based estimates of IPD and
colonization. Direct medical costs for these three types of pneumococcal disease were
estimated each year. Vaccination costs were calculated based on the estimated number of

doses administered, and cost savings due to vaccination subsequently estimated.

The number of disease cases prevented, by age group and disease type, was calculated as the
difference between these estimates of disease burden and the estimated disease burden under
a hypothetical scenario in which the number of cases per 100,000 subjects was held constant
at pre-vaccination levels. Average hospitalization costs were assigned to each type of
disease, and the amount of prevented disease cost totaled over the first ten years of
vaccination. The total cost savings during that time was calculated as the prevented disease
cost minus the cost of vaccination during the first ten years. We concluded that the PCV7
vaccine has been cost-effective in the United States, with estimated cost savings of 7.8 to

63.7 billion dollars during the first ten years.

Cost-effectiveness was assessed in two ways. First, average hospitalization costs for patients
with systemic pneumococcal infections who were admitted to the Duke hospital system
(Chapter 4) were used. As a supplemental analysis, hospitalization costs from a nationwide

inpatient sample, by age group and disease type, were also used [96].

An estimated 16,490 cases of pneumococcal meningitis, 70,500 cases of pneumococcal
bacteremia, and 2,256,600 cases of pneumococcal pneumonia were prevented during the first

ten years of vaccination, using the baseline model. After incorporating a 6.581% increase to
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account for physician costs [119], the average hospitalization costs of subjects with
pneumococcal isolates were $16,908 (CSF), $26,024 (blood), and $51,754 (lung), based on
the Duke hospital system. These costs were based on all subjects with an isolate from that
location, regardless of diagnosis. These average costs therefore included patients who had a
primary diagnosis other than pneumococcal disease. In addition, these costs were from a
single hospital system, and may not be representative of nationwide costs. Using these costs,
an estimated 63.7 billion dollars was saved during the first ten years of vaccination, with an
additional 151.2 billion dollars in predicted cost savings through 2025.

The supplemental analysis was conducted using costs from a nationwide inpatient sample,
from the Healthcare Cost and Utilization Project (HCUP) [96]. These costs were based on
subjects with principal diagnoses of pneumococcal meningitis, all-cause bacteremia, and
pneumococcal pneumonia, and were available by age group. Costs, including the 6.581%
increase for physician costs [119], were $20,401 - $26,933 for meningitis, $9342 - $13,311
for bacteremia, and $11,439 - $13,006 for pneumonia. These figures resulted in an estimated
7.8 billion dollars in prevented direct medical costs through 2010, and an additional 19.9

billion dollars in estimated savings through 2025.

The differences in cost estimates between the Duke hospital system and HCUP data led to
significant differences in estimates of total medical costs, reductions in costs, and cost
savings. These differences should not be taken to indicate that the Duke hospital system has

higher costs than the average hospital, as two different types of costs were being compared.

Costs from the HCUP data were limited to subjects with a particular primary diagnosis,
based on an ICD-9-CM code. Other research has indicated that primary diagnoses may be
lacking in specificity (such as a diagnosis of code 486.0, pneumonia, organism unspecified)
or misdiagnosed [138]. A comparison of the numbers of patients with a primary diagnosis of
pneumonia (Clinical Classification Software [CCS] code 122) against the numbers of

patients with pneumonia listed as either a primary or secondary diagnosis during 1999 — 2009
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indicated that the fraction of subjects for whom pneumonia was the primary diagnosis
declined from 62% to 42%. Therefore, many subjects were not included in these average

costs, since costs were only available based on primary diagnosis.

Furthermore, due to the lack of a specific ICD-9-CM code for pneumococcal bacteremia,
costs for all-cause bacteremia were used in the supplemental analysis. The CDC ABCs
characterized subjects with isolates obtained from the blood as bacteremia (i.e., the presence
of bacteria in the blood). These cases were not differentiated from septicemia, defined as a
serious infection of the blood. Hospitalization costs of subjects with a primary diagnosis of
pneumococcal septicemia ranged from $20,607 to $25,350 by age group, while similar
estimates of all-cause bacteremia ranged from $9,342 to $13,331. Since the CDC data did
not state which cases of bacteremia were actually septicemia, we used costs for bacteremia in
our calculations. This likely led to an underestimation of the actual costs of pneumococcal
blood infections.

In contrast, the Duke hospital system costs were the average hospitalization cost for subjects
with a pneumococcal isolate from the lower respiratory tract or a normally sterile site,
regardless of diagnoses. Therefore, these costs were not limited to subjects with a diagnosis
of pneumococcal disease. This had the advantage of including costs for subjects with
diagnoses of respiratory distress or unspecified pneumonia, whose microbiological laboratory
results indicated pneumococcal pneumonia, or subjects who had a comorbidity listed as a
primary diagnosis. In all cases, patients included in this sample had sufficient symptoms to
cause medical staff to collect a sample from the appropriate site and send it to the
microbiological laboratory for identification. However, these figures may also include
unrelated medical costs.

In summary, the HCUP data was limited to a strict subset of patients, based on primary
diagnosis, and very likely did not include all patients with pneumococcal disease. In

addition, bacteremia costs may have been underestimated. The costs from the Duke hospital
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system encompassed a wider range of subjects with pneumococcal disease, and were likely to
include costs for conditions unrelated to the disease. The true cost of the disease was likely
somewhere between the two. Therefore, while each type of cost calculation has its
advantages and disadvantages, together they provide a range of possible actual costs.

Regardless of which cost estimates were used, we concluded that the PCV7 vaccine was still
cost-effective. In the primary analysis, the vaccine was estimated to save 63.7 billion dollars
during the first ten years, and an additional 151.2 billion dollars by the end of 2025. The
supplemental analysis, utilizing the HCUP data, estimated lower cost savings (7.8 billion
dollars through 2009, and an additional 19.9 billion dollars by the end of 2025).

This was a very different conclusion than was reached in some earlier cost-effectiveness
analyses. The first cost-effectiveness analysis of PCV7 in the United States, evaluating a
hypothetical birth cohort of 3.8 million subjects, concluded that the vaccine would not be
cost-effective in terms of medical costs if the vaccine cost more than $18 per dose [62]. A
later cost-effectiveness study in the United Kingdom concluded that the vaccine would be
cost-effective at half of its list price [63]. A more recent cost-effectiveness study in the
United States, which incorporated indirect vaccine effects, concluded that the vaccine was
cost-effective [64].

Challenges
S. pneumoniae is a challenging epidemiological system to characterize and understand, both

from a data collection perspective, and from a modeling standpoint. The majority of
transmission occurs between healthy, asymptomatically colonized subjects, making
transmission difficult to identify, and subsequent colonization difficult to quantify. While
IPD is reported by subjects who were treated at acute care hospitals, and subsequently have
isolates sent to a microbiological laboratory, colonization information must be collected by
conducting a survey. In such surveys, nasopharyngeal swabs are used to collect samples

from subjects repeatedly over time. Weekly swabs over a six-month period might be
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sufficient to quantify the frequency and average duration of colonization among young
children, since children under two years old have a 10 — 16 week estimated average duration
of colonization, 14 week time to reinfection [82], and approximately 50% of those children
are colonized at any time. A significantly longer survey period or larger sample size would
be needed to accurately characterize colonization among adults, who have a 4 — 7 week
estimated average duration of colonization and approximately 8% are colonized at any time.
Each swab would need to be cultured, to identify any bacteria, and the pneumococcal
bacteria serotyped. This type of survey could be used to obtain estimates for average
durations of colonization by serotype group and age group. Such a survey could also record
the average time to recolonization, in order to better estimate the average duration of

temporary immunity.

Although a limited number of such surveys have been conducted in recent decades, such
information is expensive to collect. That information is then proprietary, with publicly

available data often limited to information given in published literature.

Several parameter values, such as transmission probabilities (p;) and average duration of
temporary immunity (p,-'l), are almost impossible to directly estimate in a clinical setting, and
have not previously been explicitly estimated using models. We made assumptions
regarding the relationships between transmission probabilities among age groups and
serotype groups, in order to reduce eighteen unique parameter values down to four unique
values (p1, p2, p3, d). Similarly, the average duration of temporary immunity was taken to be
the same among subjects colonized with all serotypes (p1 = p»), in order to reduce the total
number of unknown parameter values for the colonization model to five, and to fit those five
parameter values using five known outcomes. We acknowledge that this is not an ideal
statistical approach, and that it would be improved with more data; but, as with many models
of this type, we were constrained by the amount of information available. Detailed results

from a longitudinal study of colonization would be necessary to better characterize these
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parameter values. In spite of the shortcomings of this approach, such as the overfitting of the
model, this method allowed us to use data-driven estimates for these parameter values instead

of choosing values without a numeric basis.

A similar optimization approach was then used to estimate the fractions of colonized subjects
developing IPD, with total IPD incidence for each of eleven years being used to fit seven
parameter values: the effect of vaccination on VT colonization (e) and six case:colonization
ratios (fij). While, again, this approach is not statistically optimal, it allows us to use the data
available, instead of selecting values without numerical basis. Other parameter values used
in the model were based on clinical data in the published literature, but were often based on

data from a combination of studies, due to the limited amount of such data available.

Another simplification used in this model was the method of grouping multiple serotypes
together into the VT and NVT serotype groups, and treating each of these groups as a single
serotype, as has been done in virtually every other pneumococcal transmission model [44;
46; 47]. This assumed that transmission probabilities and average durations of colonization
are the same within each age group and serotype group, and that a subject could not
concurrently be colonized with more than one VT serotype, or with more than one NVT
serotype. We considered this a necessary simplification, due to the lack of information

available on specific serotypes.

Comprehensive information on pneumococcal disease was also difficult to obtain. The CDC
ABCs team reports IPD estimates by age group and isolate location (meningitis; bacteremia
without focus; pneumonia with bacteremia), based on patients who were treated at acute care
hospitals within certain surveillance areas, and have isolates sent to a microbiological
laboratory. These reported IPD estimates do not include subjects who were not treated at
acute care hospitals, or who did not have isolates sent to a laboratory for identification. Non-
invasive pneumococcal pneumonia is also excluded from these disease estimates. The CDC

does collect serotype information on these isolates, but does not provide publicly available
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information on the amount of reported IPD caused by VT or NVT serotypes. Therefore, we
fitted the model-based estimates of VT and NVT colonization to total IPD incidence to
determine case:colonization ratios for each serotype group, and the fractions of IPD caused
by VT serotypes within age group in 1999 and 2007 [73], since we were unable to directly
determine the incidence of VT IPD and NVT IPD each year.

Pneumococcal pneumonia is poorly characterized in the literature. Determination of the
microbiological cause is not necessary for a diagnosis of pneumonia. In a 2009 nationwide
inpatient sample, 84% of diagnosed pneumonia was classified as being due to an unspecified
organism or unspecified bacterium (ICD-9-CM codes of 482.9, 485, 486) [96]. During 1999-
2009, S. pneumoniae accounted for an average of 15.4% of pneumonia diagnoses that were
not due to unspecified organisms or unspecified bacteria [96]. We then estimated the 1999
pneumococcal pneumonia incidence as 15.4% of all pneumonia diagnoses. Using the ten-
year average likely underestimated the fraction of pneumonia caused by S. pneumoniae,
which led to a conservative estimate of pneumonia incidence, since S. pneumoniae
accounted for 18.2% of those pneumonia diagnoses in 1999, and other research has found it

to cause approximately 30% of pneumonia cases [94; 98].

We acknowledge that the model-based estimates of pneumococcal pneumonia incidence
were very sensitive to slight changes to parameter values used in their calculation. However,
the estimated cost savings were so large that the pneumococcal vaccine would still be cost-
effective if reductions in pneumonia costs were only 15% of those we estimated. In other
words, we would still consider the vaccine to be cost effective across very different
characterizations of pneumonia effects.  Therefore, although these calculations of
pneumococcal pneumonia costs were based on a poorly characterized process, the conclusion
that the wvaccine is cost-effective was very robust to differences in pneumonia

characterization.
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Huang et al. [136] evaluated the estimated pneumococcal disease burden in 2004, and
included other types of pneumococcal infection, such as acute otitis media, sinusitis, and
bone/joint infection, and included indirect costs such as work-loss, lost wages, and long-term
disability costs. These were beyond the scope of our current research. Our analysis focused
on the types of disease leading to the greatest medical costs (i.e., those which were most
prevalent and which were primarily treated on an inpatient basis). We acknowledge that
these cost estimates did not include all possible types of illness caused by S. pneumoniae.
However, we took the incidence of all types of pneumococcal disease to be proportional to
colonization. Therefore, the decreases in colonization due to vaccination would also cause
decreases in these other types of pneumococcal disease. For this reason, we considered our
estimates of cost savings due to prevented pneumococcal disease to be conservative

underestimates.

Further Research

As previously mentioned, an expanded 13-serotype vaccine, PCV13, was approved for use in
the United States in February 2010. This vaccine includes the seven serotypes in the original
PCV7 vaccine, as well as serotypes 1, 3, 5, 6A, 7F, and 19A.

The next step in this research would be to expand the existing model to incorporate three
groups of serotypes: those included in the PCV7 vaccine, those included in the PCV13
vaccine but not the PCV7 vaccine, and those not included in either vaccine. The existing
model could then be used to estimate the colonization and IPD incidence at the time of the
PCV13 introduction. Those incidence levels would be used as the baseline values in the
expanded model, which would track PCV7, PCV13, and NVT serotypes separately. That
model would then be able to predict the additional declines in IPD and colonization caused
by the expanded vaccine, and be used to evaluate the cost-effectiveness of the new vaccine.

The current model could also be expanded to evaluate the effect of lumping all serotypes into

groups. The 3 colonization statuses currently used for each serotype (S, I, R) could be
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expanded to include two additional types: dually colonized by two serotypes within the same
serotype group, and colonized by one serotype and recovered from the other serotype within
the same group. Results from that model could be compared to the current model to evaluate
the impact of the assumption that only one serotype from each group can be present within a

subject at a certain time.
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Appendix A
Equations for the Dynamic Transmission Model

The differential equations used in the model are shown below. The i subscript indicates age
group (1, 2, or 3). Subscripts for IPD also include 1 for VT and 2 for NVT, before the age
subscript. Parameters go, g3, and vz were included for brevity of presentation, and were set
equal to zero. d;; =1 wheni=jand0wheni#j.
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Appendix B
U. S. Population Estimates and Predictions

Table B.1

Annual Population Estimates

Number of Infant

Year <2 years old 2-15 years old >16 years old Live Births Deaths
1999 7,576,800 54,802,500 210,433,000 4,158,212 27,937
2000 8,305,243 56,643,801 217,810,639 4,058,814 28,035
2001 8,458,885 56,776,038 220,446,741 4,025,933 27,568
2002 8,546,362 56,923,853 222,968,177 4,021,726 28,034
2003 8,617,372 56,984,993 225,281,695 4,089,950 28,025
2004 8,752,964 56,980,966 227,821,676 4,112,052 27,936
2005 8,849,581 56,929,430 230,411,492 4,138,349 28,440
2006 8,902,216 57,025,537 233,246,527 4,265,555 28,527
2007 9,057,285 57,147,620 236,016,362 4,316,233 29,138
2008 9,169,199 57,274,704 238,597,183 4,247,694 28,029
2009 8,519,862 57,659,087 240,989,961 4,131,019 26,526
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Table B.2
Projected Population Size and Vaccination Through 2025

Predicted Predicted Predicted Predicted
Population  Population ~ Population Predicted Predicted Number of
Size, Size, Size, Predicted Number  Number Doses Predicted
<2 years 2-15 years >16 years Number  of Infant  Eligible  Administered  Vaccine
Year old old old of Births Deaths  for Vacc. (1000s) Cost®
2010 9,209,265 57,817,272 244,456,296 4,239,271 28,500 4,210,800 15,290 $1,745
2011 9,308,450 57,981,536 247,259,263 4,251,832 28,600 4,223,200 15,330 $1,750
2012 9,407,634 58,145,801 250,062,230 4,263,576 28,700 4,234,900 15,370 $1,754
2013 9,506,818 58,310,065 252,865,196 4,274,502 28,800 4,245,700 15,410 $1,759
2014 9,606,002 58,474,330 255,668,163 4,284,611 28,900 4,255,700 15,450 $1,764
2015 9,705,186 58,638,594 258,471,130 4,293,903 29,000 4,264,900 15,480 $1,767
2016 9,804,370 58,802,859 261,274,097 4,302,377 29,100 4,273,300 15,510 $1,770
2017 9,903,554 58,967,123 264,077,063 4,310,035 29,200 4,280,800 15,540 $1,774
2018 10,002,738 59,131,388 266,880,030 4,316,874 29,300 4,287,600 15,560 $1,776
2019 10,101,922 59,295,652 269,682,997 4,322,897 29,300 4,293,600 15,590 $1,780
2020 10,201,106 59,459,917 272,485,964 4,328,102 29,400 4,298,700 15,610 $1,782
2021 10,300,291 59,624,181 275,288,930 4,332,491 29,500 4,303,000 15,620 $1,783
2022 10,399,475 59,788,446 278,091,897 4,336,061 29,500 4,306,600 15,630 $1,784
2023 10,498,659 59,952,710 280,894,864 4,338,815 29,600 4,309,200 15,640 $1,785
2024 10,597,843 60,116,975 283,697,830 4,340,751 29,600 4,311,200 15,650 $1,786
2025 10,697,027 60,281,240 286,500,797 4,341,870 29,700 4,312,200 15,650 $1,786
Total -- - - - - - 248,330 $28,345

a Costs are given in millions of dollars.
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Appendix C  Estimates from the Dynamic Transmission Model
Table C.1
Model-based estimates of fractions of subjects vaccinated and colonized, by age group, serotype group, and year

VT Colonization, VT Colonization, VT Colonization, NVT Colonization, Total Colonization ®,
Vaccinated ? Vacc. Subjects Unvaccinated Subjects All Subjects All Subjects All Subjects

Year <2 2-15 <2 2-15 <2 2-15 >16 <2 2-15 >16 <2 2-15 >16 <2 2-15 >16

1999 0 0 0 0 0.2954 0.1459 0.0431 0.2954 0.1459 0.0431 0.3072 0.1478 0.0451 0.5179 0.2751 0.0867
2000 0.1008 0.0023 0.0256 0.0003 0.263 0.1449 0.0429 0.2886 0.1452 0.0429 0.3074 0.1478 0.0451 0.5132 0.2746 0.0864
2001 0.6815 0.0342 0.1045 0.0029 0.0601 0.1099 0.031 0.1645 0.1128 0.031 0.3164 0.1509 0.0461 0.4331 0.2492 0.0759
2002 0.8581 0.1012 0.0575 0.0038 0.0091 0.0569 0.0153 0.0666 0.0606 0.0153 0.3271 0.1565 0.0478 0.3739 0.2091 0.0625
2003 0.8987 0.1669 0.0255 0.0026 0.0023 0.0252 0.0069 0.0278 0.0278 0.0069 0.3316 0.1596 0.0487 0.3511 0.1837 0.0553
2004 0.9158 0.2187 0.011 0.0014 0.0007 0.0105 0.003 0.0117 0.012 0.003 0.3334 0.161 0.049 0.3416 0.1714 0.0519
2005 0.9301 0.2676 0.0047 0.0007 0.0002 0.0041 0.0012 0.0049 0.0049 0.0012 0.3341 0.1617 0.0492 0.3376 0.1659 0.0504
2006 0.9426 0.3142 0.0019 0.0003 0.0001 0.0016 0.0005 0.002 0.0019 0.0005 0.3345 0.1619 0.0493 0.3358 0.1636 0.0497
2007 0.9522 0.3582 0.0008 0.0001 0 0.0006 0.0002 0.0008 0.0007 0.0002 0.3346 0.162 0.0493 0.3351 0.1626 0.0495
2008 0.9573 0.3997 0.0003 0.0001 0 0.0002 0.0001 0.0003 0.0003 0.0001 0.3347 0.1621 0.0493 0.3349 0.1623 0.0494
2009 0.9573 0.4385 0.0001 0 0 0.0001 0 0.0001 0.0001 0 0.3347 0.1621 0.0493 0.3347 0.1622 0.0493
2010 0.9573 0.4745 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2011 0.9573 0.5081 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2012  0.9573 0.5393 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2013 0.9573 0.5684 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2014 0.9573 0.5954 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2015 0.9573 0.6206 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2016 0.9573 0.644 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2017 0.9573 0.6658 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2018 0.9573  0.686 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2019 0.9573 0.7049 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2020 0.9573 0.7224 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2021 0.9573 0.7388 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2022 0.9573 0.754 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2023 0.9573 0.7681 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
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Table C.1

Continued
VT Colonization, VT Colonization, VT Colonization, NVT Colonization, Total Colonization °,
Vaccinated ? Vacc. Subjects Unvaccinated Subjects All Subjects All Subjects All Subjects
Year <2 2-15 <2 2-15 <2 2-15 >16 <2 2-15 >16 <2 2-15 >16 <2 2-15 >16
2024 0.9573 0.7813 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493
2025 0.9573 0.7935 0 0 0 0 0 0 0 0 0.3347 0.1621 0.0493 0.3347 0.1621 0.0493

a Vaccination effects wane by adulthood.
b Total fraction of subjects who were colonized with VT, NVT, or both.
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Table C.2

Model-based estimates of reported IPD incidence per 100,000 people, by age group, serotype group, and year

VT IPD NVT IPD Total Reported IPD
Year <2 2-15 >16 <2 2-15 >16 <2 2-15 >16 All ages
1999 188.5 5.9 10.7 3.8 5.2 16.9 192.3 11 27.6 28.7
2000 158.8 5.7 10.3 3.8 5.2 16.9 162.5 10.9 27.3 27.7
2001 50.1 4 7.1 3.9 53 17.4 53.9 9.4 245 22.8
2002 12.2 2 35 4 55 18 16.2 75 21.4 19.3
2003 4.2 0.9 1.5 4.1 5.6 18.3 8.2 6.5 19.8 17.6
2004 1.6 0.4 0.7 4.1 5.6 18.4 5.7 6 19.1 16.9
2005 0.6 0.1 0.3 4.1 5.7 18.5 4.7 5.8 18.7 16.5
2006 0.2 0.1 0.1 4.1 5.7 18.5 4.3 5.7 18.6 16.4
2007 0.1 0 0 4.1 5.7 18.5 4.2 5.7 18.5 16.3
2008 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2009 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2010 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2011 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2012 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2013 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2014 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2015 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2016 0 0 0 4.1 57 18.5 4.1 5.7 18.5 16.3
2017 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2018 0 0 0 4.1 57 18.5 4.1 5.7 18.5 16.3
2019 0 0 0 4.1 57 18.5 4.1 5.7 18.5 16.3
2020 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2021 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2022 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3

156



Table C.2

Continued
VT IPD NVT IPD Total Reported IPD
Year <2 2-15 >16 <2 2-15 >16 <2 2-15 >16 All ages
2023 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2024 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3
2025 0 0 0 4.1 5.7 18.5 4.1 5.7 18.5 16.3

Note: Estimates of IPD were developed using reported IPD figures from CDC ABCs, which primarily include meningitis and bacteremia.
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