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Abstract: Streptococcus pneumoniae remains a primary pathogen in hospitalized patients with community-
acquired pneumonia (CAP). The objective of this study was to define the epidemiology of pneumococ-
cal pneumonia in Louisville, Kentucky, and to estimate the burden of pneumococcal pneumonia in the
United States (US). This study was nested in a prospective population-based cohort study of all adult
residents in Louisville, Kentucky, who were hospitalized with CAP from 1 June 2014 to 31 May 2016.
In hospitalized patients with CAP, urinary antigen detection of 24 S. pneumoniae serotypes (UAD-24)
was performed. The annual population-based pneumococcal pneumonia incidence was calculated.
The distribution of S. pneumoniae serotypes was characterized. Ecological associations between pneu-
mococcal pneumonia and income level, race, and age were defined. Mortality was evaluated during
hospitalization and at 30 days, 6 months, and 1 year after hospitalization. Among the 5402 CAP
patients with a UAD-24 test performed, 708 (13%) patients had pneumococcal pneumonia. The
annual cumulative incidence was 93 pneumococcal pneumonia hospitalizations per 100,000 adults
(95% CI = 91-95), corresponding to an estimated 226,696 annual pneumococcal pneumonia hospital-
izations in the US. The most frequent serotypes were 19A (12%), 3 (11%), and 22F (11%). Clusters of
cases were found in areas with low incomes and a higher proportion of Black or African American
population. Pneumococcal pneumonia mortality was 3.7% during hospitalization, 8.2% at 30 days,
17.6% at 6 months, and 25.4% at 1 year after hospitalization. The burden of pneumococcal pneumonia
in the US remains significant, with an estimate of more than 225,000 adults hospitalized annually,
and approximately 1 out of 4 hospitalized adult patients dies within 1 year after hospitalization.
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1. Introduction

The epidemiology of Streptococcus pneumoniae community-acquired pneumonia (CAP)
in adults varies across countries. This may be due to different rates of pneumococcal
and influenza vaccination in adults, different patterns of cigarette smoking, and different
implementation of pneumococcal vaccination in children [1-8]. One challenge in defining
the burden of adult hospitalizations due to pneumococcal pneumonia is that the propor-
tion of S. pneumoniae cases depends on the diagnostic techniques used for identification.
The conventional microbiological approach for identifying patients with pneumococcal
pneumonia typically involves analyzing sputum or other respiratory samples for Gram
stain and culture, culturing blood or other sterile sites such as pleural fluid, and detecting
S. pneumoniae polysaccharide C by using a urinary antigen.
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In a recent CDC study, the proportion of hospitalized patients with pneumococcal
pneumonia was 5% using standard microbiological workup [9]. When a urinary antigen
detection assay for 13 S. pneumoniae serotypes was used in the same study population, the
proportion of S. pneumoniae cases increased to 9% [10]. A urinary antigen detection im-
munodiagnostic assay was recently clinically validated to diagnose 11 additional serotypes,
expanding the possibility of detecting 24 S. pneumoniae serotypes [11,12]. Only a limited
number of studies have utilized the expanded urinary antigen detection (UAD-24) technol-
ogy for detecting 24 S. pneumoniae serotypes as a diagnostic tool to determine the incidence
of S. pneumoniae in hospitalized CAP patients. For instance, a Korean study involving
2669 hospitalized adults with CAP found that 9.4% of the cases were attributed to pneu-
mococcal CAP [5]. An Italian study focusing on 1155 hospitalized elderly patients with
CAP identified 13.1% of the cases as pneumococcal CAP [6]. A Swedish study involving
518 hospitalized adults with CAP revealed that 24.3% of the cases were pneumococcal
CAP [7]. Lastly, a study conducted in Spain, which assessed 3107 hospitalized adults with
CAP, identified 28.8% of the cases as pneumococcal CAP [8]. Importantly, all these studies
highlighted that a significant proportion of patients with pneumococcal CAP were detected
solely through UAD-24 testing.

The virulence of S. pneumoniae serotypes has been assessed based on their ability to
cause invasive disease. Serotypes isolated from blood or other sterile sites are categorized
as invasive serotypes and are generally regarded as the most virulent. However, this link
between serotype invasiveness and virulence has been questioned by some investigators,
as non-invasive serotypes have also been associated with poor clinical outcomes [13]. In
patients with pneumococcal pneumonia, serotype virulence may be better characterized by
those serotypes associated with patients with severe clinical presentations and poor clinical
outcomes. The association of non-invasive serotypes and clinical outcomes is facilitated
by the use of UAD-24 technology. Since the host immune response plays a critical role in
determining the outcomes of patients with pneumococcal pneumonia, a comprehensive
assessment of S. pneumoniae serotypes should consider the potential association of serotypes
in patients with compromised immune responses due to underlying medical conditions or
medical treatments.

Considering the above information, we designed a study using UAD-24 technology
with the objectives to (1) define the incidence, epidemiology, and mortality of adult patients
hospitalized with pneumococcal pneumonia in Louisville, Kentucky, (2) estimate the
burden of pneumococcal pneumonia in the US adult population, and (3) characterize the
association of S. pneumoniae serotypes with patients” comorbidities and outcomes.

2. Materials and Methods
2.1. Study Design and Study Population

This was a nested study of a prospective population-based cohort study of all adult
residents in Louisville, who were hospitalized with CAP from 1 June 2014 to 31 May
2016 [14]. After informed consent was obtained, a urine sample was collected and a
UAD-24 test was performed by capturing pneumococcal polysaccharides with serotype-
specific monoclonal antibodies using Luminex technology [11,12]. For consenting patients,
Quellung reaction was used to identify serotypes of S. pneumoniae isolated from the blood
and respiratory samples obtained during standard of care.

2.2. Inclusion and Exclusion Criteria

Adult patients aged 18 years or older who were hospitalized with CAP were eligible
for inclusion in this study. A patient was defined as having CAP when the following
three criteria were met: (1) the presence of a new pulmonary infiltrate on chest radiograph
and/or chest computed tomography scan at the time of hospitalization; (2) the presence
of at least one of the following: (a) new cough or increased cough or sputum produc-
tion, (b) fever > 37.8 °C (100.0 °F) or hypothermia < 35.6 °C (96.0 °F), and (c) changes in
leukocyte count (leukocytosis: >11,000 cells/mm?; left shift: >10% band forms/mL; or
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leukopenia: <4000 cells/ mm?3); and (3) no alternative diagnosis at the time of hospital
discharge that justified the presence of criteria 1 and 2.

With the intent to enroll only hospitalized patients with CAP who lived in Louisville,
Kentucky, and who were counted in the 2010 US Census, patients were excluded from
analysis if they (1) did not have a permanent or valid Louisville address based on the US
Census Bureau data, (2) did not have a valid Social Security Number (SSN), or (3) were in
the correctional system.

2.3. Human Subject Protection

This nested sub-study and the parent study were approved by the Institutional Review
Board at the University of Louisville Human Subjects Research Protection Program Office
(IRB #11.0613, # 13.0408) and by the research offices at each participating hospital.

2.4. Specimen Collection and Definition of Pneumococcal Pneumonia

Specimens for S. pneumoniae testing were collected after informed consent was ob-
tained. A patient was defined as having pneumococcal pneumonia when any of the
following three criteria were met: (1) positive culture of S. pneumoniae from respiratory or
blood samples; (2) positive urinary antigen detection of S. pneumoniae polysaccharide C; or
(3) positive urinary antigen detection of any 24 S. pneumoniae serotypes via the UAD-24 test.

2.5. Incidence Calculation in Louisville

Among the patients with a UAD-24 test performed, the number of pneumococcal
pneumonia cases was defined. The proportion of pneumococcal pneumonia cases was the
number of pneumococcal pneumonia cases divided by the number of patients in whom
a UAD-24 test was performed. This proportion was used as a multiplier to estimate the
number of pneumococcal pneumonia cases in patients without a UAD-24 test performed.
Wilson 95% confidence intervals were calculated for the number of estimated cases. Annual
cumulative incidence of pneumococcal pneumonia hospitalizations per 100,000 adults
was calculated using the estimated number of pneumococcal pneumonia cases divided by
the number of adults living in Louisville according to the US census data [15]. Complete
descriptions of the incidence calculations can be found in the Supplementary Materials. R
software (version 4.2.0, R Core Team, Vienna, Austria) was used for all statistical analysis.

2.6. Geospatial Epidemiology

The geomasked location of each patient’s home address who was diagnosed with
pneumococcal pneumonia was obtained through the US Census Bureau website [16]. A
kernel density heat map was created using each patient’s home location at the time of
hospitalization during the study period. Kulldorff’s Spatial Scan Statistic was used to
determine significant areas of risk for hospitalization due to pneumococcal pneumonia [17].
Using census tract-level demographics, kernel density heat maps were created for (1) the
Louisville population living in poverty, (2) the population that identifies as Black or African
American race, and (3) the population that is aged 65 years or older. These maps were
compared to the spatial distribution of pneumococcal pneumonia cases. A complete
description of the geospatial methods can be found in the Supplementary Materials. ArcGIS
(version 10.7, ESRI, Redlands, CA, USA) was used for all geospatial analyses.

2.7. Clinical Outcomes

At the time of hospital admission, patients were considered as having severe CAP
if they required direct admission to ICU. Patients were also classified according to the
Pneumonia Severity Index (PSI) risk class [18]. Clinical failure in patients was defined as
evidence of any of the following during hospitalization: (1) acute pulmonary deterioration
with the need for mechanical ventilation or (2) acute hemodynamic deterioration with
the need for vasopressors [19]. A patient was defined as having a cardiovascular event if
any of the following events were diagnosed during hospitalization: myocardial infarction,
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new-onset cardiac arrhythmia, acute worsening of a long-term arrhythmia, cerebrovascular
accident, pulmonary embolism, or pulmonary edema.

All-cause mortality for hospitalized patients with pneumococcal pneumonia was
evaluated during hospitalization and at 30 days, 6 months, and 1 year after hospitalization.

2.8. Extrapolations to the United States

The number of pneumococcal pneumonia hospitalizations in the US was estimated by
multiplying the Louisville cumulative incidence rate by the estimated 2014 US adult popu-
lation obtained from the US Census Bureau [15]. Complete descriptions of the incidence
calculations can be found in the Supplementary Materials.

Mortality data from Louisville were extrapolated to the US population hospitalized
with pneumococcal pneumonia. Full methodologic descriptions can be found in the
Supplementary Materials.

2.9. Serotype Incidence

For patients with a UAD-24 test performed, the incidence of S. pneumonia serotypes
was defined as the proportion of S. pneumoniae serotypes from all detected serotypes. This
was calculated as the percentage of each serotype from the total number of serotypes
identified from any sample source.

2.10. Serotype Associations with Comorbidities and Clinical Outcomes

For each serotype detected by UAD-24, we considered the total number of said
serotype detected to be 100%. Based on this 100% per serotype, the prevalence of clinical
characteristics and outcomes was calculated for each serotype. The clinical characteristics
evaluated per serotype were patient comorbidities. The outcomes evaluated per serotype
were severity of disease, clinical failure, cardiovascular events, and in-hospital mortality.
Serotypes were excluded from this analysis if there were less than 6 patients with the
serotype detected.

2.11. Serotype Virulence

For each clinical outcome, serotypes were ranked according to their prevalence, so
that the serotypes with the highest prevalence received the highest rank. Using these ranks,
the average rank of all outcomes for each serotype was calculated. The serotypes with the
highest average rank of these clinical outcomes were considered the most virulent.

3. Results
3.1. Incidence of Pneumococcal Pneumonia
3.1.1. Proportion of Pneumococcal Pneumonia

Of the 8284 patients hospitalized with CAP in the parent study, 6196 patients consented
for urinary antigen testing. Among these patients, 5402 had samples for urinary antigen
detection of 24 S. pneumoniae serotypes and Quellung reaction for identifying S. pneumoniae
obtained during standard of care. These 5402 patients constituted the study population. A
flowchart describing the study participants is depicted in Figure 1. From the study popula-
tion, pneumococcal pneumonia was identified in 708 patients (13%). The characteristics
of patients with pneumococcal pneumonia are depicted in Table 1. A detailed breakdown
of the identification of S. pneumoniae by sample type is depicted in the Supplementary
Materials. The proportion of pneumococcal pneumonia cases was determined to be 13%
based on the number of patients with S. pneumoniae identified in the study population.



Microorganisms 2023, 11, 2813

5o0f 14

Two years

June 2014 — May 2016

University of Louisville Pneumonia Study

8284 Adult patients with
CAP hospitalized

Study population
Patients consented and in
5402 whom urinary antigen
(UAD-24) performed

Streptococcus
469

pneumoniae CAP L
(87%) negative

708 Streptococcus

3

Patients without

consent or urinary
288 antigen (UAD-24)

performed

p iae CAP
(13%) positive
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.
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1181 Streptococcus pneumoniae
CAP over two years

L)

Estimated annual
543 Streptococcus pneumoniae
CAP hospitalizations

378 eptococcs
(13%) pneumoniae CAP

Figure 1. Flow chart of study participants with estimation of the annual number of adults hospitalized

with S. pneumoniae CAP.

Table 1. Characteristics of hospitalized patients with S. pneumoniae CAP (n = 708).

Variable Value
Total N 708
Demographics
Age, median (IQR) 65 (56-75)
Male sex, n (%) 323 (46)
Black or African American race, n (%) 123 (17)
Medical and social history, n (%)
Obese 238 (34)
HIV disease 21 (3)
Neoplastic disease (active or within the last year) 86 (12)
Renal disease 184 (26)
Chronic renal failure 44 (6)
Congestive heart failure (CHF) 199 (28)
Chronic obstructive pulmonary disease (COPD) 403 (57)
Stroke 85 (12)
Current smoker 317 (45)
Diabetes mellitus 214 (30)
Severity of disease
ICU admission, n (%) 144 (20)
Altered mental status on admission, n (%) 96 (14)
Vasopressors on admission, n (%) 25 (4)
Ventilatory support on admission, n (%) 100 (14)
Pneumonia Severity Index, median (IQR) 97 (74-127)
PSI risk class IV or V, n (%) 407 (57)
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3.1.2. Incidence of Hospitalizations Due to Pneumococcal Pneumonia

To calculate the incidence of pneumococcal pneumonia, the S. prneumoniae multiplier
was first used to estimate the number of S. pneumoniae cases detected in patients with-
out a UAD-24 test performed. From the 2882 patients, and using the 13% multiplier,
378 S. pneumoniae CAP cases were estimated. This leads to 1081 cases of S. pneumoniae CAP
over the two-year period, and 541 cases of S. pneumoniae CAP annually. Using the adult
population of Louisville, KY, the annual incidence of hospitalizations due to pneumococcal
pneumonia was 93 cases per 100,000 adults (95% CI = 91-95).

3.1.3. Incidence of Pneumococcal Pneumonia by Age and Comorbidity

Figure 2 depicts the incidence of pneumococcal pneumonia by age group. Older
adult patients had a higher incidence of hospitalization due to pneumococcal pneumonia.
Figure 3 depicts the incidence of pneumococcal pneumonia by comorbid condition. A
history of COPD was the comorbid condition associated with the highest incidence of
hospitalization due to pneumococcal pneumonia.

600 -

500 Age Group  Incidence 95% Cl
All adults 93 91-95
18-24 years 6 5-7
400
25-34 years 16 14-18
35-44 years 33 30-36
300 45-54 years 58 55-62

55-59 years 144 137-153
60-64 years 144 135-155
65-74 years 248 238-259
75-84 years 239 224-255
> 85 years 493 448-544

Incidence per 100,000

200

100

Figure 2. Incidence of S. pneumoniae CAP per 100,000 adults by age group.

1200
1000 — Comorbidity  Incidence  95% CI
All adults 93 91-95
9 - Obese 87 84-91
S |
S Smoker 159 155-164
T Diabetes 247 236-259
[}
3 600 Stroke 301 278-327
e CHF 493 472-517
2 4 COPD 982  955-1011
g o
N i
2 --.
o 2 3 3 ] S
F & S
3 & » o O
» & o

Figure 3. Incidence of S. pneumoniae CAP per 100,000 adults by comorbidity.
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3.1.4. Association of Pneumococcal Pneumonia with Income Level, Race, and Age

The kernel density heat map of unique patients with pneumococcal pneumonia in the
city of Louisville is depicted in Figure 4A. Accounting for the underlying population density,
a zone of high risk for hospitalization due to pneumococcal pneumonia was identified in
the western part of the city (Risk Ratio: 2.13, p < 0.001). The clustering of S. pneumoniae
cases in the western part of the city was associated with census tracts where the average
population had a larger proportion of individuals with a low annual income (Figure 4B) or
a high proportion of individuals of Black or African American race (Figure 4C). Census
tracts with the highest percentage of older adult population were located in the eastern
part of the city (Figure 4D).

A S. pneumoniae CAP hospitalizations B Population below poverty level

Cases per square mile Persons per square mile

[ ]oo-os 48-66 [ Jo-s2 8701272
[ Joo—27 M e7-17 [ ]e3—4c6 [ 1273-2547

- . a R . e
28-47 g _ gRelative Risk=2.13 [7] 467869

C Population Black or African American D Population aged 65 years or older

>~

‘?‘;ﬁﬂ

Persons per square mile Persons per square mile
[ Jo-20 ﬁ 14592177 [ Jo-1s7 ﬁ 558757
[ J21-730 | 2178-4629 [ ] 1s8—3s7 |l 758893
[ 7401458 [ 358557

Figure 4. Heat maps of the city of Louisville for patients hospitalized with S. pneumoniae CAP (A),
population living in poverty (B), population that identifies as Black or African American race (C),
and population that is aged 65 years or older (D). The area of relative risk for hospitalization with S.
pneumoniae CAP in the west part of the city is depicted by the dotted line in map (A).

3.2. Clinical Outcomes
3.2.1. Severe CAP, Clinical Failure, and Cardiovascular Events

A total of 407 (57%) patients with pneumococcal pneumonia had PSI risk class IV
or V at the time of hospitalization, and a total of 144 (20%) patients with pneumococcal
pneumonia required ICU admission at the time of hospitalization. Clinical failure was
documented in 147 (21%) patients. Cardiovascular events, documented in 55 (8%) patients,
were as follows: new arrhythmia or worsening of a long-term arrhythmia in 45 (6%)
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patients, acute myocardial infarction in 11 (2%) patients, pulmonary embolisms in 2 (<1%)
patients, and pulmonary edema in 2 (<1%) patients.

3.2.2. Mortality

The all-cause mortality for the 708 hospitalized adult patients with pneumococcal
pneumonia in the city of Louisville was as follows: 3.7% during hospitalization, 8.2% at
30 days, 17.6% at 6 months, and 25.4% at 1 year after hospitalization.

3.3. Estimation of Burden of Disease in the United States

Using the incidence of pneumococcal pneumonia, the estimated number of hospitaliza-
tions due to pneumococcal pneumonia in the US was 226,696 per year. Using the Louisville
mortality data, the number of estimated deaths in the US population was 8325 during hos-
pitalization, 18,624 at 30 days, 39,817 at 6 months, and 57,641 at 1 year after hospitalization.

3.4. Serotypes
3.4.1. Serotype Incidence

Among the 708 patients with pneumococcal pneumonia, 519 patients had serotypes
identified from any sample type, with 581 serotypes identified in total. The serotype
distribution for patients in whom a serotype was identified is shown in Figure 5.

19A
3
22F
5 | n=44 (8%)

| ] n=70 (12%)
|
[
|
1A | | n=44 (8%)
|
|
|
[

] n=63 (11%)
] n=62 (11%)

9N ] n=31 (5%)
10A ] n=28 (5%)
6A ] n=24 (4%)
33F | n=22 (4%)
7F 1 n=19(3%)
17F ] n=19 (3%)
8 [ 1n=16(3%)
14 [ n=16 (3%)
19F [ 1 n=13(2%)
1 T n=13(2%)
15B 1 n=12(2%)
12F [ n=12 (2%)
20 [ n=11(2%)
18C [ n=11(2%)
23F [ n=10(2%)
4 [ n=8(1%)
23B [ n=5(<1%)
16F [ n=5(<1%)
6C [ n=4(<1%)
35B [ n=4 (<1%)
15A [ n=4 (<1%)
6B [ n=3(<1%)
21 [ n=3(<1%)
38 [ n=2(<1%)
oV [ n=1(<1%)
7C 0 n=1(<1%)
15C [ n=1(<1%)

T T T T T T T 1
0 2 4 6 8 10 12 14

Percent of detected serotypes

Figure 5. Distribution of the 581 S. pneumoniae serotypes detected from any sample type.
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3.4.2. Serotype Associations with Comorbidities and Clinical Outcomes

S. pneumoniae serotypes associated with the highest rates of neoplastic disease, chronic
obstructive pulmonary disease, diabetes, renal disease, cardiovascular disease, and liver
disease are shown in Figure 6. S. pneumoniae serotypes associated with the highest rates of
PSI risk class IV/V, ICU admission, clinical failure, cardiovascular events, and in-hospital

mortality are shown in Figure 7.

19F

A. Neoplastic Disease

- 27% (3111)

12F

B.COPD

73% (8/11)

C. Diabetes

19F 55% (6/11)

18C 25% (2/8) 1A 72% (28/39) BA 48% (11/23)
7F - 22% (418) 158 _ 67% (6/9) F 44% (8/18)
23F - 22% (2/9) 8 _ 64% (9/14) 23F 44% (4/9)
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- 15% (4/27)
T
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Figure 6. Estimation of the most associated serotypes found by UAD-24 testing by comorbidity. Only
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=}
n
=3
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the top five serotypes are depicted for each comorbidity.
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100

A.PSIIVIV B. ICU Admission C. Clinical failure
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Figure 7. Estimation of most associated serotypes found by UAD-24 testing with severe CAP, clinical
failure, cardiovascular events, and in-hospital mortality. Only the top five serotypes are depicted for
each outcome.

Serotypes 23F, 1, and 3 were the highest ranked serotypes in terms of clinical outcomes.
The average rank of serotype virulence is depicted in Figure 8.



Microorganisms 2023, 11, 2813

10 of 14

-
©
p

T T T T 1
0 5 10 15 20
<— Less virulent More virulent —>
Average Rank of Virulence
Figure 8. Estimation of virulence based on the average rank of outcomes. A higher rank indicates
more virulence.

4. Discussion

This study indicates that in Louisville, the annual incidence of adults hospitalized
with CAP due to S. pneumoniae is 93 per 100,000 adults (95% CI = 91-95). This translates to
an estimated 225,000 adult hospitalizations in the US annually. Adults aged 65 years or
older have a substantially higher rate of hospitalization due to pneumococcal pneumonia
compared to adults aged 18-64 years old (280 per 100,000 versus 53 per 100,000, respec-
tively). Several comorbid conditions place patients at an increased risk for pneumococcal
pneumonia. In our study, patients with COPD have the highest risk for hospitalization due
to S. pneumoniae CAP, with an annual incidence of 982 per 100,000 adults with COPD.

The extrapolations from the city of Louisville to the United States are based on our
prior work indicating that the city of Louisville is a microcosm of the United States. We have
previously evaluated 52 demographic, socioeconomic, and health behavior variables of
cities in the United States to define how well they represent the overall United States census
demographics [20]. From all cities in the US with a population greater than 500,000, we
identified Louisville as the second closest city to the overall United States [20]. This dataset
provides support for our national estimation of burden of pneumococcal pneumonia. Of
note, the state of Kentucky has significantly more comorbid cases and a higher incidence of
tobacco use, including smoking, than Louisville and the overall United States.

In our study, we identified that 13% of adult patients hospitalized with CAP have
pneumococcal pneumonia. This rate is significantly lower than the rates reported in two
European studies of adults hospitalized with CAP that utilized UAD-24 testing, which
found 24-29% of patients had pneumococcal pneumonia [7,8]. Our findings agree with the
current literature indicating that the incidence of pneumococcal CAP is less prevalent in
the United States compared to Europe [21]. In the US, surveillance studies of pneumococcal
pneumonia have been limited to invasive serotypes [22]. Further studies using UAD-
24 technology will be necessary to define current trends of non-invasive pneumococcal
pneumonia in the US.

Geospatial epidemiology indicates there is an increased risk for pneumococcal pneu-
monia in the western half of the city. This corresponds to areas of the city that have both a
high prevalence of poverty and a high proportion of Black or African American residents.
This ecological finding is in accordance with a prior CDC study evaluating socioeconomic
and racial disparities in 4870 adults with bacteremic pneumococcal pneumonia [23]. Since
there is no genetic predisposition for contracting pneumococcal pneumonia among Black or
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African American individuals, the geospatial association of race and pneumococcal pneu-
monia is most likely explained by poverty and other determinants of health. Poverty is
often recognized as a marker for several factors that may increase the risk of pneumococcal
pneumonia, such as poor nutrition, increased number of occupants per room, poor air
quality, increased rates of smoking, lack of medical insurance, and suboptimal access to
medical care and preventive medicine.

In the current study, we evaluated the severity of pneumococcal pneumonia at the
time of hospitalization and clinical outcomes. Regarding severity of disease, over half of
the patients hospitalized with pneumococcal pneumonia had PSI risk class IV or V, and
one in five required ICU admission at the time of hospitalization. After hospitalization,
nearly one in five patients developed clinical failure, requiring mechanical ventilation or
vasopressors. In agreement with the current literature, we found that 8% of patients with
pneumococcal pneumonia developed cardiovascular events during hospitalization, the
most common of which was new onset of arrhythmia [24].

Our findings show that approximately one in four patients hospitalized with pneumo-
coccal pneumonia will die within one year after hospitalization. Annually, we estimated
that approximately 57,000 patients in the US will die within one year after hospitalization
for pneumococcal pneumonia. Excess death after hospital discharge for patients admitted
with CAP when compared to control subjects has been previously reported [25-28]. Sys-
temic inflammation has been documented in patients with pneumococcal pneumonia after
a clinical resolution of the infection. Persistent inflammation after an episode of pneumo-
coccal pneumonia may play a role in the premature death observed in these patients.

The most common serotypes detected in our study were 19A, 3, and 22F, accounting
for nearly one third of all identified pneumococcal serotypes detected. All these serotypes
are present in currently recommended conjugated vaccines [29]. These three serotypes
were also commonly found in a combined total of almost 1200 patients with pneumococcal
pneumonia in three studies utilizing UAD-24 serotype testing in Europe [6-8]. The most
significant difference between these European studies and our US data is the high frequency
of serotype 8 in each European study and the low frequency of serotype 8 in our US
data [6-8].

We attempted to define which S. pneumoniae serotypes were most virulent based on
their association with more severe clinical diseases and worse clinical outcomes. Based on
the average rank of the outcomes, serotypes 23F, 1, and 3 were the most virulent serotypes,
as patients hospitalized with these three serotypes experienced the highest rates of severe
CAP and poor clinical outcomes compared to other serotypes. Our findings agree with a
study in Spain utilizing UAD-24 testing, which found serotype 3 to be most associated with
severity of disease and serotypes 1 and 3 to be most associated with poor outcomes [8].
One major difference was the identification of serotype 23F as a highly virulent serotype
in our data [8]. We did not find any specific trends in serotype associations with patients’
comorbidities.

One limitation of our study is that serotyping was primarily performed using the
UAD-24 platform. Considering that there are 100 known serotypes of S. pneumoniae [30],
we might have underestimated the true incidence of S. pneumoniae as the etiology of CAP in
hospitalized patients, as well as the distribution of serotypes among pneumococcal pneu-
monia cases. As UAD-24 testing is a non-commercial test, its availability is limited and its
clinical use has not been fully evaluated. Another limitation is that among the 8284 patients
with CAP, we were able to perform UAD-24 testing in only 5402 patients. Finally, this
study was performed in the pre-COVID-19 pandemic period. In the current post-pandemic
period, the incidence and epidemiology of S. pneumoniae may have been altered.

Our study has several strengths. First, we were able to evaluate and enroll all adult
hospitalizations in the city of Louisville for two consecutive years. Second, we were able
to identify cases of pneumococcal pneumonia that were also included in our defined
geographic area through the US Census Bureau, using the patients” home addresses. Third,
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we were able to define the number of unique patients hospitalized with pneumococcal
pneumonia using the patients” Social Security Number.

5. Conclusions

In conclusion, we documented an annual incidence of 93 adults hospitalized with
pneumococcal pneumonia per 100,000 adults in the city of Louisville. We estimated a
substantial burden of pneumococcal pneumonia in the US adult population. Approximately
225,000 unique adults will be hospitalized in the US each year due to pneumococcal
pneumonia. One year after hospitalization due to pneumococcal pneumonia, death will
occur in nearly one out of four adults. Due to this excess burden of disease, efforts to
advance prevention strategies and treatment modalities are needed.
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antigen detection (UAD-24) was performed, split by pneumococcal pneumonia. References [15,17,31]
are cited in the supplementary materials.

Author Contributions: Conceptualization, ].R.; Formal analysis, J.R., S.F. and T.R.C.; Methodology,
JR., SFE, TR.C,TW, PP, FEA. and R.C. (Ruth Carrico); Writing—original draft preparation, J.R., S.EF,
TR.C, TW., PP, EA, WM., AW, ].B,, RE-B., R.C. (Ruth Carrico) and R.C. (Rodrigo Cavallazzi);
Data Curation, The University of Louisville Pneumonia Study Group; Writing—review and editing,
JR,SF, TR.C, TW, PP, FA, WM., AW, ].B.,, RE-B,, R.C. (Ruth Carrico) and R.C. (Rodrigo
Cavallazzi). All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon request. The data are not publicly available due to the privacy of the participants.

Acknowledgments: The authors would like to acknowledge the University of Louisville Pneumo-
nia Study Group for their implementation of the study. Members of the University of Louisville
Pneumonia Study Group are as follows: Abaid, Bilal; Abbas, Eman Mohammed; Abdelfattah, Rehab
Rabie; Adipudi, Renuka; Ahmed, Mohamed Mirghani; Al Dallal, Hiba Ali; Alexander, Kalifa Avielle
Shan; Ali, Tshura S; Aljohmani, Younes; Alnaeeli, Mawadda; Arnouk, Joud; Atif, Meena; Ayoubi,
Rukia; Baez Gonzalez, Joannis; Barahona, Guillermo Armando; Bergquist, Ashley Lynn; Bloomer,
Courtney Teeba; Boja, Himabindu; Buckner, Kimberley Ann; Cathey, Rachel Lee; Diaz Zuniga, Yohan;
ELBiheary, Amir Ahmed; Elhaddad, Moamen Reda Mous; Elkhawas, Ibrahim Mostafa; Fuentes
Arzola, Ana Lilia; Garcia Perez, Yasmany; Gautam, Sabina; Ghosh, Kuldeep; Gianella Seminario,
Fabiola Gio; Gibson, Richard Joseph Paul; Godo Sanchez, Clemente; Gonzalez Perez, Antonio; Her-
rera Morales, Orbein; Home Lopez Viera, Beatriz; Jayakumar, Priyanga; Kakar, Rishtya Meena;
Khaleefah, Muntadher Mohamm; Khalifa, Aisha Kamil; Kincaid, Jenevieve Suzanne; Kolikonda,
Murali Krishnan; Lanceta, Joel M; Lestingi, Jennifer Anne; Lohano, Kavita Kumari; Lunn, Stephanie
Maria; Maluf, Cynthia B; Marimuthu, Subathra; Martell Alonso, Carlos Alberto; Medina Teron,
Maribel; Mir, Mohammed Murtaza Ali; Mohammad, Mohammad; Moisa, Claudiu Romolus; Nahas,
Ahmed Hatem; Naranjo Fonseca, Yazmina; O’Neal, Dianna Carroll; Otero Mostacero, Diana Carolina;
Perez Rivera, Ricardo Mauro; Perez Rodriguez, Lysbeth; Perez San Juan, Jorge; Poudyal, Pradeepa;
Pulgaron Dominguez, Vladimir; Rashid, Salwa Faisal; Rastogi, Vaibhav; Reinhart, Ashley Nicole;
Reyes Fundora, Edisley; Reyes Vega, Andrea Martina; Rios Perez, Cristian Daniel; Rivera Contreras,
Katherine; Rodriquez Hernandez, Lisandra; Saha, Soma; Salunkhe, Vidyulata; Savegnago, Kara Ann;
Singh, Devina; Sirdeshpande, Pooja Sanjay; Srinivasan, Kavitha; Thandra, Abhishek; Thompson,
Kendra Kenshay; Van Heiden, Sarah Christena; Velasquez Espiritu, Maria Rosa; Villatoro, Luisa
Geovanna; Wilson, Beverly Megan; and Jie Ma.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/microorganisms11112813/s1
https://www.mdpi.com/article/10.3390/microorganisms11112813/s1

Microorganisms 2023, 11, 2813 13 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Forstner, C.; Kolditz, M.; Kesselmeier, M.; Ewig, S.; Rohde, G.; Barten-Neiner, G.; Rupp, J.; Witzenrath, M.; Welte, T.; Pletz, M.W.
Pneumococcal conjugate serotype distribution and predominating role of serotype 3 in German adults with community-acquired
pneumonia. Vaccine 2020, 38, 1129-1136. [CrossRef] [PubMed]

Liapikou, A.; Konstantinidis, A.; Kossyvaki, V.; Skiadas, J.; Menegas, D.; Méndez, C.; Beavon, R.; Begier, E.; Gessner, B.D.; Milionis,
H.; et al. Pneumococcal serotypes in adults hospitalized with community-acquired pneumonia in Greece using urinary antigen
detection tests: The EGNATIA study, November 2017-April 2019. Hum. Vaccines Immunother. 2022, 18, 2079923. [CrossRef]
[PubMed]

Alanee, S.R.; McGee, L.; Jackson, D.; Chiou, C.C.; Feldman, C.; Morris, AJ.; Ortqvist, A.; Rello, ].; Luna, C.M.; Baddour, L.M.; et al.
Association of serotypes of Streptococcus pneumoniae with disease severity and outcome in adults: An international study. Clin.
Infect. Dis. 2007, 45, 46-51. [CrossRef] [PubMed]

Suaya, J.A.; Mendes, R.E; Sings, H.L.; Arguedas, A.; Reinert, R.-R.; Jodar, L.; Isturiz, R.E.; Gessner, B.D. Streptococcus pneumoniae
serotype distribution and antimicrobial nonsusceptibility trends among adults with pneumonia in the United States, 2009-2017.
J. Infect. 2020, 81, 557-566. [CrossRef] [PubMed]

Heo, ].Y,; Seo, Y.B.; Jeong, HW.; Choi, M.].; Min, K.H.; Choi, W.S; Lee, J.; Noh, ].Y.; Cheong, H.].; Kim, W.J.; et al. Epidemiology of
community-acquired pneumonia in the era of extended serotype-covering multivalent pneumococcal conjugate vaccines. Vaccine
2020, 38, 7747-7755. [CrossRef]

Orsi, A.; Domnich, A.; Mosca, S.; Ogliastro, M.; Sticchi, L.; Prato, R.; Fortunato, E; Martinelli, D.; Tramuto, F.; Costantino, C.; et al.
Prevalence of Pneumococcal Serotypes in Community-Acquired Pneumonia among Older Adults in Italy: A Multicenter Cohort
Study. Microorganisms 2022, 11, 70. [CrossRef]

Hansen, K.; Runow, E.; Torisson, G.; Theilacker, C.; Palmborg, A.; Pan, K.; Jiang, Q.; Southern, J.; Beavon, R.; Gessner, B.D.; et al.
Radiographically confirmed community-acquired pneumonia in hospitalized adults due to pneumococcal vaccine serotypes in
Sweden, 2016-2018—The ECAPS study. Front. Public Health 2023, 11, 1086648. [CrossRef]

Torres, A.; Menéndez, R.; Espaiia, P.P,; Fernandez-Villar, ].A.; Marimon, ].M.; Cilloniz, C.; Méndez, R.; Egurrola, M.; Botana-Rial,
M.; Ercibengoa, M.; et al. The Evolution and Distribution of Pneumococcal Serotypes in Adults Hospitalized With Community-
Acquired Pneumonia in Spain Using a Serotype-Specific Urinary Antigen Detection Test: The CAPA Study, 2011-2018. Clin. Infect.
Dis. 2021, 73, 1075-1085. [CrossRef]

Jain, S.; Self, WH.; Wunderink, R.G.; Fakhran, S.; Balk, R.; Bramley, A.M.; Chappell, ].D. Community-acquired pneumonia
requiring hospitalization among U.S. adults. N. Engl. ]. Med. 2015, 373, 415-427. [CrossRef]

Wunderink, R.G.; Self, W.H.; Anderson, E.J.; Balk, R.; Fakhran, S.; Courtney, D.M.; Qi, C.; Williams, D.J.; Zhu, Y.; Whitney, C.G;
et al. Pneumococcal community-acquired pneumonia detected by serotype-specific urinary antigen detection assays. Clin. Infect.
Dis. 2018, 66, 1504-1510. [CrossRef]

Pride, M.W.; Huijts, S.M.; Wu, K,; Souza, V.; Passador, S.; Tinder, C.; Song, E.; Elfassy, A.; McNeil, L.; Menton, R.; et al. Validation
of an immunodiagnostic assay for detection of 13 Streptococcus pneumoniae serotype-specific polysaccharides in human urine.
Clin. Vaccine Immunol. 2012, 19, 1131-1141. [CrossRef] [PubMed]

Kalina, W.V.; Souza, V.; Wu, K.; Giardina, P.; McKeen, A; Jiang, Q.; Tan, C.; French, R.; Ren, Y.; Belanger, K ; et al. Qualification
and clinical validation of an immunodiagnostic assay for detecting 11 additional Streptococcus pneumoniae serotype-specific
polysaccharides in human urine. Clin. Infect. Dis. 2020, 71, e430-e438. [CrossRef] [PubMed]

Pletz, M.; Welte, T.; Klugman, K.P. The paradox in pneumococcal serotypes: Highly invasive does not mean highly lethal. Eur.
Respir. ]. 2010, 36, 712-713. [CrossRef] [PubMed]

Ramirez, J.A.; Wiemken, T.L.; Peyrani, P; Arnold, EW.,; Kelley, R.; A Mattingly, W.; Nakamatsu, R.; Pena, S.; Guinn, B.E,;
Furmanek, S.P; et al. Adults hospitalized with pneumonia in the United States: Incidence, epidemiology and mortality. Clin.
Infect. Dis. 2017, 65, 1806-1812. [CrossRef]

U.S. Census Bureau, Population Division. Annual Estimates of the Resident Population by Single Year of Age and Sex for the
United States: April 1, 2010 to July 1, 2014. 2015. Available online: https://www?2.census.gov/programs-surveys/popest/tables/
2010-2014 /national /asrh/PEPSYASEXN.pdf (accessed on 16 February 2023).

United States Census Bureau. Geocoder. Available online: https://geocoding.geo.census.gov/geocoder (accessed on 2 May 2022).
Kulldorff, M. Bernoulli, Discrete Poisson and Continuous Poisson Models: A spatial scan statistic. Commun. Stat. Theory Methods
1997, 26, 1481-1496. [CrossRef]

Fine, M.].; Auble, T.E.; Yealy, D.M.; Hanusa, B.H.; Weissfeld, L.A.; Singer, D.E.; Coley, C.M.; Marrie, T.].; Kapoor, W.N. A prediction
rule to identify low-risk patients with community-acquired pneumonia. N. Engl. . Med. 1997, 336, 243-250. [CrossRef]
Peyrani, P.; Arnold, EW.; Bordon, J.; Furmanek, S.; Luna, C.M.; Cavallazzi, R.; Ramirez, J. Incidence and Mortality of Adults
Hospitalized with Community-Acquired Pneumonia According to Clinical Course. Chest 2020, 157, 34—41. [CrossRef]
Furmanek, S.; Connor, G.; Chandler, T.; Tella, M.A.; Mattingly, W.A.; Ramirez, J.A.; Wiemken, T.L. The City of Louisville
Encapsulates the United States Demographics. Univ. Louisville |. Respir. Infect. 2020, 4, 4. [CrossRef]

Musher, D.M.; Abers, M.S.; Bartlett, ].G. Evolving Understanding of the Causes of Pneumonia in Adults, With Special Attention
to the Role of Pneumococcus. Clin. Infect. Dis. 2017, 65, 1736-1744. [CrossRef]

Centers for Disease Control and Prevention. Active Bacterial Core Surveillance (ABCs). Available online: https://www.cdc.gov/
abcs/index.html (accessed on 12 October 2023).


https://doi.org/10.1016/j.vaccine.2019.11.026
https://www.ncbi.nlm.nih.gov/pubmed/31761500
https://doi.org/10.1080/21645515.2022.2079923
https://www.ncbi.nlm.nih.gov/pubmed/35703733
https://doi.org/10.1086/518538
https://www.ncbi.nlm.nih.gov/pubmed/17554699
https://doi.org/10.1016/j.jinf.2020.07.035
https://www.ncbi.nlm.nih.gov/pubmed/32739491
https://doi.org/10.1016/j.vaccine.2020.10.046
https://doi.org/10.3390/microorganisms11010070
https://doi.org/10.3389/fpubh.2023.1086648
https://doi.org/10.1093/cid/ciab307
https://doi.org/10.1056/NEJMoa1500245
https://doi.org/10.1093/cid/cix1066
https://doi.org/10.1128/CVI.00064-12
https://www.ncbi.nlm.nih.gov/pubmed/22675155
https://doi.org/10.1093/cid/ciaa158
https://www.ncbi.nlm.nih.gov/pubmed/32072165
https://doi.org/10.1183/09031936.00041210
https://www.ncbi.nlm.nih.gov/pubmed/20889457
https://doi.org/10.1093/cid/cix647
https://www2.census.gov/programs-surveys/popest/tables/2010-2014/national/asrh/PEPSYASEXN.pdf
https://www2.census.gov/programs-surveys/popest/tables/2010-2014/national/asrh/PEPSYASEXN.pdf
https://geocoding.geo.census.gov/geocoder
https://doi.org/10.1080/03610929708831995
https://doi.org/10.1056/NEJM199701233360402
https://doi.org/10.1016/j.chest.2019.09.022
https://doi.org/10.18297/jri/vol4/iss2/4
https://doi.org/10.1093/cid/cix549
https://www.cdc.gov/abcs/index.html
https://www.cdc.gov/abcs/index.html

Microorganisms 2023, 11, 2813 14 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

Burton, D.; Flannery, B.; Bennett, N.M.; Farley, M.M.; Gershman, K.; Harrison, L.H.; Lynfield, R.; Petit, S.; Reingold, A.L.; Schaffner,
W.; et al. Socioeconomic and Racial /Ethnic Disparities in the Incidence of Bacteremic Pneumonia Among US Adults. Am. J. Public
Health 2010, 100, 1904-1911. [CrossRef]

Musher, D.M.; Rueda, A.M.; Kaka, A.S.; Mapara, S.M. The association between pneumococcal pneumonia and acute cardiac
events. Clin. Infect. Dis. 2007, 45, 158. [CrossRef] [PubMed]

Kaplan, V.; Clermont, G.; Griffin, M.E; Kasal, J.; Watson, R.S.; Linde-Zwirble, W.T.; Angus, D.C. Pneumonia: Still the old man’s
friend? Arch. Intern. Med. 2003, 163, 317-323. [CrossRef]

Carriere, K.C,; Jin, Y.; Marrie, T.J.; Predy, G.; Johnson, D.H. Outcomes and costs among seniors requiring hospitalization for
community-acquired pneumonia in Alberta. . Am. Geriatr. Soc. 2004, 52, 31-38. [CrossRef] [PubMed]

Bordon, J.; Wiemken, T.; Peyrani, P; Paz, M.L.; Gnoni, M.; Cabral, P.; Venero, M.d.C.; Ramirez, ]. Decrease in long-term survival
for hospitalized patients with community-acquired pneumonia. Chest 2010, 138, 279-283. [CrossRef] [PubMed]

Eurich, D.T.; Marrie, T.J.; Minhas-Sandhu, ].K.; Majumdar, S.R. Ten-Year Mortality after Community-acquired Pneumonia. A
Prospective Cohort. Am. J. Respir. Crit. Care Med. 2015, 92, 597-604. [CrossRef] [PubMed]

Kobayashi, M.; Farrar, ].L.; Gierke, R.; Britton, A.; Childs, L.; Leidner, A.J.; Campos-Outcalt, D.; Morgan, R.L.; Long, S.S.; Talbot,
H.K; et al. Use of 15-Valent Pneumococcal Conjugate Vaccine and 20-Valent Pneumococcal Conjugate Vaccine among U.S. Adults:
Updated Recommendations of the Advisory Committee on Immunization Practices—United States, 2022. Morb. Mortal. Wkly.
Rep. 2022, 71, 109-117. [CrossRef] [PubMed]

Ganaie, F;; Saad, ].S.; McGee, L.; van Tonder, A.J.; Bentley, S.D.; Lo, S.W.; Gladstone, R.A.; Turner, P.; Keenan, ].D.; Breiman, R.E;
et al. A New Pneumococcal Capsule Type, 10D, is the 100th Serotype and Has a Large cps Fragment from an Oral Streptococcus.
mBio 2020, 11, e00937-20. [CrossRef]

Brown, L.D.; Cai, T.T.; DasGupta, A. Interval estimation for a binomial proportion (with discussion). Stat. Sci. 2001, 16, 101-133.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2105/AJPH.2009.181313
https://doi.org/10.1086/518849
https://www.ncbi.nlm.nih.gov/pubmed/17578773
https://doi.org/10.1001/archinte.163.3.317
https://doi.org/10.1111/j.1532-5415.2004.52007.x
https://www.ncbi.nlm.nih.gov/pubmed/14687312
https://doi.org/10.1378/chest.09-2702
https://www.ncbi.nlm.nih.gov/pubmed/20382718
https://doi.org/10.1164/rccm.201501-0140OC
https://www.ncbi.nlm.nih.gov/pubmed/26067221
https://doi.org/10.15585/mmwr.mm7104a1
https://www.ncbi.nlm.nih.gov/pubmed/35085226
https://doi.org/10.1128/mBio.00937-20
https://doi.org/10.1214/ss/1009213286

	Introduction 
	Materials and Methods 
	Study Design and Study Population 
	Inclusion and Exclusion Criteria 
	Human Subject Protection 
	Specimen Collection and Definition of Pneumococcal Pneumonia 
	Incidence Calculation in Louisville 
	Geospatial Epidemiology 
	Clinical Outcomes 
	Extrapolations to the United States 
	Serotype Incidence 
	Serotype Associations with Comorbidities and Clinical Outcomes 
	Serotype Virulence 

	Results 
	Incidence of Pneumococcal Pneumonia 
	Proportion of Pneumococcal Pneumonia 
	Incidence of Hospitalizations Due to Pneumococcal Pneumonia 
	Incidence of Pneumococcal Pneumonia by Age and Comorbidity 
	Association of Pneumococcal Pneumonia with Income Level, Race, and Age 

	Clinical Outcomes 
	Severe CAP, Clinical Failure, and Cardiovascular Events 
	Mortality 

	Estimation of Burden of Disease in the United States 
	Serotypes 
	Serotype Incidence 
	Serotype Associations with Comorbidities and Clinical Outcomes 


	Discussion 
	Conclusions 
	References

