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Abstract

Imperfect Detections of Influenza and Non-Influenza Respiratory Viruses among
Children and Adults Hospitalized with Pneumonia
By Catherine Bozio Eldridge

Community-acquired pneumonia (CAP) is a common cause of hospitalization
among all ages in the United States. Respiratory viruses can be detected using real-time
polymerase chain reaction (PCR) and serology; limitations of these tests and available
results can lead to misclassification of pneumonia attributable to respiratory viruses. The
Centers for Disease Control and Prevention Etiology of Pneumonia in the Community
(EPIC) study was a prospective, multi-center, population-based, active surveillance
study. Using these data, this dissertation addressed potential misclassification in
estimating the proportions of CAP due to respiratory viruses and predicting influenza-
associated pneumonia.

Missing serology results are a potentially important reason for misclassification of
pneumonia etiology in the EPIC study. Among children and adults, 98.8-99.5% had
naso-/oropharyngeal specimens and 37.5-48.6% had paired serum specimens available.
We accounted for missing values using multiple imputation and estimated revised
proportions of CAP with adenovirus, human metapneumovirus, parainfluenza virus, and
respiratory syncytial virus detected (Aim 1), which were 14.4%, 15.0%, 8.9%, and
29.9%, respectively, among children. Among adults, the respective revised proportions
were 4.2%, 4.7%, 4.0%, and 4.0%. These revised proportions were 0.8-3.2% higher than
observed EPIC study estimates. In Aim 2, revised proportions of influenza virus
detections were estimated to be 11.1% among children and 7.9% among adults, which
were 2.1-4.4% higher than observed estimates.

For Aim 3, we developed and evaluated prediction models and scores for
influenza-associated pneumonia, using factors readily available at clinical presentation.
Two definitions of influenza-associated pneumonia were used: one based on imputed
results from PCR and serology, and the other was based on observed EPIC study results.
Significant predictors were age and influenza season among children and leukocytosis,
underlying medical conditions, cough, abdominal pain, and influenza season among
adults. Prediction scores among children and adults had consistently high negative
predictive values and, overall, low positive predictive values.

By accounting for missing serology results, the proportions of CAP with specific
respiratory viruses detected were higher than the observed results; thus, observed data
may have underestimated the virus-specific burdens. Additionally, our prediction scores
may reflect difficulty in predicting influenza-associated pneumonia and differentiating it
from other causes of CAP, especially in children.
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CHAPTER 1. Background and research plan
Section 1. Background
1.1 Background of Community-Acquired Pneumonia (CAP)
1.1.1 Description of CAP

Community-acquired pneumonia (CAP) is a common cause of hospitalization
among all ages. Pneumonia and influenza combined is the ninth leading cause of death in
the United States and the leading infectious cause of death [1]. In 2010, there were 1.1
million discharges of inpatients with pneumonia, which corresponds to a discharge rate of
366 per 100,000 people [2]. Incidence rates of CAP hospitalizations are the highest in
young children (<2 years of age) and older adults (> 65 years of age) [3].

Pneumonia is an acute lower respiratory tract infection (LRTI) defined as
inflammation of the lungs that causes mild to severe illness. Infectious pneumonia results
from the invasion and overgrowth of microorganisms in lung parenchyma [4], mainly the
alveoli. Pneumonia is defined by clinical signs (i.e., abnormal lung exam completed by
the clinician) and symptoms (i.e., cough as reported by the patient) and relies on
radiologic studies for more definitive diagnosis. Pneumonia can be caused by non-
infectious and infectious agents, including bacteria, viruses, and fungi. The clinical
presentation of pneumonia due to either a specific bacterium or virus overlaps and is
nonspecific; thus presentation alone cannot be used to determine etiology.

Symptoms of pneumonia can vary among children, adults, and the elderly. The
clinical presentation can also vary based on the causative agent, individual host factors,
and severity of illness. However, many of the symptoms of pneumonia in all age groups

(including fever, chills, and cough) are nonspecific and can overlap with other conditions.



The most common symptoms of pneumonia are cough (which may be productive and
accompanied by yellow or greenish sputum), fever, shaking chills, and shortness of
breath. Additional symptoms can include chest pain that gets worse upon deep breaths or
cough, headache, temperature instability with chills and sweating, loss of appetite,
fatigue, and confusion (especially in older people) [5]. In children, common physical
findings include fever, rapid breathing, increasingly labored breathing, rhonchi?, crackles,
and wheezing [6, 7]. In some cases, patients with pneumonia associated with Legionella
can present with gastrointestinal symptoms [8]. Reports of myalgia have been associated
with influenza virus infection [9]. Despite these reports, few are based on prospectively
collected epidemiological and laboratory data. Since it is challenging to discern specific
community-acquired pneumonia pathogens with symptoms alone, age and epidemiologic
clues might be helpful in narrowing possible detected agents.

Age is a well-known risk factor for pneumonia and children <5 years of age and
adults >65 years of age are at an increased risk. The increased risk in children is partly
due to their naive immune system that results in infection [7]. Even among children,
different pathogens are more commonly detected in younger children versus older
children. For example, respiratory syncytial virus (RSV) is more common among
children <5 years of age but Mycoplasma pneumoniae is more commonly detected among
children >5 years of age [7]. For adults > 65 years, the increased risk of community-
acquired pneumonia is partially due to the aging process and decline in the immune
system as well as the presence of underlying conditions that increase the risk for

acquisition of respiratory pathogens and complications from pneumonia [9].

1 A continuous snorelike sound in the throat or bronchial tubes.



Epidemiologic clues might also help in narrowing possible pathogens, particularly
in adults. Most notably, staying in a hotel or cruise ship in the previous two weeks might
be suggestive of Legionella species, which are transmitted from the environment to
people through aerosolized water. Other important risk factors, including alcoholism,
smoke exposure, underlying conditions such as chronic obstructive pulmonary disease
(COPD), and the circulation of influenza in the community could also inform possible

causative pathogens [10].

1.1.2 Case Definitions for Epidemiological Studies

Pneumonia is difficult to define and case definitions used in epidemiological
studies can range in sensitivity and specificity. For example, the World Health
Organization’s (WHO) clinical definition is syndromic and thus very sensitive as it is
defined by cough or difficulty breathing with rapid breathing relative to age [11].
Alternatively, a more specific definition is radiographically-confirmed pneumonia [12-
14]. Even with more specific definitions that include radiographic-confirmation, there
are challenges to final interpretation of films due to the subjective nature of the reading of
a chest radiograph. However, a range of sensitive and specific case definitions has been
used in different studies [7, 12] and there are no consistent definitions between studies.

Radiography is a diagnostic tool for pneumonia but there are few validated
definitions for chest radiograph interpretation and it is vulnerable to inter- and intra-rater
variability [13]. The radiographic definitions applied in epidemiological studies tend to
be more specific than in clinical practice [14]. However, there are many indicators in a

chest radiograph that are consistent with the diagnosis of pneumonia, which include lobar



consolidation, alveolar or interstitial infiltrates, and pleural effusions [14]. While lobar
consolidation is the radiological finding most often associated with pneumococcal
infection [14], it is difficult to distinguish between viral and bacterial CAP solely on
radiographic evidence, especially in children. Given the nuances in radiograph
interpretation, there is subjectivity to the interpretation of radiographic findings. The
variability of radiographic interpretation can be within and between observers and differs
for specific findings. For example, while a high degree of agreement can be attained
about the presence or absence of consolidation, there is more disagreement about the
description of infiltrates [14].

In 2005, as part of a WHO effort to standardize the use of radiographs for
epidemiological pneumonia studies, Cherian et al. reported that even after training of
clinicians and radiologists on radiographic terms, there was still varied agreement among
different radiographic interpretations but certain terms allowed for more consistent
interpretation [12, 13]. These terms became the standardized WHO radiology working
group’s definition of radiographic pneumonia and included the presence of consolidation
(a dense or fluffy opacity with or without air bronchograms), other infiltrate (linear and
patchy alveolar or interstitial densities), or pleural effusion (in the lateral space). Using
alveolar consolidation or pleural effusions as the defined criteria for end-point
pneumonia, there was 82.5% agreement in categorizing end-point pneumonia among 20
clinicians and radiologists [13]. Cherian et al. suggested that this reasonably high
agreement may be achieved by employing a consistent definition of radiographic
pneumonia and training based on WHO guidelines. In assessing intra-rater agreement for

end-point pneumonia, there was 88.5% agreement of repeatability. The WHO guidelines



have been used to define pneumonia for many contemporary pediatric CAP studies,
especially studies that focus on end-points for bacterial vaccine trials [13]. However,

there are no such global guidelines for epidemiological studies in adults.

1.2 Etiology of CAP in the United States Based on Diagnostic Tests

Many pathogens can cause CAP, but, in the U.S.[15], the predominant causes are
bacterial and viral pathogens [10], and in certain geographic areas, endemic fungi
commonly cause pneumonia. The distribution of pathogens varies based on demographic
and epidemiological risk factors for pneumonia including age, geographic region,
exposures (i.e., smoking), underlying medical conditions, and access to preventative and
treatment measures (i.e., vaccines and antimicrobials).

The most common bacterial causes of pneumonia are Chlamydophila
pneumoniae, Haemophilus influenzae, Legionella species, M. pneumoniae, and
Streptococcus pneumoniae. The most common viral causes of pneumonia are adenovirus
(AdV), influenza A and B, parainfluenza (PIV) 1, 2, 3, and RSV [10, 15-18]. Prospective
pneumonia etiology studies conducted in children and adults have shown that these are
the most commonly detected pathogens, though the distribution varies between children
and adults [16, 17]. However, these studies, which will be reviewed here, utilized
different diagnostic methods, some of which are not commonly used currently. In
addition, there have been molecular and antigenic advancements in diagnostic tests for

different pathogens, which have informed contemporary pneumonia etiology studies.



1.2.1 Available Specimens for Detection of Pathogens Associated with Pneumonia

Specimens for pneumonia pathogen detection can be collected either directly from
the lower respiratory tract/lung tissue or indirectly via upper respiratory tract specimens,
whole blood, serum, and urine (in adults). Specimens from the lower respiratory tract
include pleural fluid, bronchoalveolar samples, and endotracheal aspirates while upper
respiratory tract samples include sputum and naso/oropharyngeal (NP/OP) swabs.
Routine laboratory evaluation of specimens includes microscopy and culture of
respiratory tract specimens and blood, antigen detection in urine, and detection of
antibodies in serum. Currently, molecular detection using real-time polymerase chain
reaction (PCR) is increasingly available for both clinical and research purposes and can
be applied to most respiratory samples and in some cases blood for select pathogens [19]
(Table 1.1).

Despite the available options for specimen collection and detection methods, the
majority of specimens that can be practically obtained for both clinical and research
purposes are not directly from the lung because this requires an invasive procedure that is
not done except for rare clinical indications. This presents several challenges to the
interpretation of pathogens detected among patients enrolled in pneumonia etiology
studies. First, tests not directly from the lung may not reflect what is happening in the
lung. For example, the presence of a virus in the upper respiratory tract, as detected by a
NP/OP swab, may not be reflective of what is happening in the lower tract or may
represent resolving infection rather than acute infection [20]. Second, the detection of
bacteria from non-sterile sputum may represent colonization rather than true infection

[21], as the oropharynx is colonized with normal bacterial flora that can also cause



pneumonia. High-quality sputum samples, with many white cells and few epithelial
cells, may represent samples with reduced contamination from the oropharynx but

obtaining such samples is not always possible [22-25].

1.2.2 Diagnostic Tests for Bacterial Pathogens

For detection of bacterial pathogens, the most commonly utilized methods include
blood cultures, sputum Gram stain and culture, urine antigen tests, and whole blood PCR
for select pathogens including pneumococcus (Table 1.1). Pneumococcus is considered
the most common cause of CAP and thus this section is focused on pneumococcal
methods of detection. Other bacteria, including S. aureus and Gram-negatives, also
contribute to pneumonia, but specific detection methods for these pathogens outside of
culture have not been developed. Blood culture has been traditionally used to identify
bacteria because the presence of a bacterial species in a sterile site (i.e., blood) has been
considered to be more indicative of the cause of pneumonia [21]. However, only a
minority of patients with bacterial pneumonia has documented bacteremia [19];
additionally, blood cultures, while specific, lack sensitivity [26, 27], particularly
following antibiotic treatment [28].

Urinary antigen tests for S. pneumoniae detection are widely available, but despite
being rapid and available at the point of care [10], their clinical use is variable.
Sensitivity estimates for pneumococcal urine antigen tests range from 64.3% to 88%,
whereas the specificity estimates have been consistently high (89.7%-100%) [29-34]
(Table 1.2). Despite the improvement of diagnostic yield in adults, evidence suggests

that pneumococcal antigens can be detected in urine for several weeks following



pneumococcal pneumonia among patients with COPD [35]. In children, positive urinary
antigen test results may reflect pneumococcal colonization [36] and thus such testing is
not recommended in children <18 years old [15, 19, 21, 36].

Microscopy and culture of respiratory tract specimens, particularly sputum, have
been used for pathogen detection among pneumonia patients both clinically and in
previous pneumonia etiology studies in adults [10, 16]. However, these tests are limited
in their ability to distinguish between infection and colonization with normal bacterial
flora (i.e., S. pneumoniae, H. influenzae, and S. aureus) in the oropharynx [19, 22]. In
addition, the process of collecting high-quality sputum samples, which would be more
reliable samples, is difficult because sputum is most often collected by expectoration,
thus allowing for potential contamination as it is coughed up through the oropharynx [22-
25]. Collecting induced sputum with use of respiratory bronchodilators to induce a deep
cough, and thus an improved expectoration sample, has been shown to be useful [37].
However, induced sputum is not practical due to additional cost and labor; thus proper
sputum samples are infrequently collected [15]. [19]. If sputum samples are collected
properly and are of high quality, pathogens detected by culture may be more indicative of
the lower respiratory tract. However, recent antibiotic use before sputum collection may
lower diagnostic yield [37, 38].

Due to its proximity to the lung parenchyma, pleural fluid samples can be useful
for determining pneumonia etiology. Pleural fluid is collected invasively through
thoracentesis when there is ample fluid available for collection; thoracentesis must be
done by trained personnel (usually physicians) and may have adverse effects [39]. Thus,

samples of pleural fluid are collected infrequently and often only in the most severely ill



patients. In addition, pleural fluid culture has low sensitivity ranging from 20%-30%
[39-41]. These estimates could be underestimated by false-negative results due to prior
antibiotic exposure [39], small sample volume, and/or improper collection, transport, and
storage of sample [42]. Due to these limitations, pleural fluid PCR for detecting a
pneumococcal gene target (lytA) has been developed and shows higher sensitivity (75%-
88%) than culture with good specificity (71%-93%) [40-42]. Pleural fluid PCR for other
bacteria have also been shown to be promising [43].

Whole blood PCR (using the autolysin (IytA) gene) has been reported to have
improved sensitivity for pneumococcal detection relative to blood culture, especially
among children and those with culture-negative invasive pneumococcal disease [44].
Studies have reported variable sensitivities (47%-100%) and consistently high
specificities (88%-100%) when using whole blood PCR for IytA [27, 44-46]. Sensitivity
and specificity depends whether the samples for blood culture and whole blood PCR
were collected at the same time [47, 48]. Whole blood PCR does not require viable
bacteria in the sample [44], can produce results within a clinically useful period [27, 47],
and has a lower bacterial load required for detection [19, 49]. Additionally, some studies
have reported that quantifying pneumococcal load using whole blood PCR correlates
with severity of disease [28, 50, 51]. One challenge in analyses of whole blood PCR for
pneumococcal detection is the lack of a good gold standard, as whole blood PCR may
identify cases not captured by blood culture [27, 44, 52]. In addition, whole blood PCR
is not optimized when there is low density of pathogen or small volume available for

analysis [47-49].
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Serology can also be used for bacterial detections, though it has not routinely been
done in clinical and research settings for pneumococcus. Both acute and convalescent
serum samples are necessary to compare antibody titer levels and determine whether
there is evidence of infection. These samples need to be collected at least 3 weeks apart
and thus serologic results have minimal impact on patient management. Pneumococcal
surface adhesion A (PsaA) is a surface protein that is common to all pneumococcal
serotypes and is highly immunogenic [53, 54], particularly among infants [55]. However,
pneumococcal serology has limited sensitivity (42%-85%) [54, 56, 57] using a >2-fold
rise in antibody concentration, which is more conservative than the standard 4-fold rise.
Though it may be helpful in detecting bacteremic pneumonia in adults, the clinical utility
is unclear for non-bacteremic cases and may be complicated for children [56, 58] due to
higher rates of asymptomatic pneumococcal acquisition and colonization, which can
elicit an increase in PsaA antibody.

Recent antibiotic use prior to specimen collection can also reduce diagnostic yield
of bacterial detections [59, 60], as it can inhibit bacterial growth on blood, sputum, and
pleural fluid cultures [26, 38, 48]. This has been particularly shown to affect the yield of
pneumococcal detections [38]. This reduction in yield is dependent on initiation of
antibiotic therapy relative to specimen collection and duration of antibiotic therapy and is
difficult to estimate. A meta-analysis of 35 pneumococcal pneumonia studies estimated
that this reduction of diagnostic yield was 67% (95% Confidence Interval (Cl): 53%,
77%) for blood cultures and 26% (95% CI: 0%, 44%) for the urinary antigen test [61].

However, using PCR may help mitigate the reduction of diagnostic yield, as it does not
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require viable bacteria in sample, even if it is collected after administration of antibiotics
[44].

Though not a considered a diagnostic test, procalcitonin has been studied as a
serum biomarker for potential differentiation between viral and bacterial infections.
Procalcitonin is a precursor of the hormone calcitonin and is produced by parenchymal
cells (found in the lung, liver and kidney) in response to microbial toxins and to
proinflammatory mediators [62]. As it is down regulated in viral infection and increases
in response to a bacterial infection [62], procalcitonin might be used to distinguish
between viral and bacterial infections and, ultimately, to encourage or discourage
antibiotic use for an individual patient. A meta-analysis of 21 studies with prospective
procalcitonin measurements reported a pooled sensitivity of 92% and a pooled specificity
of 73%, though these characteristics are dependent on the timing of serum collection, as it
peaks after 6 hours [63]. A limitation is that the calcitonin gene that produces
procalcitonin is ubiquitously expressed in parenchymal cells, which are not limited to the

lung [64].

1.2.3 Diagnostic Tests for Viral Pathogens

Methods for detecting viral pathogens include culture of respiratory tract
specimens, detection of antigens in respiratory specimen, detection of antibodies in
serum, and PCR (Table 1.1). Appropriate specimens to collect for viral detections are
nasal swabs or aspirates, throat swabs, NP/OP swabs, sputum, and sera [65]; however, the
ideal specimen depends on the type of assay being performed [21]. Of the available

detection methods, culture and PCR are the most reliable.
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Viral culture was historically considered the gold standard for viral detections
[66]. Viral isolates are useful for surveillance of circulating viruses and for susceptibility
testing, though it can take 2-10 days to yield results and thus its clinical value is limited
[66, 67]. Viral cultures can detect influenza A/B viruses, PIV, and rhinoviruses in
addition to human metapneumovirus (HMPV) with special growth requirements [9]. In
particular, detecting RSV by culture in adults can be difficult due to low viral titers in
nasal secretions [68]. A challenge to the detection of viruses in NP/OP samples, even by
culture methods, is that detection is not necessarily indicative of the cause of the
pneumonia [18, 21] and may represent resolving infection rather than acute infection
[20].

Antigen detection tests on respiratory specimens while rapid are less reliable viral
detection methods because of potential false negative results. Both direct fluorescent
antibody tests (DFA) and rapid diagnostic tests produce results in a more clinically
relevant time frame, though their test performances are dependent on the type and quality
of collected specimen [10, 69]. Rapid RSV diagnostic tests have sensitivities of 71%-
95% and specificities of 80%-100% [9]. However, both DFA and rapid influenza
diagnostic tests have lower sensitivity (27%-82%) and consistently high specificities
(88%-99%) compared with viral culture [70-73]. Factors that can reduce the sensitivity
of rapid influenza diagnostic tests are prolonged timing between illness onset and
specimen collection [71, 73], viral RNA load at presentation, virus type (lower sensitivity
has been observed for influenza B compared to that of influenza A), and test

characteristics of the rapid tests as the validity of rapid influenza tests varies by test [71].
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More sensitive PCR methods have increased not only the ability to detect and
characterize respiratory pathogens but have also improved our understanding of the role
of viruses in pneumonia [74]. While PCR may not capture every case, several studies
have demonstrated that PCR had a higher proportion of pathogens detected than culture
[66, 67, 75-77] and can also provide results in a more clinically relevant time frame
(Table 1.2). PCR has increased sensitivities (86%-94%) and specificities (82%-99%) of
influenza A/B viruses, PIV, and RSV detections relative to culture [77]. PCR test
characteristics do not appear to depend on age but factors that can decrease the sensitivity
of PCR are inadequate sampling, initiation of antiviral treatment, and timing between
sample collection and illness onset [78]. Specifically, a longer duration between illness
onset and the time to PCR specimen collection can lead to a lower likelihood of a positive
result [75]. Studies have demonstrated that viral PCR detection and culture was higher
within the 7 days after illness onset, as compared with 8-14 days after illness onset [77].

Studies have not adequately described the sensitivity of PCR relative to the timing
between illness onset and PCR specimen collection. Weinberg et al. reported the
proportion of positive PCR viral detections (RSV, influenza A/B viruses, and PIV
combined) relative to timing: 8% on day 1 between illness onset and PCR specimen
collection, 13%-42% from days 2-7, and <5% from days 8-14 [77]. As these do not
reflect sensitivity, it is difficult to assess whether these proportions are the result of low
prevalence of specific viruses in this study population, when PCR specimens are
collected relative to illness onset, and/or the dynamics of a specific virus. Alternatively,
Suess et al. reported the minimum duration of influenza viral shedding as 6.3 days in

children and 6.7 days in adults [79], which is based on serial measurements and is
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estimated from the time between illness onset to the last day a positive PCR specimen
was taken. As with Weinberg et al., these results have limited ability in describing the
sensitivity of PCR relative to timing because it does not estimate what proportion of viral
detections could be missed due to prolonged timing. Additionally, due to the sample size
and population (83 household contacts that were index cases, secondary cases, or non-
cases), the results may have limited generalizability to hospitalized children and adults.
To my knowledge, similar studies have not been performed for AdV, HMPV, P1V, and
RSV.

Viral serology is not routinely performed in clinical settings because of the need
for both acute and convalescent samples and the delay in getting results that can aid in
clinical management. However, viral serology is commonly used in pneumonia etiology
studies, and can increase yield of pathogens detected by PCR. The addition of serology
to PCR can increase diagnostic yield by 0.4%-62% for non-influenza respiratory viruses
[80, 81] and by 35%-130% for influenza viruses [78, 81]. However, there remain caveats
to its use. For detection of antibodies to non-influenza respiratory viruses, enzyme
immunoassays or complement fixation are used. Hemagglutination inhibition (HI) and/or
microneutralization (MN) assays have been typically used for detecting antibody to
influenza viruses [65, 69]. Sensitivities of HI and MN assays range from 60%-94% due
to varying definitions of seroconversion, though specificities have a more narrow range
of 83%-94% [82, 83]. In countries where influenza vaccination is used, a patient’s
vaccination status needs to be taken into consideration for determination and

interpretation of influenza serology results.
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1.2.4 Diagnostic Tests for Atypical Bacterial Pathogens

For detecting atypical bacterial pathogens, appropriate methods include sputum
culture, detection of antigens in urine for select pathogens, detection of antibodies in
serum, and PCR of respiratory sample (Table 1.1). Increasing attention has been placed
on improving the diagnostic methods for these pathogens as there are no widely available
and timely tests with the desired sensitivity and specificity for C. pneumoniae and M.
pneumoniae.

Culturing atypical bacteria is more difficult than for other bacteria. Gram-
negative C. pneumoniae and Legionella species require cell cultures or special media to
grow, respectively [19]. Because M. pneumoniae is neither Gram-positive nor Gram-
negative, it requires complex nutrients, grows slowly and thus cannot be readily cultured
in a diagnostic laboratory [19]. Additionally, the sensitivity of detecting M. pneumoniae
in culture may be no more than 60% using PCR as the gold standard [84]. For these
reasons, culture methods have a low diagnostic yield [85] and thus results tend to not be
available in a clinically relevant time frame. While sputum samples for Legionella
detection may be difficult to obtain due to issues around ability of patients to expectorate,
Legionella is not part of the normal naso-oropharyngeal flora and thus its detection in
sputum culture is diagnostic [21].

In addition to sputum culture for Legionella, urine antigen assays are also
available for both clinical and research purposes. All of the available urine antigen
assays only detect L. pneumophila serogroup 1, as it accounts for 80%-95% of

community-acquired cases of Legionnaire’s disease in the United States [10, 19]. The
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urinary antigen assay has sensitivity ranging between 70-90% and specificity of 99%
relative to culture [86]. Additionally, in accordance with a positive urinary antigen test
result, the diagnostic yield of sputum culture is increased [86]. Urinary antigen testing
can show positive detection on the first day of illness onset and may remain positive for
days after initiation of antibiotic therapy [35]. However, results may continue to be
positive for at least 6 weeks after illness onset [10, 35]. The development of PCR assays
has improved detection of Legionella as well as M. pneumoniae and C. pneumoniae. One
study reported the diagnostic yield of C. pneumoniae, M. pneumoniae, and Legionella
species combined as 7% by conventional methods (serology and culture of sputum,
blood, or throat swabs), though PCR increased this yield to 17% [76]. Additionally, PCR
has been shown to have a higher proportion of M. pneumoniae detections (11.3%-29%)
relative to serology (5.6%-21%) [87, 88]. However, the sensitivity of PCR decreases as
the timing between illness onset and PCR specimen collection increases. For example,
the sensitivity of PCR for M. pneumoniae is 48% when timing is between days 0-21,
though the sensitivity decreases to 29% for days 22-59 and to 12% after 60 days [89].
Thus, PCR is more ideal during the early phases of M. pneumoniae infection. Despite its
usefulness in the detection of atypical pathogens, only a few commercially available PCR
reagents have been sufficiently validated [10, 22]. However, PCR assays are not readily
available or used for clinical settings.

Serology is a less reliable detection method for atypical bacteria but has been
historically used in previous pneumonia etiology studies and may still be used in certain
clinical settings. The antibody response to C. pneumoniae can complicate serologic

testing as the 1gG antibody may reach a diagnostically high titer 6-8 weeks after onset of
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illness for the primary infection, but if reinfection occurs, the levels of IgG antibody titer
increases quickly within 1-2 weeks [90]. Additionally, evidence suggests serologic
cross-reactivity between M. pneumoniae and C. pneumoniae [91] and between M.
pneumoniae and other Mycoplasma species or Gram-negative bacteria [92]. For
detecting M. pneumoniae, the sensitivity of IgM assays ranged from 32% to 84% and the
specificity was >95% [92]. As age increases, sensitivity may decrease and, in contrast,
the specificity may increase [89]. Because IgM antibody levels for M. pneumoniae may
persist for years [84, 89] and C. pneumoniae testing is complicated by persistent or
chronic infection [90], the most reliable serologic evidence may be a >4-fold rise in 19G
from paired serum samples. Sensitivities of 1gG assays for M. pneumoniae ranged
between 52%-78% in children and between 89%-92% in adults [84]. In addition,
commercially available serology assays for both C. pneumoniae and M. pneumoniae lack
validation [84]. Ultimately, serology is not ideal for patient management due to the need
for both acute and convalescent sera samples timed 3-10 weeks apart, though can be

useful in epidemiological studies.

1.2.5 Etiology of CAP in Children and in Adults

Few population-based studies with a comprehensive approach to detecting
pneumonia etiology have been conducted in the United States, the most recent one of
which was in the 1990’s. The two main studies were conducted by Michelow et al. in
children and Marston et al. in adults. Both these studies were conducted before

widespread use of pneumococcal vaccination among children in the United States [3].
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Michelow et al. prospectively collected data on 154 children who were
hospitalized with radiographically-confirmed LRTI between the ages of >6 weeks and
<18 years from January 1999 to March 2000 in one hospital in Dallas, TX. Diagnostic
methods included blood cultures; pleural fluid culture (when available); viral DFA and
culture for AdV, influenza A/B, PIV, and RSV; viral culture for rhinovirus and
enterovirus; pneumolysin-based whole blood PCR; and paired serology for AdV, C.
pneumoniae, influenza A/B, M. pneumoniae, PIV, and RSV. A pathogen was identified
in 79% of children (n=122) and bacteria and viruses accounted for 60% and 45% of
detections, respectively. As both bacteria and viruses can be detected within an
individual, the sum of the proportions of viral and bacterial detections can exceed 100%.
The most common pathogens detected were S. pneumoniae (44% of all cases), influenza
A (17%), M. pneumoniae (14%), RSV (13%), PIV 1-3 (13%) and C. pneumoniae (9%)
[17]. Mixed bacterial/viral detections were present in 23% of children (Table 1.3). No
microbial agent was detected in 21% of children, which was thought to be due to
antibiotic use prior to specimen collection, the absence of tests for other specific
pathogens, and missing convalescent viral and atypical serology in 21% of patients.
Since the study was conducted, two events have occurred: 1) more sensitive molecular
diagnostic tests have been developed that are used in children [93, 94], and 2) there is
widespread use in the United States H. influenzae serotype b (Hib) conjugate vaccine,
heptavalent pneumococcal conjugate vaccine (PCV-7), and later 13-valent PCV. PCV-7
has been reported to contribute to reduced all-cause pneumonia hospitalizations in all age

groups, especially in children <5 years of age [3, 95].
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Some microbial causes of pneumonia are more common among specific age
groups [7]. For example, M. pneumoniae is more common in school-aged children.
Viruses cause a significant proportion of CAP, especially in children <2 years of age [6,
7, 17]. However, the prevalence of viral pneumonia decreases, though not dramatically,
with age [96-98]. Michelow et al. observed that viral pathogens were detected in
approximately 42% of those <6 months of age, though decreased to approximately 12%
among those >5 years of age [17].

Marston et al. collected data on 2776 adults >18 years hospitalized with CAP in
two counties of Ohio from January 1 to December 31, 1991. Diagnostic tests included
blood cultures; sputum cultures; pleural fluid cultures (when available); L. pneumophila
urinary antigen testing, and serology for C. pneumoniae, influenza, L. pneumophila, M.
pneumoniae, and RSV. Marston had different definitions of pneumonia based on
laboratory methods which included definite, probable, and possible cases. Definite cases
included those that had selected bacteria isolated from blood or pleural fluid cultures; had
4-fold rise in antibody titer for L. pneumophila, M. pneumoniae, C. pneumoniae, RSV, or
influenza virus; or had Legionella species or influenza virus isolated from respiratory
secretions. Possible cases could have been based on a single acute serology sample.
Among all cases, including the possible category, the most common pathogens detected
were M. pneumoniae (32.5%), S. pneumoniae (12.6%), C. pneumoniae (8.9%), and
seasonal influenza A (7.4%) [16] (Table 1.3). Among the definite cases, the most
common pathogens detected were seasonal influenza A (7.4%), S. pneumoniae (5.5%),
and M. pneumoniae (5.4%). No microbial agents were detected in 55.7% of adults when

including all cases, but it was 83.5% among the definite cases. The lack of detections
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was thought to be due to the insensitivity of available diagnostic tests and partially due to
antibiotic use before specimen collection, particularly for pneumococcal detections.
Detection of >2 pathogens was observed in 50 (1.8%) adults. Events that have affected
the epidemiology of pneumonia among adults have also occurred including widespread
use of the Hib vaccine and PCV-7 in children. The indirect herd effects of pediatric
immunization with PCV has reduced all-cause pneumonia hospitalizations [3, 95];
invasive Hib disease [99] has also decreased in older age groups.

Co-detection is another important aspect of CAP etiology. Comparing the
proportions of co-infections from the studies of Michelow et al. and Marston et al.,
infections of at least two detected pathogens appear to be higher in children (29%) [17]
than in adults (1.8%) [16]. However, more recent estimates of co-detections are needed,
which requires systematic diagnostic testing in research studies. When multiple
pathogens are detected, the significance of a single pathogen is made more difficult
[100], especially in distinguishing whether one or both agents are contributing to
infection. Bacterial and viral co-detections are also of interest, as primary viral infection
may make an individual more susceptible to a secondary bacterial infection (as in the
case of influenza and pneumococcal pneumonia) [101, 102]. More so than single
pathogen detections, identifying co-detections are dependent on the selection of
diagnostic tests, the quality and type of specimens analyzed, and systematically testing
patients for all pathogens of interest [15].

Despite the availability of diagnostic tests, the etiology of CAP remains
undetermined for a proportion of hospitalized patients. Michelow et al. reported

unknown etiology in 21% of children, whereas Marston et al. reported unknown etiology
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in 56% of adults. In a study of 109 adults with CAP presenting to an emergency
department that used both conventional methods (blood and sputum cultures, and
serology) and lung aspirates to detect bacterial or atypical bacterial pathogens, there were
55 (50%) patients with no pathogens detected. Among 13 identified pathogens, 36 (65%)
were identified from lung aspirates, 18 of which were S. pneumoniae [103]. Possible
explanations for the unknown etiology could be false-negative results due to antibiotic
use prior to specimen collection, low sensitivity from available detection methods,
variable specimen quality, and/or emergence of pathogens not being captured by used

detection methods [104].

1.2.6 Influenza-Associated Pneumonia

Pneumonia is a known complication of seasonal influenza [65, 105-108] and
pandemic influenza [109-113]. Each year in the United States, influenza virus infection
causes an estimated 54,000-430,000 hospitalizations [114]. Data from the CDC Etiology
of Pneumonia in the Community (EPIC) study report overall influenza-associated
pneumonia hospitalization incidence of 1.1/10,000 children and 1.5/10,000 adults, with
rates being highest in young children (<5 years of age) and older adults (> 65 years of
age), through prospective, population-based, active surveillance [115, 116].

Several studies based on laboratory-confirmed influenza hospitalization
surveillance data have indicated that pneumonia is the most common complication of
influenza hospitalization affecting between 15-43% patients depending on age and season
surveyed. Among children hospitalized with laboratory-confirmed influenza infection,

the proportion of pneumonia associated with seasonal influenza (from 2003-2009
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seasons) and influenza A(H1IN1)pdmQ9 (from 2009-2010 season) were 23% and 36%,
respectively [117]. Among adults hospitalized with laboratory-confirmed influenza
infection, the proportion of pneumonia associated with seasonal influenza (from 2005-
2009 seasons) and influenza A(H1IN1)pdmO09 (from 2009-2010) were 35.4% and 42.8%,
respectively [113]. More recent post-pandemic data from October 2010 through April
2011 reported the proportion of pneumonia discharges to be 15.5%-28.8% among
children and 32.1%-38.6% among adults hospitalized with influenza A(H1N1)pdmO09,
H3N2, and B viruses combined [118]. These estimates are dependent on the proportion
of patients with available chest radiographs and could be different if all hospitalized
patients with suspected pneumonia had radiographs performed.

While pneumonia is the most common complication of influenza, clinical and
radiographic findings of influenza-associated pneumonia have only been documented in a
few studies before and during the 2009 H1IN1 pandemic. In a case series of 451
hospitalized adults and children with laboratory-confirmed influenza A(H1N1)pdmO09
infection, patients with and without influenza-associated pneumonia had similar clinical
presentation, but patients with pneumonia were more likely to have shortness of breath
(73% vs 52%) and diarrhea (27% vs 18%) than those without pneumonia [107]. Among
studies of patients hospitalized with influenza A(HLN1)pdmO9, radiographic findings of
influenza A(H1N1)pdmO09 pneumonia included bilateral infiltrates, infiltrate limited to
one lobe, and bilateral lobar/multilobar infiltrates [107, 109, 119, 120].

Underlying medical conditions have been previously described among patients
hospitalized with influenza with and without pneumonia. Among adults and children

hospitalized with influenza A(HLN1)pdmOQ9 virus infection, patients with pneumonia
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were less likely to have underlying medical condition (61% vs 71%), including asthma or
chronic obstructive pulmonary disease (COPD) (28% vs 38%), but were more likely to
have neurological disease (15% vs 7%) than those without pneumonia [107]. Using
laboratory-confirmed influenza hospitalization surveillance data from 2003 to 2008,
pediatric patients with pneumonia were more likely to have asthma (24% vs 19%), but
were less likely to have hemoglobinopathy (2% vs 4%) than pediatric patients without
pneumonia [121].

Influenza antiviral agents are recommended for patients with suspected influenza
who are hospitalized, including for those with pneumonia [122]. Timely initiation of
antiviral therapy is crucial, as influenza-associated pneumonia is associated with an
increased risk of severe outcomes, including intensive care unit (ICU) admission, acute
respiratory distress syndrome, sepsis and death [107, 113, 119]. Among influenza
A(H1N1)pdmO09 virus hospitalizations, those with pneumonia had longer median time
from illness onset to antiviral initiation and were less likely to receive influenza antiviral
agents within two days of illness onset compared to those without pneumonia [107].
Because delayed initiation of antiviral therapy may be correlated with severity of illness,
it is important to quickly identify those with suspected influenza-associated pneumonia to
guide diagnostic testing and, if appropriate, to initiate antiviral therapy [65, 123, 124].

Clinical features of influenza-associated pneumonia are difficult to distinguish
from other causes of CAP. In addition, not all patients with suspected influenza-
associated pneumonia get tested for influenza. However, most patients who present with
CAP, regardless of etiology, receive antibiotics [116]. Understanding which patients

have influenza, another respiratory pathogen, or co-infections, could help guide treatment
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with antivirals and antibiotics, especially in situations when influenza testing is not
available, not accurate (settings which only have rapid tests), and not timely.

Clinical prediction models can be developed to help predict those with influenza-
associated pneumonia using symptoms and signs, rather than solely relying on clinical
judgment. However, no such formal model for influenza-associated pneumonia has been
developed. In addition, prediction models for influenza in general are also limited in
discerning influenza from other etiologies and most have been limited to outpatient
settings. Of the few predictions of influenza infection that focus on hospitalized
populations, one reported balanced sensitivity and specificity, but weak positive
predictive value and high negative predictive value for influenza-like illness and FARI
(fever and either cough, sore throat, runny nose, difficulty breathing, or earache) [125].
Bjarnason et al. used bivariate analyses to compare symptoms and radiographic findings
between 22 patients with influenza A(H1N1)pdmO9 pneumonia and 291 patients with
CAP due to other etiology, which included bacteria and atypical bacteria but not viruses.
Hospitalized adults with influenza A(HLN1)pdmO9 pneumonia were more likely to
present with expectoration of blood (27% vs 10%, p=0.02), dyspnea (95% vs 68%,
p=0.01), headache (55% vs 33%, p=0.06), and diarrhea (32% vs 15%, p=0.06) than those
with CAP due to other etiology. In this same study, hospitalized adults with influenza
A(H1N1)pdmO09 pneumonia were also less likely to have lobar infiltrates (32% vs 69%,
p<0.001) but more likely to have bilateral interstitial infiltrates (50% vs 9%, p<0.001)
than those with CAP due to other etiology [126]. Understanding the clinical and
radiographic differences between influenza A(H1IN1)pdmQ9 pneumonia and CAP due to

other etiology is important, but these bivariate analyses have limited ability to provide
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meaningful combinations of symptoms and/or signs needed to quickly identify patients
with influenza-associated pneumonia. Ultimately, a clinical prediction model of
influenza-associated pneumonia incorporating symptoms and signs as well as other

meaningful variables may be helpful.

1.3 Latent Class Analysis
Rationale for Needing a Latent Variable and for Selecting Latent Class Analysis
Imperfect viral detection methods and prolonged timing between illness onset and
specimen collection for PCR can misclassify pneumonia cases associated with influenza
and other respiratory viruses. In addition to being imperfect measurements, these
variables also describe an underlying latent construct of viral pneumonia. A latent
construct is a variable that is not directly observed or measured and therefore must be
constructed through the observation of related variables. For example, while the presence
of infection cannot be directly observed (and therefore is considered to be latent), it can
be inferred through the observed results of positive diagnostic tests and other laboratory
measurements. In this dissertation, the latent variable of interest is pneumonia etiology,
which requires a latent variable model for analysis. A latent variable model measures
one or more latent variables from a set of related observed variables using a statistical
model. Latent class analysis (LCA) is a type of latent variable model that is based on the
assumption that observed categorical variables are imperfect measurements of an
underlying categorical latent construct. LCA utilizes these multiple imperfect
measurements to construct a latent variable in order to address misclassification. LCA

has been applied to other infectious diseases, such as tuberculosis [127], Human
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Immunodeficiency Virus infection [128], brucellosis [129], pneumococcal pneumonia
[59, 130], and canine Echinococcus [131], to better estimate of disease prevalence and/or
test characteristics. For this dissertation, the application of LCA can be used to address
the problem of misclassification and may improve estimates of the proportion of CAP
cases associated with a specific viral pathogen among children and adults enrolled in the
EPIC study.

Based on the defined aims, traditional regression analysis, factor analysis, and
cluster analysis are not suitable. Traditional regression analysis can only utilize data
from observed variables, whereas LCA can create a categorical latent variable based on
observed categorical indicators. Further, LCA also does not require the traditional
modeling assumptions, such as multivariate normality and linear relationships [132, 133].
LCA is a categorical analogue to factor analysis (which usually uses continuous latent
variables and observed variables), which is also a type of a latent variable model. Factor
analysis is more focused on the structure of latent variables and their covariances,
whereas LCA is more focused on the structures of cases, which is more of interest in this
dissertation. Cluster analysis is closely related to LCA as it identified groups of cases
with similar characteristics and each cluster is represented in a variable [132]. However,
these clusters are not identified in utilizing statistical theory. Instead, LCA identifies
unobserved heterogeneity from observed variables that are only explained by a latent
variable through maximum likelihood estimation [132]. Finally, cases are
deterministically assigned to classes in cluster analysis, but LCA estimates a probability

of membership for each class. Therefore, LCA is more appropriate in identifying classes



27

of pneumonia etiology and in being able to apply maximum-likelihood estimation in

order to better guide the structure of this latent variable.

Fundamentals of Latent Class Analysis

For LCA, two assumptions need to be made. First, distributional assumptions
need to be made for the observed variables and the latent variable [134]. As the observed
variables are categorical, the multinomial distribution is assumed. Depending on how
many latent classes are created, either the binomial or multinomial distribution is
assumed. Second, conditional independence is assumed, which means that the observed
variables are independent of each other conditional on the latent variable [133, 135].

In LCA, the two fundamental parameters of interest are the latent class probability
and the item-response probability. The latent class probability describes the probability
of being in a latent class. For example, the probability of being in class t of a latent
variable X is expressed as P(X=t). The sum of latent class probabilities over all classes
should equal one. Two important aspects of these latent classes are the number and the
relative size of them. The number of classes can be determined by an a priori hypothesis;
alternatively, using statistical tests of fit can inform an appropriate number of classes.
The relative size gives an idea of how much of the study population is categorized in a
latent class.

The other fundamental parameter of LCA is the item-response probability, or the
probability of observing a response pattern given a latent class. An example of the item-
response probability of observing ¢ response in a dichotomous variable C given latent

class t is expressed as P(C=c|X=t). An alternative form is expressing this probability
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+p1

logistically: P(C =1|X =1) = 1ia

e AT in which a is the log-odds of C=1 for those who
have X=0 and B1 is the log of the odds ratio of C=1 comparing X=1 to X=0. This
conditional probability describes the relationship between the latent variable and
observed variables and indicates how likely or unlikely an observation is to be in a latent
class [133]. The number of item-response probabilities equals the number of unique
combinations of the observed variables [133]. For example, if there are 4 observed
variables (with A, B, C, and D number of levels for each variable), there will be
A+B+C+D item-response probabilities for each class of the latent variable. Within a
latent class, the item-response probabilities for a given observed variable should also sum
to one. These item-response probabilities are then used to ascribe labels to the latent
classes — in this case, whether the latent classes can be labeled as pneumonia due to a
specific virus, pneumonia due to other viruses, or pneumonia not due to a virus.

If these parameters of latent class probability and item-response probabilities are
multiplied together, P(C)*P(C|X), the result is the joint probability of P(X and C). When
applied to all observed variables and the latent variable, equation 1 can be expressed as

(where A, B, ..., E are observed variables and 1, j, ..., m are levels within each observed

variable, respectively and there are t classes in the latent variable X):
P(A;B; ...EqnX,) = P(A;|X,) = P(Bj|X;) * . x P(EplXy) * P(Xy) (Egn. 1)

This equation supports the conditional independence assumption that the observed

measurements are conditionally independent given the latent variable [133].



29

The standard approach to estimating these parameters is the maximum-likelihood
estimation via the Expectation-Maximization (EM) algorithm. The EM algorithm
calculates the likelihood function’s expected value and then finds the parameter values

that maximize this function [136]; this is the likelihood function, L =

Yhoiln {Zf;ol n; f=1ni’;"h (1- nij)l‘xih} [137]. To maximize this function, a logit

equation, written in a log-linear formulation, for each observed variable is solved:

L L
(@) o
INP(X=x,Y=y)=b+b"+ abyY: +ab" [138] (Eqn. 2),

X,y

=1 =1
in which X represents the latent variable with x levels and Y/ is one of the L observed
variables with I levels. This iterative process continues until halted by either the
completion of a specified number of iterations or, preferably, convergence of a
maximum.

The potential problems in conducting LCA are model identifiability and presence
of local maxima. First, model parameters may not be identifiable in the model estimation
process, meaning that there is not a unique set (i.e., more than two sets) of parameter
estimates that yields the maximum likelihood. The model identifiability can be
investigated to see if the information matrix (based on the second derivatives of the log-
likelihood function) are positive definite and/or to estimate the model parameters with
different starting values [139]. Another possible problem associated with the estimation
in LCA is the presence of local maxima. In traditional regression analysis when
maximum likelihood estimation is employed, it is assumed that the global maximum of
the likelihood function is estimated, mainly because the data is directly observed.

However, because the latent variable is not directly observed, it is uncertain whether the
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local or global maximum of the likelihood function has been maximized. However, the
best way to proceed is to use different random starting values; if several starting values
converge to the same highest likelihood value, one can be confident in having the global

maximum solution.

Exploratory LCA and Confirmatory LCA

Exploratory LCA is primarily concerned with the structure of the latent variable,
especially the number of latent classes. For exploratory LCA, it is not necessary to have
explicit hypotheses to test, but it is helpful to have a general idea of possible labels of the
latent classes and to think about the relative size of each group (as reflected in the latent
class probability). Both the statistical fit and an appropriate number of classes for the
hypothesis should be considered in deciding the final number of latent classes that will be
modeled in confirmatory LCA. As the latent variable of interest is pneumonia etiology, it
was ultimately decided to have three mutually exclusive latent classes with presumable
labels of pneumonia due to a specific virus, pneumonia due to other viruses, and
pneumonia not due to a virus.

Unlike exploratory LCA in which no restrictions have been imposed on parameter
estimates, confirmatory LCA is performed to test specific hypotheses on item-response
probabilities and latent class probabilities. The two types of restrictions that can be
placed on parameters are equality constraints and specific value constraints across latent
classes [133]. If an equality constraint is imposed, the estimates of two or more

parameters take on the same unspecified value, whereas the specific value constraint
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required that one or more parameters equal a value of prior specification. The number
and the type of such hypotheses are ultimately at the investigator’s discretion.
Simulations were conducted to ensure model identifiability based on realistic
observed variables that are intended to be in the latent class model. For the creation of
three latent classes, at least three tests tend to be sufficient in order for the model to be
identifiable. In this process, the intention was for the simulation to be similar to what
would be realistic, which included plausible sensitivities and specificities for PCR and
serology. Dr. Flanders and I both did simulations independently with 3 markers and the

latent variable was well identified.

Section 2. Dissertation Research Plan
2.1 Objective and List of Specific Aims
The overall objective of this dissertation was to account for misclassification of

pneumonia etiology from imperfect detections of influenza and non-influenza respiratory
viruses, which was translated into two goals. The first goal was to provide a revised
proportion of CAP due to AdV, HMPV, P1V, RSV, and influenza A/B viruses. The
second goal was to develop and evaluate prediction models and scores for influenza-
associated pneumonia. For both goals, we compared the findings using the observed data
from the EPIC study to the findings after accounting for potential misclassification. To
achieve these objectives and goals, the following three specific aims were addressed
using data from the CDC Etiology of Pneumonia in the Community (EPIC) study:

1) Estimate the revised proportions of CAP due to AdV, HMPV, P1V, and RSV

among children and adults hospitalized with CAP, accounting for missing
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serology results using multiple imputation,

2) Estimate the revised proportion of CAP due to influenza A/B viruses among
children and adults hospitalized with CAP, accounting for missing serology
results using multiple imputation, and

3) Develop and evaluate prediction models and scores for influenza-associated
pneumonia using two definitions (one that was based on multiply imputed results
for PCR and serology, and the other that used only observed results from PCR
and serology). Predictors of influenza-associated pneumonia using both outcome

definitions were compared to determine any differences.

The rationale for separating the first and second aims for influenza and other respiratory
viruses was the difference in serologic assays performed. Indirect enzyme immunoassays
were used for AdV, HMPV, PIV, and RSV detections, whereas HI and MN assays were
used for detection of influenza A/B viruses. Each aim was performed separately in
children and adults primarily because the distribution of pneumonia etiologies differs
between these two age groups.

Finally, secondary analyses were performed with the goal of performing an
additional analytic technique to address the first goal and of providing an alternative
definition for a key variable in the second goal.

1) Estimate the revised proportions of CAP due to AdV, HMPV, P1V, and RSV
through the application of latent class analysis (LCA),
2) Estimate the revised proportion of CAP due to influenza A/B viruses through the

application of LCA, and
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3) Develop and evaluate prediction models and scores for influenza-associated
pneumonia using an alternative definition for influenza season using CDC

surveillance data.

2.2 Data Source: CDC Etiology of Pneumonia in the Community (EPIC) Study

The CDC EPIC study was a prospective, multicenter, population-based, active
surveillance study that systematically enrolled and tested patients of all ages using
comprehensive diagnostic methods to determine etiology and estimate population-based
incidence of CAP requiring hospitalization among adults and children in the United
States. From January 1, 2010 to June 30, 2012, children <18 years of age were enrolled
from Le Bonheur Hospital (Memphis, TN), Vanderbilt Hospital (Nashville, TN), and
Primary Children’s Hospital (Salt Lake City, UT). Adults > 18 years of age were
enrolled from Northwestern Memorial Hospital, Rush University Medical Center, and
John H. Stroger Jr. Memorial Hospital of Cook County (Chicago, IL) as well as
Vanderbilt Hospital and Baptist Hospital (Nashville, TN).

Patients were prospectively identified and enrolled for those who met the case
definition of CAP and were admitted for inpatient care, including those who were
admitted for observation. Case ascertainment occurred in study network sites through
emergency rooms, outpatient clinics, and hospital admitting departments. Informed
consent was obtained prior to enrollment.

People admitted to a study hospital were eligible if they 1) resided within the
hospital catchment area; 2) had evidence of acute infection on presentation defined as

documented or reported fever, hypothermia, or abnormal white blood count (leukocytosis
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or leukopenia); 3) had evidence of an acute respiratory illness defined as new cough,
sputum production, chest pain, shortness of breath, tachypnea, abnormal finding(s) from
chest examination, or acute respiratory failure requiring mechanical ventilation; and 4)
had a chest radiograph of evidence consistent with pneumonia within 72 hours of
admission. Final inclusion in the study included blinded independent confirmation from
a study radiologist and met the criteria of consolidation, infiltrate, or effusion.

Patients were excluded from the study if they were recently hospitalized (<7 days
for immunocompetent children, <28 days for immunocompetent adults, or <90 days for
immunosuppressed children or adults), enrolled in this study <28 days earlier, resided in
an extended care facility, newborns who never left the hospital, or had a clear alternative
non-pneumonia diagnosis. Patients with the following conditions were also excluded:
human immunodeficiency virus infection with CD4 cell count <200 cells/mm?, solid
organ or hematopoietic stem cell transplant <90 days earlier, active graft versus host
disease or bronchiolitis obliterans, tracheostomy or percutaneous endoscopic gastrostomy
tube, cancer with neutropenia, or cystic fibrosis.

At the time of enrollment, clinical specimens were obtained as soon as possible
and ideally before antimicrobial administration and were then processed appropriately to
allow for multiple-pathogen testing. Whole blood, acute sera, and NP/OP swabs were
collected in all enrolled patients and urine was only collected in adults >18 years old
(Figure 1.1). The collection of convalescent sera required a follow-up visit in the hospital
3-10 weeks after enrollment. Clinical, demographic and epidemiologic information were

collected through interviews and medical chart review.
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For all enrolled patients, laboratory testing was completed for the detection of
viruses (AdV, coronavirus, HMPV, influenza A/B viruses, PIV, rhinovirus, and RSV)
and of bacteria (C. pneumoniae, Legionella species, M. pneumoniae, S. aureus, and S.
pneumoniae). Urine samples from adults were tested for the detection of Legionella and
S. pneumoniae. Sites had the option of collecting induced sputum from subjects, though
only high-quality samples were processed for routine Gram stain and culture and
included in the final analysis. For any patients that required thoracentesis or collection of
lower respiratory tract samples (i.e., bronchoalveolar lavage, bronchial washing or
endotracheal aspiration), samples were also tested for the aforementioned viral and
bacterial pathogens. For any PCR testing, all sites were required to use CDC primers and
probes in order to standardize results across sites.

A positive PCR test for AdV, coronavirus, HMPV, influenza A/B viruses, PIV,
RSV, or rhinovirus was defined as a cycle threshold value of <40 from a NP/OP PCR
assay. A positive serologic test for adenovirus, HMPV, influenza A/B viruses,
parainfluenza virus, or RSV was defined as a >4-fold rise in agent-specific IgG antibody
titer between paired acute and convalescent sera.

A bacterial pathogen was defined as being present if Chlamydophila pneumoniae
or Mycoplasma pneumoniae were detected from a NP/OP PCR assay, or if bacteria (e.g.,
Staphylococcus aureus, Haemophilus influenzae, S. pneumoniae, and S. pyogenes) were
detected in blood, endotracheal aspirate, or bronchoalveolar-lavage specimen by culture
or, in pleural fluid, by culture or a PCR assay. For children, a bacterial pathogen was
also defined as being present if bacteria were detected in whole blood by PCR for S.

pneumoniae or S. pyogenes. For adults, a bacterial pathogen was also defined as being



36

present if S. pneumoniae or L. pneumophila was detected by the urine antigen assay.
Procalcitonin was categorized as <0.1 pg/L, 0.1-<0.25 pg/L, 0.25-<0.5 ug/L, >0.5 ug/L
[140], in which higher levels may correspond to bacterial infections and lower levels may
correspond to viral infections [141, 142].

Serology for non-influenza respiratory viruses was performed using indirect
enzyme immunoassays. PIV types 1-3 were combined for analysis due to antigenic
cross-reactivity. For both influenza A and B viruses, HI assay was performed but
because the HI assay is overly sensitive for influenza B viruses [143], serology samples
that were positive for influenza B virus by the HI assay were further tested using the MN
assay to improve specificity. If the influenza serology results indicated seroconversion
when the vaccine was administered (based on self/caregiver report or vaccine
verification) within 2 weeks before acute-phase serum collection, or between acute-phase
and convalescent-phase serum collection, results were deemed inconclusive and were

considered as missing serology results for these analyses.

2.3 Analytic Plan for Aims
Rationale for Aims 1 and 2

The most easily available pneumonia diagnostic tests are not from the lung, which
makes it challenging to interpret results from these tests. An additional challenge in
diagnosis of viral pneumonia has been the imperfect sensitivity and specificity of
diagnostic tests and the lack of a true gold standard. Several studies have demonstrated
that PCR has increased sensitivity in viral detections relative to culture [66, 67, 75-77]

and can also provide results in a more clinically relevant time frame. In some cases, the
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addition of serology to PCR can increase diagnostic yield for influenza [78, 83, 144] and
other respiratory viral detections [80, 81]. Because some proportion of viral cases are
undetected by PCR but captured by serology, PCR may not have perfect sensitivity. In
addition, a proportion of viral cases may be undetected by serology but captured by PCR.
Moreover, with the EPIC study, most patients enrolled had an available PCR results, but
serology results were available for less than half of the patients. Ultimately, there is a
risk of misclassification of pneumonia etiology attributable to influenza and other
respiratory viruses due to missing diagnostic test results and imperfect test characteristics.
Timely and careful specimen collection is important to test performance. For
example, a longer duration between onset of symptoms and the time to PCR specimen
collection can lead to a lower likelihood of a positive result [75]. Studies have
demonstrated that influenza detection by PCR and culture was higher within the 7 days
after illness onset, as compared to 8-14 days after illness onset [77]. Careful specimen
collection with adequate sampling is also vital. Furthermore, the additional diagnostic
yield from serology is minimized if either the acute or convalescent serum samples are
not collected (thus not paired specimens and cannot interpret results) or if both are
collected but they are outside the appropriate time frame that is consistent with timing

from acute infection.

Analytic Plan for Aim 1
The objective of the first aim was to estimate the revised proportions of CAP
associated with AdV, HMPV, PIV, and RSV among children and adults hospitalized with

CAP, accounting for missing test results using multiple imputation. For this analysis,
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2222 children and 2259 adults were included, as they were enrolled, met final
radiographic criteria for CAP based on a study radiologist review, and had samples
available for both viral and bacterial testing. This analysis focused on AdV, HMPV, P1V,
and RSV individually as both PCR and serology were done for these viruses. While not
every patient had a NP/OP swab collected, 99% of children and 99.5% of adults had a
NP/OP sample available; 49% of children and 40% of adults were missing serology
results, largely due to lack of an available convalescent sample. Due to the missing
serology data, it is possible that positive serologic results were undetected and thus the
proportion of pneumonia cases associated with respiratory viruses might be
underestimated.

Imputing missing data can minimize bias due to missingness, attempts to predict
reasonable estimates, and maximizes the number of observations used for analysis.
Methods of handling missing data vary based on the type of missing data. The three
types of missing data are missing completely at random (MCAR), missing not at random
(MNAR), and data that are neither MCAR nor MNAR (though this class is sometimes
referred to as missing at random (MAR)) and each have different assumptions. When
data are MCAR, the reason for missingness is completely random and the probability that
an observation is missing is unrelated to any other measurable characteristic. This class
has the strongest assumption and it is rare that data are MCAR. When data are MNAR,
the probability that an observation is missing depends on information that is not
observed. MNAR data indicates that they are missing in a systematic way and there is no
universal method of handling the missing data properly. Finally, when data are MAR,

the probability that an observation is missing is random within each stratum of observed
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variables. It is easier for this assumption to be satisfied than it is for MCAR and there are
options for handling these missing data. Related to these assumptions of missing data
types is the idea of replacement. Depending on the type of missing data, subjects with
missing data based on known variables can be randomly replaced by another subject
based on the same combination of observed variables [145].

The main proposed imputation method was multiple imputation through
regression. Performing multiple imputation can be considered an improvement over
simple imputation. With multiple imputation, data are imputed multiple times to create
multiple datasets; each dataset is analyzed and then results are combined into one analytic
dataset. While simple imputation provides natural variability in the missing data, the
added advantage of multiple imputation is the incorporation of uncertainty from
estimating the missing data and thus also produces unbiased parameter estimates and
approximately unbiased standard error [146]. The regression method requires a model
with independent variables that are correlated with the missing variable and/or are
explain some of the missingness to be fit for all observations with complete data. For
observations missing data on a given variable, the predicted value of the missing variable
is then estimated by plugging in the values of the observed variables and the estimated
regression coefficients from this model — this represents the creation of one imputed
dataset. This process is repeated to create multiple imputed datasets, as other regression
models with reasonable regression coefficients can be fit. Once this is accomplished,
these multiple imputed datasets are summarized into one overall dataset to produce

estimates for inference.
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For this analysis, we identified a priori variables to impute missing serology
results, including age, sex, any bacterial detections, and the corresponding virus-specific
NP/OP PCR result. We also assessed whether additional variables (including symptoms,
underlying medical conditions, radiographic characteristics, and pneumonia severity)
could be used to impute missing serology results. We then used observed and imputed
PCR and serology results to create a binary outcome of any positive detection; a person
had a positive detection if either PCR or serology results were positive. We then

estimated a revised proportion of any positive detection for each virus.

Secondary Analysis of LCA:

LCA may estimate the proportion of CAP cases associated with AdV, HMPV,
PIV, and RSV. The pneumonia-etiology latent variable may have three mutually
exclusive classes: 1) pneumonia due to a specific virus, 2) pneumonia due to another
virus, and 3) pneumonia not due to a virus. LCA models were constructed separately for
children and adults. This latent class model were run a total of eight times, as there were
four viruses of interest (AdV, HMPV, P1V, and RSV) and two age groups (children and
adults). Due to the cross-reactivity of PIV 1-3, the strains for PIV were combined.

The latent variable of pneumonia etiology was constructed using a statistical
model that included observed categorical variables. The model used to create the latent
variable of pneumonia due to AdV, HMPV, P1V, and RSV contained test results from
serology and from PCR (Figure 1.2). We categorized PCR and serology test results into
3 categories: negative for all viruses, positive for any virus except for the one of interest,

and positive for the virus of interest regardless of whether another virus was detected. In
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addition to using the diagnostic test results on a specific respiratory virus, we examined
other potentially useful variables, including any bacterial detections, white blood cell
count, and procalcitonin (adults only). Data were available on 60% of adults, and
preliminary analyses indicated no meaningful differences in demographic and clinical
characteristics between those with and without procalcitonin data available. A
dichotomous variable of the timing between illness onset and sample collection for PCR
was created using a cut-point of <7 days and >7 days; in the EPIC study, 79.4% of
children and 70.8% of adults had NP/OP specimens within 7 days of illness onset. The
LCA models for children included PCR result, serology result, and any bacterial
detections. For adults, the LCA models included PCR result, serology result, and
procalcitonin.

The interpretation of the latent class probabilities and the item-response
probabilities is key in answering the questions of interest. As a latent class was labeled
as pneumonia due to a specific virus, this latent class probability could be interpreted as
the revised probability of having pneumonia due to a specific virus and could reflect the
revised proportion of CAP with a given virus detected. Because LCA was performed for
adenovirus, HMPV, parainfluenza, and RSV separately, these labels reflected the
respiratory virus of interest. The item-response probabilities reflected the sensitivity of
diagnostic test, including serology and PCR.

One strength of this analysis is the population-based nature of the surveillance
study. The impact of selection bias is likely minimal for two reasons: 1) the EPIC study
included all eligible pneumonia hospitalizations within each hospital’s geographic

catchment area, and 2) patients who were eligible were similar to those who were
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enrolled. Another strength is the nearly systematic specimen collection and multiple
pathogen testing. Because the EPIC study prospectively tested all patients for viruses and
bacteria that can cause pneumonia, testing was not clinically driven. Another strength is
the novel investigation of potential misclassification of pneumonia etiology due to
respiratory viruses by accounting for missing test results via multiple imputation and
when diagnostic tests are not perfectly specific. Another strength is the novel application
of LCA to estimate a revised proportion of CAP associated with specific respiratory
viruses. LCA accounts for the non-independence between the virus-specific NP/OP PCR
and serologic test results and can reduce measurement error, especially when using both
detection methods increases the diagnostic yield over using either method alone. Another
strength of this analysis is the estimation of sensitivity and specificity for both detection
methods, which can then be compared to those found in the literature.

There are limitations to this analysis. First, LCA relies on assumptions, including
the relationship between and among observed and latent variables. Second, despite the
robust dataset from the EPIC study, the only diagnostic tests available for each specific
respiratory virus were NP/OP PCR and serology. Third, as we had only these two strong
discriminators between latent classes, we included weaker discriminators that might
distinguish between bacteria and viruses. Additionally, as detecting one pathogen does
not mean that another pathogen cannot be detected, the proportion of co-detections in
children (25%) and adults (5%), may have resulted in difficulty in identifying a class
labeled as a specific respiratory virus. Fourth, the summary variable of any bacterial
detections combined positive detections from multiple diagnostic tests, each of which has

its own imperfect test characteristics, possibly introducing potential misclassification
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which could not be accounted. Fifth, the detection of viruses in NP/OP swabs is not
necessarily indicative of the cause of pneumonia [18, 21] and may represent resolving
infection rather than acute infection or an infection limited to the upper tract and not
lower tract [20]. Finally, illness onset was self or caregiver-reported, which introduces

potential recall bias.

Analytic Plan for Aim 2

The objective of the second aim was to estimate the revised proportion of CAP
due to influenza A/B viruses among children and adults hospitalized with CAP,
accounting for missing test results using multiple. As the analytical approach was the
same as that of the first aim, only the differences will be highlighted here. Among 2222
children, 99% had NP/OP specimens and 43% had paired serum specimens available.
Among 2259 adults, 99% had NP/OP specimens and 38% had paired serum specimens
available. Due to the missing serology data, it is possible that positive serologic results
were undetected and thus the proportion of CAP cases associated with influenza A/B
viruses might be underestimated.

For this analysis, we identified a priori variables to impute missing serology
results, including age, sex, influenza PCR result, and any bacterial detections. We also
assessed whether additional variables could be used to impute missing serology results.
We then used observed and imputed PCR and serology results to create a binary outcome
of any positive detection; a person had a positive detection if either PCR or serology
results were positive. We then estimated a revised proportion of any positive detection

for influenza viruses.
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Secondary Analysis of LCA:

As with the first aim, the latent variable of pneumonia etiology could have three
mutually exclusive classes: CAP due to influenza A/B viruses, CAP due to other
respiratory viruses for which we tested, and CAP not due to a respiratory virus for which
we tested. Models will be constructed separately for children and adults. Due to the low
number of detections for each influenza type, influenza types A and B will be combined.
For these models, the variables were categorized in the same way as in Aim 1, and the
same variables were included in the final LCA models (Figure 1.3).

This aim had the same strengths and limitations as Aim 1.

Rationale for Aim 3

Pneumonia is a known complication of seasonal influenza [65, 105-108] and
pandemic influenza [109-113]. Among hospitalized adults and children with influenza
A(H1N1)pdmO09 infection, patients with and without influenza-associated pneumonia had
similar clinical presentation, but patients with pneumonia were more likely to have
shortness of breath and diarrhea than those without pneumonia [107]. Additionally,
radiographic findings of influenza A(H1N1)pmd09 pneumonia included bilaterial
infilrates, infiltrate limited to one lobe, and multilobar infilrates [107, 109, 119, 120].
Early diagnosis and identification of influenza-associated pneumonia is crucial because
of increased risk of severe outcomes [107, 113, 119] and need for timely initiation of
antiviral therapy [107, 109, 120]. Because testing is clinically driven and clinical

behaviors may shift, it is possible that cases of influenza-associated pneumonia might be
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missed if radiographs and/or appropriate diagnostic testing are not performed. Thus, the
use of signs, symptoms, and commonly used laboratory measurements could be helpful in
predicting influenza-associated pneumonia if a clinical prediction model is developed.
However, no formal clinical prediction model has been developed for pneumonia due to

influenza specifically, including in a hospitalized population.

Analytic Plan for Aim 3

The objective of the third aim was to develop and evaluate prediction models and
scores for influenza-associated pneumonia (using the outcome based on multiple
imputation from Aim 2) among children and adults hospitalized with CAP. Within this
aim, there were three specific sub-objectives: 1) to identify predictors of influenza-
associated pneumonia (using the outcome based on multiple imputation), including
symptoms and signs, using logistic regression to construct a prediction model and from
this, 2) to develop prediction scores and 3) to evaluate the performance of the prediction
models and scores and to perform an internal validation of the prediction models using
bootstrapping. For this analysis, we used the same analytic population as that in Aims 1
and 2. Among these 2222 children and 2259 adults, 149 children (6.7%) and 132 adults
(5.8%) had observed detections of influenza virus by NP/OP PCR or serology.

Potential Predictors

The potential predictors evaluated were reflective of those that are quickly
available, which included symptoms and clinical signs, and initially excluded
radiographic characteristics. Over 20 self-reported or caregiver-reported symptoms

during the patient interview were evaluated as potential predictors of influenza-associated
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pneumonia. In addition, clinical signs that were recorded from a hospital physical exam
were also evaluated; such findings included altered mental status, cyanosis, chest
indrawing (for children only), rales/crackles, rhonchi/coarse breath sounds, wheezing,
dullness to percussion, egophony/increased resonance of voice sounds, and decreased
breathing sounds. White blood cell count, a commonly available laboratory finding
available at presentation, was also assessed. The presence of any underlying medical
conditions as well as specific underlying medical conditions were evaluated.
Demographic characteristics of race/ethnicity, sex, and age groups within children and
within adults were also evaluated as potential predictors. Influenza season was also
assessed as a potential predictor. Finally, radiographic characteristics of consolidation,
other infiltrates, or pleural effusion and the verified receipt of the influenza vaccine were
evaluated only after the multivariable models were constructed.

Outcome Definition of Influenza-associated Pneumonia based on Multiple Imputation

Within Aim 2, we performed multiple imputation for missing serology results for
influenza virus in children and adults separately. Our final multiple imputation model for
children included age, sex, any bacterial detection, influenza PCR result, and influenza
season. For adults, our final model included age, sex, any bacterial detections, influenza
PCR result, and self-reported abdominal symptoms. Using these final variables, we
applied multiple imputation to impute missing serology results. We combined observed
and imputed results to create a binary outcome of influenza-associated pneumonia, which
was defined as either positive or negative for influenza virus. A person was classified as
having influenza-associated pneumonia if results from PCR or serology were positive; a

person was classified as negative otherwise.
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Modeling Strateqy

Bivariate analyses were conducted for each potential predictor with the
dichotomous outcome of influenza-associated pneumonia using logistic regression.
Variables with a p<0.20 were eligible for inclusion in the multivariable prediction model.
The multivariable prediction model were constructed from a forward-building approach
using logistic regression until all retained variables had p<0.05. Biological plausibility
was also considered in selecting the variables retained in the final model. Interaction was
assessed for a limited number of variables based on a priori knowledge and the literature.
To ensure consistent variables were retained in the final model, a backwards elimination
approach was also used to eliminate one of the eligible variables at a time that was the
least non-statistically significant until all retained variables had p<0.05, which also
utilized logistic regression. Prediction models were constructed for children and adults
separately. After the models were constructed, we also examined whether the inclusions
of radiographic characteristics and verified receipt of the influenza vaccine improved the
predictive performance of the model. To develop an influenza-associated pneumonia
score, a point value was assigned to each predictor in the multivariable model by
rounding each beta coefficient to the nearest integer.

Following the construction of the prediction models and scores, their
performances were evaluated using the measures of discrimination and calibration.
Discrimination measures how well the model distinguishes between patients with and
without the outcome of interest and was evaluated using the c-statistic, the area under the
receiver operating characteristic (ROC) curve. Values range between 0.5 (no

discrimination) and 1.0 (perfect discrimination). Calibration measures how well the
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model fits the data and was evaluated using the Hosmer-Lemeshow goodness of fit test.
For each numerical score, sensitivity, specificity, positive predictive value, and negative
predictive value were calculated.

Validation of a prediction regression model is important, as a prediction model
can perform well in one population though can fail to predict well when validated in
another; this phenomenon describes optimism. Rather than using an external dataset, an
internal validation could be performed using cross-validation or bootstrapping; the
application of the latter may be more appropriate in this study, as optimism can be
assessed using bootstrapping. Bootstrapping draws a random sample with replacement
within the original sample. Typically, bootstrapping is typically replicated at least 300
times in order to provide stable estimates. The average difference in the c-statistic

between the bootstrap sample and the original sample indicates the optimism [147, 148].

Sensitivity Analysis using outcome definition using observed PCR and serology results:

We defined the outcome of influenza-associated pneumonia based only on
observed PCR and serology results. We classified individuals with and without the
outcome the same way as we did in the main analysis. We applied the same
methodology for developing and evaluating the prediction models.

Once the primary and sensitivity analyses were completed, the predictors of
influenza-associated pneumonia from both analyses were compared to determine any
differences using the outcome definitions of influenza-associated pneumonia from the

primary and sensitivity analyses.
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In addition to the other strengths, another strength is that the EPIC study
prospectively tested all enrolled patients for influenza, and thus testing was not clinically
driven, which may allow for a less biased assessment of the clinical and radiographic
presentation of influenza-associated pneumonia. Another strength is the breadth of
symptoms and radiographic evidence available in the EPIC dataset, which will allow for
a more complete assessment of which clinical characteristics predict the outcome.

A limitation is that 54% of children and 61% of adults were missing influenza
serology, so it is possible that some proportion of influenza A/B viruses were undetected,
which could result in misclassification. A limitation of the analysis is the self-reported or
caregiver-reported symptoms. In particular, young children or older adults may not have
the ability to verbally express their symptoms and the caregivers are relied upon for the
report of the symptoms, which may not be accurately capture what symptoms were
experienced. Another limitation is the potential for inter- and intra-observer variability in

the final determination of radiographically-confirmed pneumonia.

Software Program Used for Analysis:

SAS was used for data management, cleaning, and analysis. Mplus was used for

LCA.

Section 3. Novelty, Significance, and Impact of the Dissertation
CAP is a common cause of hospitalization among all ages. Multiple bacterial and
viral respiratory pathogens contribute to pneumonia etiology and can be detected through

a variety of specimens and methods. In the EPIC study, systematic collections of
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multiple specimens and use of the most current bacterial and viral diagnostic tests
available were attempted, but there were limitations, including inability to obtain lower
respiratory tract samples and inability to obtain every sample in each individual. The
estimated proportion of pneumonia cases associated with specific pathogens is dependent
on the detection methods used and the type and quality of collected specimens. Even
with systematic testing using multiple detection methods, there is the potential for biased
estimates of the proportion of pneumonia cases associated with specific pathogens due to
imperfect characteristics of each detection method — an issue commonly discussed but its
implications have not been thoroughly investigated.

This was the first investigation into the potential misclassification of pneumonia
etiology attributable to respiratory viruses from missing diagnostic test results and from
imperfect test characteristics, especially in a hospitalized population. Specifically, to our
knowledge, this was the first time that revised viral-specific pneumonia burdens have
been estimated by applying multiple imputation to account for missing diagnostic test
results.

This dissertation also included a novel application of LCA in estimating revised
proportions of CAP with specific respiratory viruses detected; LCA has been previously
applied to other infectious diseases, including pneumococcal pneumonia [59, 130], but
not to viral-specific pneumonia. Though the use of LCA addresses misclassification of
diagnostic tests, this particular application aimed to provide a revised estimate of the
proportion of CAP associated with specific pathogens in addition to accounting for the
timing between illness onset and PCR specimen collection, a factor not previously

considered in estimating disease prevalence. Accounting for such misclassification could
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have elucidated improved estimates of the viral-specific pneumonia burdens among
hospitalized children and adults, which could help public health policy and clinical
guidance.

Early diagnosis and identification of influenza-associated pneumonia is crucial
because of increased risk of severe outcomes [107, 113, 119] and need for timely
initiation of antiviral therapy [107, 109, 120]. Because testing is clinically driven and
clinical behaviors may shift, it is possible that cases of influenza-associated pneumonia
might be missed if radiographs and/or appropriate diagnostic testing are not performed.
Thus, the use of symptoms and radiographic characteristics could be maximized if a
clinical prediction model is developed to predict influenza-associated pneumonia.
However, no formal clinical prediction model has been developed for influenza-
associated pneumonia, particularly in a hospitalized population. This dissertation also
focused on the development and evaluation of prediction models and scores using a
breadth of symptoms and radiographic evidence. Thus, the identification of meaningful
combination(s) of symptoms and radiographic evidence could be more easily adopted in a

clinical setting to inform diagnostic testing and appropriate antimicrobial therapy.



Figure 1.1. Modified Specimen Collection and Laboratory Testing Flow Chart
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Figure 1.2. Latent class model for non-influenza respiratory viruses among children
and adults in Aim 1
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Vs

U4

Pneumonia \.“.<»| Pneumonia due to another virus
~

Etiology

~ . .
A Pneumonia not due to a virus

PCR Result Serology Any positive bacterial
Result test results (children) /
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Virus X is a placeholder for AdV, HMPV, PIV, and RSV, as LCA will be performed
separately for each of these four viruses. The latent variable of pneumonia etiology is
indicated with circle and the observed variables are indicated with squares. The dotted
lines emanating from the latent variable are the proposed labels for the latent classes.
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Figure 1.3. Latent class model for influenza A/B viruses among children and adults in

Aim 2
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Table 1.1. Possible Detection Methods of Pathogens Included in the EPIC Study

Detection of Antigen

Detection of

Pathogen Classification Microscopy Whole Blood in Urine and Antibodies N.UCIE'C
and Culture Culture . . . Acid Tests
Respiratory Specimen in Serum
S. pneumoniae Gram-positive X X X X
S. aureus Gram-positive X X
S. pyogenes Gram-positive X X X
H. influenzae Gram-negative X X
Legionella species Gram-negative X X X X
Neither Gram-
M. pneumoniae positive or Gram- X X X
negative
C. pneumoniae Gram-negative X X
Adenovirus ds DNA X X X X X
HMPV ss RNA X X X X
Influenza A, B ss RNA X X X X X
PIV1 23 ss RNA X X X X X
RSV ss RNA X X X X X
Rhinovirus ss RNA X X X X

NR=not reported

ss = single-stranded, ds = double-stranded

GG




Table 1.2. Sensitivity and Specificity of Each Detection Method as well as its Advantages and Disadvantages

Method Sensitivity; Specificity of a
Type pathogen in a diagnostic test | Advantages of Detection Method Disadvantages of Detection Method

Microscopy | S. pneumoniae Gram stain: | Gram Stain: rapid; helps to Does not reveal organisms that do not

and Culture | 82%; 93% [149]; 57%; not | characterize detected pathogen; very | stain; sputum specimen frequently
reported [38] specific with high quality of unreliable due to difficulty in high-quality
Staphylococci Gram stain: specimen [150]; sputum Gram stain | specimen collection, especially in children
76%; 96% [149] broadens initial empiric coverage for | [21, 151]; low sensitivity in patients who
Gram-negative bacteria less common etiologies; validate have received previous antibiotic
Gram stain: 79%; 96% sputum culture results [10] treatment; can't perform antibiotic
[149] susceptibility testing [10, 149]
S. pneumoniae Sputum Culture: low cost; high specificity; Wait 24-48h for results; can be
Culture: 86%; not reported | allows for susceptibility testing and | contaminated by oropharyngeal flora; low
[10]; 79%; not reported [38] | serotyping [151]; high sensitivity sensitivity in patients who have received
Legionella species Culture: | and specific for pneumococcal previous antibiotic treatment; tendency for
<10-80%; 100% [152] pneumonia in adults not exposed to | S. pneumoniae to autolyse once reaching
RSV Culture: 36%; not antibiotics before sputum collection | the stationary growth phase ; diagnostic
reported [77] [19] yield of sputum culture is variable and is
Influenza Culture: 59%; not affected by the quality of specimen
reported [77] collected, transport, rapid processing,
PIV Culture: 58.5%; not absence of prior antibiotic therapy, and
reported [77] skill in interpretation [10]

Whole S. pneumoniae: <30%; not | Identified organisms are considered | Low sensitivity and diagnostic yield,

Blood reported [60, 151] to be cause of pneumonia [21]; especially in children and in patients who

Culture recommended for patients with have received previous antibiotic

severe CAP [10]

treatment; wait 24 hours for results [15,
150, 151]; possible limited utility due to
low prevalence of bloodstream infections
[19]
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Detection of
Antigen in
Urine and
Respiratory
Specimen

RSV Rapid: 71-95%; 80-
100% [19]

L. pneumophila DFA: 25-
70%; >95% [152]

L. pneumophila Urinary
Antigen Test: 70-90%;
>99% [152]

S. pneumoniae Urinary
Antigen Test (adults only):
88%; 96% [33]; 65.9%);
100% [32]; 70.4%; 89.7%
[30]; 64.3%; 98.8% [29];
80.4%; 97.2% [34]

Rapid Influenza Diagnostic
Test:

44%; 100% [70]; 70%-82%);
100% [71]; 88%; 93% [72];
27%; 97% [73]

Rapid Tests: High specificity; able
to distinguish between influenza A
and B; rapid results; possibly
reduced use of antibacterial agents
[10]

UAT: ease of getting specimen;
improvement of diagnostic yield;
able to detect pathogen after
antibiotic treatment ; detects all
pneumococcal strains (as C
polysaccharide antigen is in all
pneumococcal serotypes [31];
detection of Legionella improves
likelihood of identifying
environmental source; rapidity;
simplicity; able to detect
pneumococcal pneumonia after
administration of antibiotic therapy
[10]

Rapid Tests: Cost; high rates of false-
negative test results; false-positive assays
with adenovirus infections [10]

UAT: (S. pneumoniae): proportion of
patients will have positive blood or sputum
cultures and negative antigen tests; antigen
test may cross-react with other
streptococci; UAT can be positive for
weeks after disease onset; UAT is
unreliable in children due to false-positive
in detecting pneumococcal carriage ;
sensitivity and specificity are less in adults
with non-bacteremic pneumonia [21, 22];
(Legionella): Legionella urinary antigen
only identifies L. pneumophila serogroup 1
(which causes 80% of sporadic cases of
Legionnaire's disease) [152]

Detection of
Antibodies
in Serum

Influenza MN assay: 94%;
83% [82]; 83%); 86% [83]
Influenza HI assay: 75%;

97% [82]; 60%; 94% [83]

Useful in detecting fastidious
organisms and for pathogens that
have prolonged shedding in the
nasopharynx or are highly prevalent
in a control population [21]; helpful
in some series for Legionella,
Mycoplasma, Chlamydophila;
widely available and relatively
simple [15]

Results not available for weeks due to
requiring convalescent serum; major
limitation is single measurements of acute-
phase serum specimens lack sensitivity
[19, 93]; potentially useful in diagnosing
secondary bacterial infections from initial
viral infection [19]

LS



Nucleic
Acid Tests

S. aureus (PCR): 97%; 92%
[149]; 96.2%; 93.2% [153]
H. influenzae (PCR):
95.8%; 95.4% [153]

S. pyogenes (PCR): 100%;
100% [153]

M. pneumoniae (PCR):
100%; 95.4% [153]

RSV PCR: 93.6%; not
reported [77]

Influenza PCR: 92.9%; not
reported [77]

PIV PCR: 85.7%; not
reported [77]

Rapid availability; high throughput,
less labor intensive, more cost-
effective [19, 153]; improved
sensitivity in patients who are taking
antimicrobial drugs for diagnosis of
pneumococcal pneumonia [59];
possibly use multiplex platform to
detect multiple pathogens in one
assay; apply molecular serotyping;
detect pathogen and/or determine
antibiotic susceptibility ; detect low
levels of nucleic acid from
respiratory pathogens; don't depend
on viability of target microbe;
results available in clinically
relevant time frame; less affected by
prior antibiotic administration [19]

Not readily available; culture is still
required to obtain an isolate for
antimicrobial-susceptibility testing [153];
lack of suitable comparator gold standard;
very high analytic sensitivity may not
guarantee high clinical sensitivity [19];
cost; lack of adequate specimen in
respiratory tract; limited data on
quantitation thresholds to define
significance; interpretation if multiple
pathogens are detected [22]
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Table 1.3. Review of Michelow and Marston Study Results

Pathogen

Number and Proportion of Pneumonia Cases Attributable to
Detected Pathogen in Children from Michelow Study
N (%) (N=154)

Proportion of Pneumonia Cases
Attributable to Detected

Pathogen in Adults from Marston

Study
N (%) (N=2776)

No Co- Co-infection Co-infection Total Number
infection with Bacteria* | with Viruses* of Episodes
S. pneumoniae 35 (22.7%) 12 (7.8%) 21 (13.6%) 68 (44.2%) 351 (12.6%)
S. aureus 0 (0%) 2 (1.3%) 0 (0%) 2 (1.3%) 94 (3.4%)
S. pyogenes 0 (0%) 2 (1.3%) 2 (1.3%) 2 (1.3%) 17 (0.5%)
H. influenzae Not reported Not reported Not reported Not reported 184 (6.6%)
Legionella species | Not reported Not reported Not reported Not reported 63 (3%)
M. pneumoniae 11 (7.1%) 6 (3.9%) 8 (5.2%) 21 (13.6%) 404 (32.5%)
C. pneumoniae 6 (3.9%) 7 (4.5%) 7 (4.5%) 14 (9.1%) 172 (8.9%)
Adenovirus 2 (1.3%) 9 (5.8%) 5 (3.2%) 11 (7.1%) Not reported
HMPV Not reported Not reported Not reported Not reported Not reported
Influenza A. B 9 (5.8%) (A), 16 (10.4%), 10 (6.5%), 26 (16.9%), 58 (7.4%) (season for A),
’ 1 (0.6%) (B) 6 (3.9%) 6 (3.9%) 7 (4.5%) 17 (2.2%) (season for B)
PIV123 6 (3.9%) 12 (7.8%) 10 (6.5%) 20 (13%) Not reported
0,
RSV 6 (3.9%) 11 (7.1%) 8 (5.2%) 20 (13%) 31(41.(4352)/23&?5156122)6)
Rhinovirus 1 (0.6%) 2 (1.3%) 2 (1.3%) 5 (3%) Not reported

* The categories of co-infection with bacteria and with viruses are not mutually exclusive

From: Michelow IC, Olsen K, Lozano J, Rollin NK, Duffy LB, et al. (2004) Epidemiology and clinical characteristics of community-
acquired pneumonia in hospitalized children. Pediatrics 113: 701-707.

Marston BJ, Plouffe JF, File TM, Jr., et al. (1997) Incidence of community-acquired pneumonia requiring hospitalization: Results of a

population-based active surveillance study in Ohio. Arch Intern Med 157: 1709-1718.

a1
©
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CHAPTER 2. Use of multiple imputation and other methods to calculate revised
proportions of non-influenza respiratory viral detections among children and adults

hospitalized with community-acquired pneumonia

Abstract

Background: Real-time polymerase chain reaction (PCR) and serology are detection
methods for respiratory viruses, though limitations of these tests can lead to
misclassification of pneumonia etiology attributable to respiratory viruses. Specifically,
due to missing test results and imperfect test characteristics, revised estimates of viral-
specific community-acquired pneumonia burdens are needed.

Methods: We analyzed data from an active population-based surveillance study for
community-acquired pneumonia requiring hospitalizations among children (<18 years
old) and adults. Adenovirus, human metapneumovirus (HMPV), parainfluenza virus
types 1-3, and respiratory syncytial virus (RSV) were considered detected if PCR or
serology results were positive, assuming no false-positive results. Multiple imputation
was applied to impute missing serology results for each of these viruses individually.
The revised proportions of pneumonia due to a given virus were estimated based on
observed and imputed results from PCR and serology.

Results: Among 2222 children and 2259 adults with radiographically-confirmed
pneumonia, 98.8-99.5% had NP/OP specimens and 39.7-48.6% had paired serum
specimens available. By accounting for missing serology results, the revised proportions

for adenovirus, HMPV, parainfluenza virus, and RSV detections ranged from 8.9-29.9%
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among children and from 4.0-4.7% among adults, which were 0.8-3.2% higher than the
observed estimates which had missing serology results.

Conclusions: The proportion of community-acquired pneumonia with these respiratory
viruses detected using observed results may have underestimated the virus-specific

burdens.



62

Introduction

Community-acquired pneumonia (CAP) is a common cause of hospitalization
among all ages in the United States [154, 155]. Both bacterial and viral respiratory
pathogens can cause pneumonia and can be detected using a broad range of diagnostic
tests. Timing of collection and quality of specimens affects diagnostic test performance
[75]. Further, the specimens used for diagnostic testing are usually not from the site of
infection (e.g., lung tissue), making the interpretation of results more challenging. An
additional challenge is the imperfect sensitivity and specificity of currently available
diagnostic tests for respiratory pathogens and lack of a true gold standard [78, 83, 156].
PCR and serology are detection methods for respiratory viruses, though serology requires
collection of paired serum specimens and thus has limited impact on patient management.
These limitations of currently available diagnostic tools can lead to misclassification of
pneumonia etiology attributable to respiratory viruses in pneumonia etiology burden
studies.

Real-time polymerase chain reaction (PCR) has improved sensitivity for viral
detections relative to culture [66, 67, 75-77], and the addition of serology to PCR has also
increased diagnostic yield for respiratory viral detections in research studies [80, 81].
The Centers for Disease Control and Prevention (CDC) Etiology of Pneumonia in the
Community (EPIC) study used PCR and serology for detection of respiratory viruses in a
multi-center active surveillance study of the incidence and etiology of CAP among
hospitalized U.S. adults and children [157, 158]. Adenovirus, human metapneumovirus
(HMPV), parainfluenza virus types 1-3, and respiratory syncytial virus (RSV) were

detected using both PCR and serology, which was our motivation to study them. While
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most patients enrolled in the EPIC study had an available PCR result, serology results
were available for less than half of the patients. We used multiple imputation to assign
values for missing serology test results based on data from patients with available test
results. The goal of the study was to estimate the revised proportions of CAP due to
adenovirus, HMPV, parainfluenza virus types 1-3, and RSV among children and adults
hospitalized with CAP, accounting for missing serology test results using multiple

imputation.

Materials and Methods
Enroliment, Specimen Collection, and Laboratory Methods

The CDC EPIC study was a prospective, multi-center, population-based, active
surveillance study, as previously described in detail elsewhere [157, 158]. Briefly, from
January 1, 2010 to June 30, 2012, children <18 years of age were enrolled in three
pediatric hospitals in Memphis, TN, Nashville, TN, and Salt Lake City, UT, and adults
were enrolled in three hospitals in Chicago, IL, and two hospitals in Nashville, TN.
Patients admitted to a study hospital were eligible if they resided within the hospital
catchment area and had evidence of acute respiratory infection and radiographically-
confirmed pneumonia within 72 hours of admission. Patients were included in the
etiologic analysis if they met final radiographic criteria for CAP based on a study
radiologist review and had samples available for both bacterial and viral testing. Clinical,
demographic, and epidemiologic information were collected through interviews and
medical chart review. Informed consent was obtained and the study protocol was

approved by the institutional review boards at each institution and the CDC.
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Different specimen types were collected for comprehensive diagnostic testing of
respiratory pathogens from enrolled patients [157, 158]. Whole blood, acute serum, and
naso-oropharyngeal (NP/OP) swabs were collected as soon as possible after enrollment;
urine was only collected in adults. For adults with a productive cough, sputum was also
collected; results from high-quality sputum samples were included. Pleural fluid,
endotracheal aspirates, and bronchoalveolar-lavage specimens when collected in select
cases for clinical care were included in the analysis. Convalescent serum was collected
3-10 weeks after enroliment.

Real-time PCR was performed on NP/OP swabs for detection of multiple viruses
and atypical bacteria (e.g., Mycoplasma pneumoniae and Chlamydophila pneumoniae)
[157, 158]. Serologic testing for viruses was performed on available paired acute and
convalescent serum specimens. Available adult serum specimens were analyzed to
quantify the biomarker procalcitonin [62, 63]. Bacterial culture was performed on
specimens from blood, sputum, pleural fluid, endotracheal aspirates, and
bronchoalveolar-lavage. To test for specific bacteria, PCR assays were performed on
pleural fluid and, in children only, on whole blood. Urine antigen testing was performed
for Legionella pneumophila and Streptococcus pneumoniae.

Categorization of Variables Based on Diagnostic Test Results

A positive PCR test for adenovirus, coronavirus, HMPV, influenza A/B viruses,
parainfluenza virus types 1-3, RSV, or rhinovirus was defined as a cycle threshold value
of <40 from a NP/OP PCR assay. A positive serologic test for adenovirus, HMPV,
influenza A/B viruses, parainfluenza virus, or RSV was defined as a >4-fold rise in agent-

specific IgG antibody titer between paired acute and convalescent sera. We categorized



65

viral tests dichotomously as either positive or negative using definitions described above.
In the EPIC study and for these analyses, a virus was considered to be detected if there
was a positive result from either PCR or serology, except for rhinovirus and
coronaviruses which only depended on PCR results. This analysis focuses on adenovirus,
HMPV, parainfluenza, and RSV, which were tested by both PCR and serology.

A bacterial pathogen was defined as being present if Chlamydophila pneumoniae
or Mycoplasma pneumoniae was detected in the NP/OP swab by a PCR assay, or if
bacteria (e.g., Staphylococcus aureus, Haemophilus influenzae, S. pneumoniae, and S.
pyogenes) were detected from blood, endotracheal aspirate, or bronchoalveolar-lavage
specimen by culture or, in pleural fluid, by culture or a PCR. For children, a bacterial
pathogen was also defined as being present if bacteria were detected in whole blood by
PCR for S. pneumoniae or S. pyogenes. For adults, a bacterial pathogen was also defined
as being present if S. pneumoniae or L. pneumophila was detected by the urinary antigen
test. A summary variable of any bacterial detection was created; no bacterial detections
were observed if none of these criteria were met.

Procalcitonin was categorized as <0.1 pg/L, 0.1-<0.25 pg/L, 0.25-<0.5 ug/L, >0.5
ug/L [140], in which higher levels may correspond to bacterial infections and lower
levels may correspond to viral infections [141, 142]; this variable was only used in a
secondary analysis presented in the Supplementary Appendix.

Statistical Analysis
Multiple Imputation
We performed multiple imputation for missing serology results for adenovirus,

HMPV, parainfluenza, and RSV in children and adults separately. Multiple imputation
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uses variables within non-missing data, in this case data from patients who had serology
results available, to impute missing data, in this case, data from patients who did not have
serology results available, via a multivariable regression model [145, 146, 160]. To
assess whether these data were missing at random [145, 146], we compared demographic
and clinical characteristics among patients with and without available serology results.
Using both bivariate and multivariable analyses, we identified independent
variables that could be used to impute whether missing serology results for each
respiratory virus as either positive or negative. First, we constructed “a priori” models
using age, sex, any bacterial detection, and the corresponding viral PCR results chosen a
priori based on biological plausibility. We hypothesized that a given virus’s PCR results
would be positively correlated with its corresponding serology results, given the
concordant results from both methods. Additionally, we hypothesized that any bacterial
detection would be negatively correlated with serology results for a given virus, as
patients with a positive serology result for a given virus were less likely to have any
bacteria detections compared to those with negative serology results for a given virus.
Second, we assessed whether additional variables, including cough, fever, diarrhea, sore
throat, abdominal pain, myalgia, chills, headache, chest indrawing/retraction, underlying
medical conditions, radiographic findings (e.g., consolidation, pleural effusion, and other
infiltrates), ICU admission, and pneumonia severity (defined as having experienced at
least one of the following: ICU admission mechanical ventilation, acute respiratory
distress syndrome, shock, or death), were significant in bivariate analyses. For the
variables that were significant in the bivariate analyses, each variable was added one at a

time to the a priori model to assess whether it was significant in the multivariable model.
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Model fit was evaluated using the Hosmer-Lemeshow goodness of fit test; a p-value
<0.05 was used to indicate that model did not fit data well. Additionally, we compared
the area under the curve between the a priori model with and without the potential
variable. A non a priori variable was used to impute serology data if it was significant in
both the bivariate and multivariable analyses and the area under the curve was higher for
the a priori model with this variable relative to the model without it. Potential variables
were assessed for each virus separately and for children and adults separately, thus
different variables could have been used for multiple imputation for the separate models.
For children, our final multiple imputation model for adenovirus, parainfluenza,
and RSV included age, sex, any bacterial detections, and the corresponding viral PCR
result; the model for HMPV included these variables and the presence of any underlying
medical condition. For adults, our final multiple imputation models for adenovirus,
HMPV, and parainfluenza included age, sex, any bacterial detection, and the
corresponding viral PCR result; the model for RSV included these variables and
wheezing. Using these final variables, we applied multiple imputation to impute missing
serology results. Twenty imputed datasets were created for improved efficiency [161].
We combined observed and imputed results from PCR and serology to create a binary
outcome, which was defined as either positive or negative for a given virus. We then
estimated a revised proportion of any positive result for each virus and its corresponding
95% confidence interval (Cl), referred to as the proportion of CAP with a given virus
detected. We also performed sensitivity analysis in which the multiple imputation model

excluded patients for whom NP/OP specimens were collected after 28 days from illness
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onset, as the likelihood of a positive PCR results can decrease with a longer duration
between illness onset and NP/OP specimen collection [75, 77].

We compared the revised proportions to the observed EPIC study results in terns
of absolute difference by subtracting the proportion observed in the EPIC study from the
proportion estimated from multiple imputation. Relative difference was calculated by
dividing the proportion estimated from multiple imputation by the proportion observed
within the EPIC study. Finally, among patients who had both PCR and serology results
available, diagnostic yield of serology was calculated. We applied the formula:
[(serology positive/PCR negative specimens) + (specimens positive by both methods +
serology negative/PCR positive specimens)]; diagnostic yield was calculated separately
for children and adults.

Secondary Analysis: Latent Class Analysis

Latent class analysis (LCA) was also considered for estimating revised
proportions of CAP due to influenza. However, LCA proved to be unstable and
potentially misleading. Specifically, 25% of children and 5% of adults likely had more
than one pathogen detected, modeled latent classes were difficult to interpret, and the
required assumptions for LCA did not appear to be supported including absence of three
separate moderately predictive diagnostic tests. Furthermore, results were sensitive to
model selection strategy. LCA methods, including the assumptions, details of the model
results, and a discussion of results are described in the supplementary appendix.

Bivariate and multivariable regression analyses and multiple imputation were

performed using SAS 9.3 (Cary, NC). LCA was performed in Mplus 7.
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Results
Children

Of 2638 enrolled children, 2358 (89.4%) met the final radiographic criteria for
CAP, among whom 2222 (94.2%) had samples available for both bacterial and viral
diagnostic tests. Median age was 2 years (interquartile range [IQR] 1-6); 50.9% of
children had an underlying medical condition, including 33.4% that reported asthma
(Table 2.1). Among these 2222 children, 2196 (98.8%) had NP/OP specimens and 1081
(48.6%) had paired serum specimens available. We found no meaningful differences in
the demographic and clinical characteristics among children with and without available
serology data (Table S2.1 in the Supplementary Appendix). For 2190 (98.6%) children
who had an available NP/OP swab and illness onset data, the median time between illness
onset and specimen collection was 4.6 days (IQR 2.8-7.4).

For all 2222 children, the revised proportions of CAP with adenovirus, HMPV,
parainfluenza, and RSV detected from multiple imputation were 14.4%, 15.0%, 8.9%,
and 29.9%, respectively; these were 1.6-3.2% higher in absolute differences and were
1.1-1.3 times higher in relative terms for each virus than the observed EPIC study results
(Table 2.2). When limiting multiple imputation to the 2151 (96.8%) children who had
NP/OP specimens collected within 28 days of illness onset, the revised proportions for
adenovirus, HMPV, parainfluenza, and RSV were within 0.1-1.3% of those among all
children. The contribution of serology-positive and PCR-negative detections above any
PCR-positive detections results in a diagnostic yield of serology for adenovirus, HMPV,

parainfluenza virus, and RSV of 29.9%, 25.2%, 61.1%, and 10.3%, respectively, among
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955 (43.0%) children who had both PCR and serology results available. Results from
LCA are described in the supplement (Table S2.2 in the Supplementary Appendix).
Adults

Of 2488 enrolled adults, 2320 (93.2%) met the final radiographic criteria for
CAP, among whom 2259 (97.3%) had specimens available for bacterial and viral
diagnostic testing. Median age was 57 years (IQR 46-71); 78.2% of adults had an
underlying medical condition (Table 2.1). Among these 2259 adults, 2248 (99.5%) had
NP/OP specimens and 897 (39.7%) had paired serum specimens available. Data on
procalcitonin were available for 1339 (59.3%) adults. There were no meaningful
differences in demographic and clinical characteristics between adults with and without
available serology data (Table S2.3 in the Supplementary Appendix) and patients with
and without procalcitonin data available (Table S2.4 in the Supplementary Appendix).
For 2246 (99.4%) adults that had a NP/OP swab and illness onset data available, the
median time between illness onset and specimen collection was 4.8 days (IQR 2.8-8.8).

For all 2259 adults, the revised proportions of CAP who had adenovirus, HMPV,
parainfluenza, and RSV detected from multiple imputation were 4.2%, 4.7%, 4.0%, and
4.0%, respectively; these were 0.8-3.2% higher for each virus in absolute differences and
1.2-3 times higher in relative terms than the observed results (Table 2.3). When limiting
the multiple imputation model to the 2142 (94.8%) adults who had NP/OP specimens
collected within 28 days of illness onset, the revised proportions for adenovirus, HMPV,
parainfluenza, and RSV were within 0.1-1.9% of those among all adults. The
contribution of serology-positive and PCR-negative detections above any PCR-positive

detections results in a diagnostic yield of serology for adenovirus, HMPV, parainfluenza
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virus, and RSV of 133.3%, 24.3%, 35.5%, and 50.0%, respectively, among 833 (36.9%)
adults who had both PCR and serology results available. Results from LCA are

described in the supplement (Table S2.5 in the Supplementary Appendix).

Discussion

We estimated revised proportions of CAP with adenovirus, HMPV, parainfluenza,
and RSV detected by applying multiple imputation to account for missing serology
results, using prospectively collected clinical and microbiological data from patients
hospitalized with CAP enrolled in the EPIC study. To our knowledge, this is the first
time that multiple imputation has been applied to estimate revised viral-specific burdens
in hospitalized CAP. Multiple imputation estimates of the revised proportions for
adenovirus, HMPV, parainfluenza, and RSV detections were 0.8-3.2% higher in absolute
differences and 1.1-3.0 times higher in relative terms than those estimated from the EPIC
study among children and adults. Our results illustrate the potential underestimation of
virus-specific pneumonia burden when serology results are either not included or
missing.

More than half of enrolled children and adults were missing serology results,
largely due to the lack of a convalescent sample. While obtaining convalescent serum
samples is important for etiologic studies of CAP, there are challenges to this exercise.
Patients are lost to follow-up, and the potential methods required to improve follow-up
and thus increase specimen collection require intense resources that are often not
available. Thus, using modeling methods, such as multiple imputation, could be

informative in estimating virus-specific burdens. Multiple imputation requires an



72

assumption that the data are missing at random. As we found no meaningful differences
between characteristics between patients with and without available serology results, we
believed that this assumption was valid. We found minimal differences in revised
estimates when multiple imputation was restricted to include NP/OP specimens collected
within 28 days of illness onset; these estimates are likely similar because 3.2% of
children and 5.2% of adults were excluded in this sensitivity analysis.

The revised estimates obtained using multiple imputation were consistently higher
than the observed estimates from the EPIC study, as missing results can misclassify
pneumonia due to respiratory viruses. Among 955 (43.0%) children and 833 (36.9%)
adults who had both PCR and serology results available, 0.2-7.4% were PCR-positive
and serology-negative. PCR may detect respiratory viruses not captured by serology
because PCR detects the presence of viruses in the naso-/oropharynx whereas serology
measures the virus-specific antibody response. Another explanation for the higher
revised estimates, even after accounting for missing serology results, is the likelihood that
serology detects viruses that are not captured by PCR, as 1.0-3.5% of these results were
PCR-negative and serology-positive. One possible reason for this is because the
convalescent serum sample is obtained 3-7 weeks after the acute sample (thus the timing
is not precisely the same as when samples for PCR were collected), and the positive
result could represent a subsequent respiratory viral infection after the initial
hospitalization. Adding serology to PCR may increase the diagnostic yield by 10.3-
61.1% in children and 24.3-133.3% in adults, depending on the virus of interest. Other
studies have also demonstrated that serology can increase diagnostic yield for these

viruses by 3.0-86.7% when added to PCR [80, 81]. A few factors could explain this wide
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range among studies. First, most studies do not provide details regarding the timing
between NP/OP specimen collection relative to illness onset. If this is duration is longer,
there may be false-negative PCR results, which could lead to higher estimates of
diagnostic yield of serology. Second, diagnostic yield may differ by age; both studies
combined both children of varying ages and adults for their analyses.

There are limitations to these analyses. First, more than 50% of enrolled children
and adults were missing serology results. Imputing these data assumed they were
missing at random; based on our analyses, we believed this assumption was reasonable.
Second, estimates from multiple imputation could have changed if other independent
variables were used for imputation. This concern may be minimal because results from
another diagnostic test (PCR) were available and were a strong predictor of serology
results. Third, the detection of viruses in NP/OP swabs is not necessarily indicative of
the cause of CAP [18, 21] and may represent resolving infection rather than acute
infection or an infection limited to the upper tract and not lower tract [20]. Fourth,
multiple imputation may help to estimate burden at the population level from studies that
collect convalescent samples, but development of more sensitive PCR methods for
clinical purposes and to inform model-based estimates are still needed. Fifth, in the
sensitivity analysis of estimating proportions of respiratory viral detections assuming
imperfect specificities, we assumed conditional test independence for PCR and serology,
though it is difficult to assess whether this is a reasonable assumption. Finally, illness
onset was self or caregiver-reported, which introduces potential recall bias.

In conclusion, the proportion of CAP with adenovirus, HMPV, parainfluenza, and

RSV detected using observed results may have underestimated the virus-specific burdens
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because of missing specimens. Multiple imputation estimates may help inform virus-
specific burden estimates in pneumonia etiology studies as well as other studies in which
convalescent serum samples are available for a proportion, but not necessarily all,
patients. If the proportion of available serology results had varied, it would be difficult to
assess the impact of multiple imputation on burden estimates; the utility of multiple
imputation is driven by the strength of the association between independent variables
used for imputation and serology among patients with available data. Our sensitivity
analyses indicate that there were few differences in virus-specific burden estimates when
accounting for timing of NP/OP specimen. Our reported higher estimates of viral-
specific pneumonia burdens based on multiple imputation underscore the need for
enhancement of respiratory viral diagnostic tests at the patient level which would also

inform population-based estimates and better inform clinical guidance and public health

policy.

Supplementary Appendix

Methods for Sensitivity Analysis: LCA

LCA is a statistical technique that constructs a latent variable as inferred from
multiple observed diagnostic tests using a model [133]. Two key model assumptions
were made. First, we assumed the study population consisted of mutually exclusive
latent classes, in which subjects in the same latent class were assumed to be
homogeneous with respect to the likelihood of disease [134, 162]. A priori, we thought
the latent classes should represent pneumonia due to a specific respiratory virus,

pneumonia due to another respiratory virus for which we tested, or pneumonia not due to
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a respiratory virus for which we tested; these labels directly correspond to the
categorization of PCR and serology results. Because LCA was performed for adenovirus,
HMPV, parainfluenza, and RSV separately, the labels reflected the respiratory virus of
interest. Second, we assumed the observed diagnostic tests were independent of each
other conditional on the latent variable [133, 135]. When these assumptions are met,
LCA vyields estimates of the probability of a diagnostic test result within a latent class and
the probability of being in a latent class. These probabilities reflect the sensitivities of
PCR and serology and the revised proportion of CAP associated with a specific
respiratory virus, respectively.

For the LCA models, we selected diagnostic tests that would best characterize the
latent variable of pneumonia etiology, which included PCR result, serology result, any
positive bacterial test results, white blood cell count, and procalcitonin (adults only). We
considered these variables for all viruses simultaneously. We categorized PCR and
serology test results into 3 categories: negative for all viruses, positive for any virus
except for the one of interest, and positive for the virus of interest regardless of whether
another virus was detected.

After running models with combinations of these variables, we selected the final
LCA model based on either the lowest Bayesian Information Criterion or the highest
entropy (an indicator of latent class separation) and on model interpretation. LCA was
performed separately for children and adults. The final LCA models for each virus
included PCR result, serology result, and any positive bacterial results for children and
PCR result, serology result, and procalcitonin for adults. LCA was also performed

excluding outliers (defined as NP/OP specimen collected after 28 days from illness
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onset). Further, we estimated PCR sensitivity by restricting to subjects that had NP/OP
specimen collected within 7 days of illness onset. Observations that were missing data
on any observed variables were retained in the models. To calculate 95% ClI,
bootstrapping methods of 4000 resampling draws were used. LCA was performed using

Mplus 7.11.

Results for Sensitivity Analysis: LCA

Children

From LCA, the revised proportions of CAP with adenovirus, HMPV,
parainfluenza, and RSV detected were 3.1%, 16.4%, 6.4%, and 26.1%, respectively; for
HMPV and parainfluenza, these results were 2.5-3.5% higher but adenovirus was 8.1%
lower and RSV was 2.2% lower than the observed EPIC study results. For adenovirus,
HMPV, parainfluenza, and RSV, the sensitivities of PCR were 85.6%, 70.7%, 65.7%,
and 90.9% and the sensitivities of serology were 60.9%, 66.2%, 71.5%, and 82.3%,
respectively (Table S2.2). We also performed LCA among 2151 (96.8%) children who
had NP/OP specimen collected within 28 days of illness onset. Compared with LCA
estimates with all children, the sensitivities of PCR and serology were within 0.4-3.8%
for adenovirus, parainfluenza and RSV and increased by 28.4% and by 13.2% for
HMPV, respectively, though the revised proportion decreased to 9.4%.

To better refine the dataset for timing of specimen collections, we performed
LCA among 1765 (79.4%) children who had NP/OP specimens collected within 7 days
after illness onset; median time between illness onset and specimen collection was 3.8

days (IQR 2.6-5.5). The sensitivity of PCR decreased for adenovirus (73.4%) and
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parainfluenza (50.2%), remained the same for HMPV (70.4%), and slightly increased for
RSV (92.8%) when timing was restricted to within 7 days compared to estimates with no
timing restrictions (Table S2.2). The observed proportions for each virus from these
timing restrictions were within 0.2-0.8% of those with no restrictions (data not shown).
Adults

From LCA, the revised proportions of CAP with adenovirus, HMPV,
parainfluenza, and RSV detected were 1.1%, 4.6%, 6.2%, and 2.1%, respectively; this
was 0.3-0.9% higher for adenovirus and RSV respectively but 0.7-3.2% lower for HMPV
and parainfluenza, respectively. For adenovirus, HMPV, parainfluenza, and RSV, the
sensitivities of PCR were 100%, 76.3%, 39.8%, and 82.8% and the sensitivities of
serology were 66.2%, 43%, 35.1%, and 100%, respectively (Table S2.5). We also
performed LCA among 2142 (94.8%) adults who had NP/OP specimen collected within
28 days of illness onset. For adenovirus, HMPV, parainfluenza, and RSV, the
sensitivities of PCR and serology were within 0-1.5% compared to estimates with all
adults.

We also performed LCA among 1600 (71%) adults who had NP/OP specimens
collected within 7 days after illness onset; median time between illness onset and
specimen collection was 3.7 days (IQR 2.5-5.5). The sensitivity of PCR remained similar
for adenovirus (100%) and parainfluenza (38.9%), increased for HMPV (100%), and
decreased for RSV (82.8%) when timing was restricted to within 7 days compared to
estimates with no timing restrictions (Table S2.5). From these timing restrictions, the
observed proportions for each virus were within 0-0.5% of those with no restrictions

(data not shown).
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Discussion of Sensitivity Analysis: LCA

Multiple imputation estimates of the revised proportions for each of these
respiratory viruses were higher than those estimated from LCA, except for HMPV in
children. LCA estimates were more variably higher or lower compared with observed
results and also varied from virus to virus.

As described in the main body of the manuscript, we had only two strong
discriminators and a third, weak discriminator in our LCA models. One potential
consequence was an underestimate of the revised proportion and possible over- or
underestimates of PCR and/or serology sensitivity. For example, in children, not all of
the adenovirus detections were included in the latent class of pneumonia due to
adenovirus. Specifically, the probabilities of being PCR positive for adenovirus within
the latent classes labeled as pneumonia due to another virus and pneumonia not due to a
virus were 8.8% and 4.8%, respectively. Additionally, 79.8% of adenovirus detections
also had another pathogen detected. These may explain why we estimated a lower
revised proportion for adenovirus in children from LCA relative to the observed results
(3.1% vs. 11.2%, respectively). These factors may also explain the lower revised
proportions from LCA relative to the observed results for parainfluenza and RSV in
children and adenovirus and RSV in adults. Similarly, when timing was restricted to
within 7 days, if the revised proportion was underestimated, it may explain the decreased
PCR sensitivity for adenovirus and parainfluenza in children and RSV in adults compared

with estimates with no timing restrictions.
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We also estimated PCR sensitivity for non-influenza respiratory viruses from
LCA. Among hospitalized children, PCR sensitivity was 65.7% and 90.9% for
parainfluenza and RSV, respectively. In comparison to studies of respiratory tract
infections hospitalizations among children <5 years old, PCR sensitivity for
parainfluenza was higher at 85.7-100% using culture [77] with immunofluorescence
assay [168] as a referent standard and PCR sensitivity estimates for RSV were similar at
84.5-97.5% using culture [77, 169, 170] or an RSV antigenic test [169] as the referent
standard. In a study of hospitalized adults >64 years old or who had underlying heart and
lung disease, PCR sensitivity for RSV was 69% using culture and serology [68] as a
composite reference standard. In comparison, our PCR sensitivity was higher at 82.8%
for RSV among hospitalized adults; almost 70% had underlying heart or lung disease or
were >65 years old. Differences in estimates could be due to differences in populations,
especially with respect to age, and the choice of the referent standard.

We had concerns about the revised estimates from LCA. First, it is preferable to
have >3 indicators of the latent variable [162], whereas we only had two strong
discriminators (PCR and serology). We could not identify a strong, third indicator, so we
included a discriminator that probably could only weakly distinguish between bacteria
and viruses (e.g., any bacterial detection). Consequently, some with a positive test for a
specific virus may not have been in the latent class labeled as pneumonia due to that
virus. One potential consequence of this is an underestimate of the revised proportion
and possible over- or underestimates of PCR and/or serology sensitivity. The proportion
of children (25%) and adults (5%) who had positive tests for at least two pathogens,

coupled with having only two strong discriminators, may have poorly identified the latent
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classes and contributed to making interpretation unclear. Additionally, applying different
model selection criteria led to different models; thus, results differed based on what
variables were included in the latent class models and the criteria used for selecting them.
However, to our knowledge, there is limited guidance in the LCA literature about

variable selection and/or modeling strategy for such models [171].
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Table 2.1. Demographic and clinical characteristics of children and adults hospitalized

with community-acquired pneumonia.

Children (n=2222) | Adults (n=2259)
No. (%) No. (%)
Age groups
<2 years 980 (44.0%)
2-4 years 559 (25.2%)
5-9 years 408 (18.4%)
10-17 years 275 (12.4%)
18-44 years 509 (22.5%)
45-64 years 945 (41.8%)
65+ years 805 (35.6%)
Age, median years (interquartile range, IQR) 2 (1-6) 57 (46-71)
Sex
Male 1226 (55.2%) 1104 (48.9%)
Race/Ethnicity
Non-Hispanic White 872 (39.2%) 1054 (46.7%)
Non-Hispanic Black 765 (34.4%) 874 (38.7%)
Hispanic 414 (18.6%) 238 (10.5%)
Other 171 (7.8%) 93 (4.1%)
Underlying Medical Conditions
None reported 1469 (66.1%) 622 (27.5%)
Asthma 743 (33.4%) 584 (25.9%)
Chronic obstructive pulmonary disease 520 (23.0%)
Congenital heart disease 159 (7.2%) 0 (0%)
Coronary artery disease 0 (0%) 663 (29.4%)
Heart failure 430 (19.0%)
Diabetes mellitus 7 (0.3%) 584 (25.9%)
Chronic kidney disease 26 (1.2%) 356 (15.8%)
Chronic liver disease 6 (0.3%) 126 (5.6%)
Preterm birth in children under 2 years old 205 (9.2%) 0 (0%)
Immunosuppression 33 (1.5%) 368 (16.3%)
Cancer 9 (0.4%) 457 (20.2%)
Time from illness onset to PCR specimen
collection, median days (IQR) 4.6 (2.8-7.4) 4.8 (2.8-8.8)
CDC Study City
Chicago 1507 (66.7%)
Memphis 842 (37.9%)
Nashville 600 (27%) 752 (33.3%)
Salt Lake City 780 (35.1%)

*Underlying medical conditions included asthma, chronic obstructive pulmonary disease
(adults only); congenital heart disease (children only), coronary artery disease; pre-term
birth (defined as gestational age <37 weeks at birth in children under 2 years old);

diabetes mellitus; chronic kidney disease; chronic liver disease; immunosuppression; any
cancer (excluding skin cancers); neurological disorders (including seizure, cerebral palsy,
scoliosis); and chromosomal disorders (including Down's syndrome).



Table 2.2. Multiple imputation estimations of a revised proportion of community-acquired pneumonia with detections of specific

respiratory viruses among children hospitalized with community-acquired pneumonia (n=2222).

Estimate (95% CI)

Adenovirus HMPV Parainfluenza RSV
Observed proportions of any positive test result from 11.2% 12.9% 6.8% 28.3%
the EPIC Study (9.9%, 12.5%) (11.5%, 14.3%) (5.8%, 7.8%) (26.4%, 30.2%)
Multiple imputation estimate 14.4% 15.0% 8.9% 29.9%

Revised proportion of any positive test result

(10.7%, 18.0%)

(13.3%, 16.7%)

(7.5%, 10.4%)

(27.9%, 31.9%)

Restriction of timing for NP/OP specimen collection
within 28 days of illness onset (n=2151)

Observed proportions of any positive test result from 11.3% 12.9% 6.9% 28.7%
the EPIC Study (10.0%, 12.6%) | (11.5%, 14.3%) (5.8%, 8.0%) (26.8%, 30.6%)
Multiple imputation estimate 15.7% 14.9% 9.2% 30.3%

Revised proportion of any positive test result

(9.1%, 22.2%)

(13.0%, 16.8%)

(7.6%, 10.9%)

(28.2%, 32.4%)

8




Table 2.3. Multiple imputation estimations of a revised proportion of community-acquired pneumonia with detections of specific

respiratory viruses among adults hospitalized with community-acquired pneumonia (n=2259).

Estimate (95% CI)

Adenovirus

HMPV

Parainfluenza

RSV

Observed proportions of any positive test result from
the EPIC Study

1.4%
(0.9%, 1.9%)

3.9%
(3.1%, 4.7%)

3.0%
(2.3%, 3.7%)

3.0%
(2.3%, 3.7%)

Multiple imputation estimate
Revised proportion of any positive test result

4.2%
(-13.2%, 21.6%)

4.7%
(3.7%, 5.7%)

4.0%
(3.0%, 4.9%)

4.0%
(2.9%, 5.0%)

Restriction of timing for NP/OP specimen collection
within 28 days of illness onset (n=2142)

Observed proportions of any positive test result from
the EPIC Study

1.4%
(0.9%, 1.9%)

4.0%
(3.2%, 4.8%)

3.0%
(2.3%, 3.7%)

3.1%
(2.4%, 3.8%)

Multiple imputation estimate
Revised proportion of any positive test result

2.3%
(-1.1%, 5.7%)

4.8%
(3.7%, 5.9%)

4.1%
(2.9%, 5.4%)

4.1%
(3.1%, 5.1%)

€8
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Supplementary Table S2.1: Characteristics of Hospitalized Children with Community-
acquired Pneumonia: Comparison of Children with and without available serology data

Children with
available paired
serology data

Children without
available paired
serology data

(N=1023) (N=1199)
No. (%) No. (%)
Age groups
<2 years 396 (38.7%) 584 (48.7%)
2-4 years 254 (24.8%) 305 (25.4%)
5-9 years 224 (21.9%) 184 (15.4%)
10-17 years 149 (14.6%) 126 (10.5%)
Sex
Male 580 (56.7%) 646 (53.9%)
Female 443 (43.3%) 553 (46.1%)
Race/Ethnicity
Non-Hispanic White 454 (44.4%) 418 (34.9%)
Non-Hispanic Black 271 (26.5%) 494 (41.2%)
Hispanic 220 (21.5%) 194 (16.2%)
Other 78 (7.6%) 93 (7.8%)
Underlying Medical Conditions
None reported 510 (49.9%) 580 (48.4%)
Asthma 336 (32.8%) 407 (33.9%)
Congenital heart disease 83 (8.1%) 76 (6.3%)
Preterm birth in children under 2 years
old 78 (7.6%) 127 (10.6%)
Immunosuppression 18 (1.8%) 15 (1.3%)
Heart failure 11 (1.1%) 11 (0.9%)
Chronic kidney disease 8 (0.8%) 18 (1.5%)
Cancer 6 (0.6%) 3 (0.3%)
Diabetes mellitus 4 (0.4%) 3 (0.3%)
Chronic liver disease 1 (0.1%) 5 (0.4%)
Hospital Indicators
Disease severity 228 (22.3%) 238 (19.9%)
Intensive care unit admission 226 (22.1%) 237 (19.8%)
Mechanical ventilation 70 (6.8%) 79 (6.6%)
Death 1 (0.1%) 2 (0.2%)




Supplementary Table S2.2: Latent class analysis estimations of a revised proportion of community-acquired pneumonia associated
with specific respiratory viruses as well as sensitivities of PCR and serology among children hospitalized with community-acquired

pneumonia (n=2222).

Estimate (95% CI)

Adenovirus

HMPV

Parainfluenza

RSV

Observed proportions of any positive test result from
the EPIC Study [158]

11.2%
(9.9%, 12.5%)

12.9%
(11.5%, 14.3%)

6.8%
(5.8%, 7.8%)

28.3%
(26.4%, 30.2%)

LCA estimate
Revised proportion

Sensitivity of PCR

Sensitivity of Serology

3.1%
(1.0%, 5.6%)
85.6%
(47.2%, 100%)
60.9%
(28.2%, 100%)

16.4%
(14.1%, 19.8%)
70.7%
(61.6%, 97.8%)
66.2%
(53.3%, 74.6%)

6.4%
(3.5%, 11.2%)
65.7%
(39.4%, 100%)
71.5%
(50.9%, 100%)

26.1%
(22.8%, 30.2%)
90.9%
(85.5%, 98.7%)
82.3%
(72.9%, 91.2%)

LCA estimate when restricting timing of specimen
collection within 28 days of illness onset (n=2151)

Revised proportion
Sensitivity of PCR

Sensitivity of Serology

3.2%
(1.3%, 5.8%)
84.7%
(57.6%, 100%)
57.2%
(27.0%, 100%)

9.4%
(7.2%, 12.6%)
99.1%
(75.2%, 100%)
79.4%
(65.0%, 97.4%)

7.1%
(3.9%, 12.4%)
61.9%
(37.1%, 96.2%)
69.3%
(49.2%, 100%)

26.3%
(23.0%, 30.5%)
91.3%
(85.3%, 99.2%)
82.9%
(73.2%, 91.8%)

LCA estimate when restricting timing of specimen
collection within 7 days of illness onset (n=1765)

Revised proportion

Sensitivity of PCR

3.2%
(0.8%, 7.3%)
73.4%
(34.6%, 100%)

17.5%
(14.5%, 21.5%)
70.4%
(59.6%, 96.7%)

6.6%
(3.2%, 12.3%)
50.2%
(30.4%, 86.7%)

26.8%
(22.8%, 31.4%)
92.8%

(87.2%, 100%)
(o]

o1




Supplementary Table S2.3: Characteristics of Hospitalized Adults with Community-
acquired Pneumonia: Comparison of Adults with and without available serology data

86

Adults with available
paired serology data

Adults without
available paired
serology data

ﬁ'o-_ff(g;j; (N=1405)
No. (%)
Age groups
18-44 years 187 (21.9%) 322 (22.9%)
45-64 years 384 (45.0%) 561 (39.9%)
65+ years 283 (33.1%) 522 (37.2%)
Sex
Male 435 (50.9%) 669 (47.6%)
Female 419 (49.1%) 736 (52.4%)
Race/Ethnicity
Non-Hispanic White 394 (46.1%) 660 (47.0%)
Non-Hispanic Black 330 (38.6%) 544 (38.7%)
Hispanic 97 (11.4%) 141 (10.0%)
Other 33 (3.9%) 60 (4.3%)
Underlying Medical Conditions
None reported 171 (20.0%) 322 (22.9%)
Coronary artery disease 278 (32.6%) 385 (27.4%)
Asthma 230 (26.9%) 354 (25.2%)
Diabetes mellitus 225 (26.4%) 359 (25.6%)
Chronic obstructive pulmonary disease 189 (22.1%) 331 (23.6%)
Cancer 163 (19.1%) 242 (17.2%)
Heart failure 160 (18.7%) 270 (19.2%)
Immunosuppression 153 (17.9%) 215 (15.3%)
Chronic kidney disease 151 (17.7%) 205 (14.6%)
Chronic liver disease 53 (6.2%) 73 (5.2%)
Hospital Indicators
Disease severity 183 (21.4%) 322 (22.9%)
Intensive care unit admission 175 (20.5%) 307 (21.9%)
Mechanical ventilation 33 (3.9%) 84 (6.0%)
Death 4 (0.5%) 45 (3.2%)
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Supplementary Table S2.4: Characteristics of Hospitalized Adults with Community-
acquired Pneumonia: Comparison of Adults with and without available procalcitonin data

Adults with available
procalcitonin data

Adults without
available procalcitonin

(N=1339) data (N=920)
No. (%) No. (%)
Age groups
18-44 years 305 (22.8%) 204 (22.2%)
45-64 years 579 (43.2%) 366 (39.8%)
65+ years 455 (34.0%) 350 (38.0%)
Sex
Male 666 (49.7%) 438 (47.6%)
Female 673 (50.3%) 482 (52.4%)
Race/Ethnicity
Non-Hispanic White 504 (37.6%) 550 (59.8%)
Non-Hispanic Black 568 (42.4%) 306 (33.3%)
Hispanic 199 (14.9%) 39 (4.2%)
Other 68 (5.1%) 25 (2.7%)
Underlying Medical Conditions
None reported 322 (24.1%) 171 (18.6%)
Coronary artery disease 426 (31.8%) 237 (25.8%)
Asthma 336 (25.1%) 248 (27.0%)
Diabetes mellitus 325 (24.3%) 259 (28.2%)
Chronic obstructive pulmonary disease 243 (18.2%) 277 (30.1%)
Heart failure 241 (18.0%) 189 (20.5%)
Cancer 236 (17.6%) 169 (18.4%)
Chronic kidney disease 209 (15.6%) 147 (16.0%)
Immunosuppression 200 (14.9%) 168 (18.3%)
Chronic liver disease 58 (4.3%) 68 (7.4%)
Hospital Indicators
Disease severity 291 (21.7%) 214 (23.3%)
Intensive care unit admission 288 (21.5%) 194 (21.1%)
Mechanical ventilation 65 (4.9%) 52 (5.7%)
Death 23 (1.7%) 26 (2.8%)




Supplementary Table S2.5: Latent class analysis estimations of a revised proportion of community-acquired pneumonia associated
with specific respiratory viruses as well as sensitivities of PCR and serology among adults hospitalized with community-acquired

pneumonia (n=2259).

Estimate (95% CI)

Adenovirus

HMPV

Parainfluenza

RSV

Observed proportions of any positive test result from
the EPIC Study [157]

1.4%
(0.9%, 1.9%)

3.9%
(3.1%, 4.7%)

3.0%
(2.3%, 3.7%)

3.0%
(2.3%, 3.7%)

LCA estimate
Revised proportion

Sensitivity of PCR

Sensitivity of Serology

1.1%
(0.6%, 1.6%)
100%
(34.2%, 100%)
66.2%
(6.1%, 100%)

4.6%
(2.9%, 7.7%)
76.3%
(46.5%, 100%)
43.0%
(27.4%, 60.7%)

6.2%
(3.6%, 16.6%)
39.8%
(14.9%, 68.3%)
35.1%
(16.6%, 59.8%)

2.1%
(1.1%, 3.2%)
82.8%
(56.3%, 100%)
100%
(76.7%, 100%)

LCA estimate when restricting timing of specimen col

lection within 28 days of illness onset (n=2142)

Revised proportion
Sensitivity of PCR

Sensitivity of Serology

1.1%
(0.6%, 1.6%)
100%
(50.7%, 100%)
66.7%
(0%, 100%)

4.8%
(2.9%, 7.9%)
75.6%
(45.2%, 100%)
42.9%
(25.0%, 60.8%)

6.6%
(3.8%, 19.8%)
38.3%
(12.4%, 64.1%)
34.3%
(15.6%, 54.7%)

2.1%
(1.1%, 3.4%)
83.0%
(57.5%, 100%)
100%
(59.0%, 100%)

LCA estimate when restricting timing of specimen col

lection within 7 days of illness onset (n=1600)

Revised proportion

Sensitivity of PCR

1.1%
(0.5%, 2.0%)
100%

(15.7%, 100%)

3.8%
(2.8%, 4.9%)
100%
(100%, 100%)

5.2%
(2.1%, 15.5%)
38.9%
(14.0%, 67.5%)

3.1%
(1.6%, 4.8%)
73.0%
(45.7%, 92.9%)

[0}
o
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CHAPTER 3. Use of multiple imputation and other methods to calculate a revised
proportion of influenza virus detections among children and adults hospitalized

with community-acquired pneumonia

Abstract

Background: Real-time polymerase chain reaction (PCR) and serology are detection
methods for influenza virus infection; limitations of these tests can lead to
misclassification of pneumonia attributable to influenza. Thus, revised estimates of
influenza-associated community-acquired pneumonia (CAP) are needed to account for
missing test results and imperfect test characteristics.

Methods: We analyzed data from an active population-based surveillance study for CAP
requiring hospitalization among children (<18 years old) and adults. Influenza virus was
considered detected if PCR or serology results were positive, assuming no false-positive
results. Multiple imputation was applied to impute missing influenza serology results.
The revised proportion of CAP due to influenza was estimated based on observed and
imputed results from PCR and serology.

Results: Among 2222 children and 2259 adults with radiographically-confirmed CAP,
98.8% and 99.5% had NP/OP specimens and 43.2% and 37.5% had paired serum
specimens available respectively. Using imputed serology results, the revised proportion
of influenza-associated CAP increased in children from 6.7% to 11.1% and in adults from

5.8% to 7.9%.



Conclusions: The proportion of CAP with influenza virus detected using available test
results may have underestimated the influenza burden. Imputing missing data could

improve burden estimation.
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Introduction

Community-acquired pneumonia (CAP) is a common cause of hospitalization
among all ages in the United States [154, 155]. Both bacterial and viral respiratory
pathogens, including influenza virus, can cause pneumonia and can be detected using a
broad range of diagnostic tests. Timing of collection and quality of specimens affects
diagnostic test performance [75]. Further, the specimens used for diagnostic testing are
often not from the lower respiratory tract (e.g., lung tissue), making the interpretation of
results more challenging. An additional challenge is the imperfect sensitivity and
specificity of currently available diagnostic tests for respiratory pathogens and lack of a
true gold standard [78, 83, 156]. PCR and serology are detection methods for respiratory
viruses, though serology requires collection of paired serum specimens and thus has
limited impact on patient management. These limitations of currently available
diagnostic tools can lead to misclassification of pneumonia etiology attributable to
influenza virus in pneumonia etiology studies.

Real-time polymerase chain reaction (PCR) has improved sensitivity for influenza
virus detections relative to culture [66, 67, 75-77], and the addition of serology to PCR
has also increased diagnostic yield for influenza virus detections in research studies [78,
80, 81, 83, 144]. The Centers for Disease Control and Prevention (CDC) Etiology of
Pneumonia in the Community (EPIC) study used PCR and serology for detection of
influenza virus in a multi-center active surveillance study of the incidence and etiology of
CAP among hospitalized U.S. adults and children [157, 158]. Our focus is on influenza
virus because it was detected by both PCR and serology. While most patients enrolled in

the EPIC study had an available PCR result, serology results were available for less than
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half of the patients. The goal of the study was to estimate the revised proportion of CAP
due to influenza virus among children and adults hospitalized with CAP, accounting for

missing serology test results using multiple imputation.

Materials and Methods
Enrollment, Specimen Collection, and Laboratory Methods

The CDC EPIC study was a prospective, multi-center, population-based, active
surveillance study, as previously described in detail elsewhere [157, 158]. Briefly, from
January 1, 2010 to June 30, 2012, children <18 years of age were enrolled in three
pediatric hospitals in Memphis, TN, Nashville, TN, and Salt Lake City, UT, and adults
were enrolled in three hospitals in Chicago, IL, and two hospitals in Nashville, TN.
Patients admitted to a study hospital were eligible if they resided within the hospital
catchment area and had evidence of acute respiratory infection and radiographically-
confirmed pneumonia within 72 h of admission. Patients were included in the etiologic
analysis if they met final radiographic criteria for CAP based on a study radiologist
review and had samples available for both bacterial and viral detection. Clinical,
demographic, and epidemiologic information were collected through interviews and
medical chart review. Informed consent was obtained and the study protocol was
approved by the institutional review boards at each institution and the CDC.

Different specimen types were collected for comprehensive diagnostic testing of
respiratory pathogens from enrolled patients [157, 158]. Whole blood, acute serum, and
naso-oropharyngeal (NP/OP) swabs were collected as soon as possible after enrollment;

urine was only collected in adults. For adults with a productive cough, sputum was also



93

collected; only results from high-quality sputum samples were included. Pleural fluid,

endotracheal aspirates, and bronchoalveolar-lavage specimens when collected in select
cases for clinical care were included in the analysis. Convalescent serum was collected
3-10 weeks after enroliment.

Real-time PCR was performed on NP/OP swabs for detection of multiple viruses
and atypical bacteria [157, 158]. Serologic testing for viruses was performed on
available paired acute and convalescent serum specimens. Influenza serology utilized
both hemagglutination inhibition (HI) and microneutralization (MN) assays to define
positive results [157, 158]. Available adult serum specimens were analyzed to quantify
the biomarker procalcitonin [62, 63]. Bacterial culture was performed on specimens from
blood, sputum, pleural fluid, endotracheal aspirates, and bronchoalveolar-lavage. To test
for specific bacteria, PCR assays were performed on pleural fluid and, in children only,
on whole blood. Urine antigen testing was performed for Legionella pneumophila and S.
pneumoniae.

Categorization of Variables Based on Diagnostic Test Results

A positive PCR test for adenovirus, coronavirus, human metapneumovirus,
influenza A and B viruses, parainfluenza virus types 1-3, respiratory syncytial virus, or
rhinovirus virus was defined as a cycle threshold value of <40 from a NP/OP PCR assay.
A positive serologic test for adenovirus, human metapneumovirus, influenza A/B viruses,
parainfluenza virus, or respiratory syncytial virus was defined as a >4-fold rise in agent-
specific IgG antibody titer between paired acute and convalescent sera.

For both influenza A and B viruses, HI assay was performed but because the HI

assay is not specific for influenza B viruses [143], serological samples that were positive
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for influenza B virus infection by the HI assay were further tested using the MN assay to
improve specificity. If the influenza serology results indicated seroconversion when
vaccine was administered (based on self/caregiver report or vaccine verification) within 2
weeks before acute-phase serum collection, or between acute-phase and convalescent-
phase serum collection, results were deemed inconclusive and were considered as
missing serology results for this analysis.

In the EPIC study and for these analyses, influenza virus infection was considered
present if there was a positive result from PCR or serology. A non-influenza virus was
defined as being present if there was a positive result from PCR or serology, except for
rhinovirus and coronaviruses which only depended on PCR results.

A bacterial pathogen was defined as being present if Chlamydophila pneumoniae
or Mycoplasma pneumoniae was detected in the NP/OP swab by a PCR assay or if
bacteria (e.g., Staphylococcus aureus, Haemophilus influenzae, S. pneumoniae, and S.
pyogenes) were detected in blood, endotracheal aspirate, or bronchoalveolar-lavage
specimen by culture or, in pleural fluid, by culture or a PCR. For children, a bacterial
pathogen was also defined as being present if bacteria were detected in whole blood by
PCR for S. pneumoniae or S. pyogenes. For adults, a bacterial pathogen was also defined
as being present if S. pneumoniae or L. pneumophila was detected by the urine antigen
test or if bacteria were detected in high-quality sputum by culture. A summary variable
of any bacterial detections was created; no bacterial detections were observed if none of
these criteria were met.

Procalcitonin was categorized as <0.1 pg/L, 0.1-<0.25 pg/L, 0.25-<0.5 ug/L, >0.5

ug/L [140], in which the two higher categories may correspond to bacterial infections and
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the two lower categories may correspond to viral infections [141, 142]; this variable was
only used in a secondary analysis presented in the Supplementary Appendix.
Influenza Vaccination Status and Other Variables for Analyses

For the EPIC study, influenza vaccination history was collected during the patient
interview and medical charts were further reviewed to verify vaccination status. Vaccine
receipt included the monovalent influenza A(H1IN1)pdmO09 vaccine (2009-2010 influenza
season) or trivalent inactivated or live attenuated seasonal influenza vaccines (2010-2011
and 2011-2012 influenza seasons). Influenza season was defined as October 1 through
April 30 for each study year.

Statistical Analysis
Multiple Imputation

We performed multiple imputation for missing serology results for influenza virus
in children and adults separately. Multiple imputation uses variables from non-missing
data, in this case the patient data from those who had serology results available, to impute
data onto the missing data, in this case, the patient data who did not have serology results
available, via a multivariable regression model [145, 146, 160]. To assess whether these
data were missing at random [145, 146], we compared demographic and clinical
characteristics among patients with and without available serology results.

Using both bivariate and multivariable analyses, we identified independent
variables that could be used to impute missing serology results as either positive or
negative. First, we constructed “a priori”” models for children and adults using age, sex,
any bacterial detection, and influenza PCR result chosen a priori based on biological

plausibility. We hypothesized that influenza PCR results would be positively correlated
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with influenza serology results, given the concordant results from both methods.
Additionally, we hypothesized that any bacterial detection would be negatively correlated
with influenza serology results, as patients with positive influenza serology results were
less likely to have any bacteria detections compared to patients with negative influenza
serology results.

Second, we assessed whether additional variables, including cough, fever,
diarrhea, sore throat, abdominal pain, myalgia, chills, headache, influenza season, chest
indrawing/retraction, underlying medical conditions, radiographic findings (e.g.,
consolidation, pleural effusion, and other infiltrates), ICU admission, and pneumonia
severity (defined as having experienced at least one of the following: ICU admission,
mechanical ventilation, acute respiratory distress syndrome, shock, or death), were
significant in bivariate analyses. For the variables that were significant in the bivariate
analyses, each variable was added one at a time to the a priori model to assess whether it
was significant in the multivariable model. Model fit was evaluated using the Hosmer-
Lemeshow goodness of fit test; a p-value <0.05 was used to indicate that the model did
not fit the data well. Additionally, we compared the area under the curve between the a
priori model with and without the potential variable. A non a priori variable was used to
impute serology data if it was significant in both the bivariate and multivariable analyses
and the area under the curve was higher for the a priori model with this variable relative
to the model without it. Potential variables were assessed for children and adults
separately.

Our final multiple imputation model for children included age, sex, any bacterial

detection, influenza PCR result, and influenza season. For adults, our final model
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included age, sex, any bacterial detection, influenza PCR result, and self-reported
abdominal symptoms. Using these final variables, we applied multiple imputation to
impute missing serology results. Twenty imputed datasets were created for improved
efficiency [161]. We combined observed and imputed results from PCR and serology to
create a binary outcome, which was defined as either positive or negative for influenza
virus infection. We then estimated a revised proportion of any positive result for
influenza virus infection and its corresponding 95% confidence interval (Cl), referred to
as the revised proportion of CAP with influenza virus detected. We also performed a
sensitivity analysis in which the multiple imputation model excluded patients for whom
NP/OP specimens were collected after 28 days from illness onset, as the likelihood of a
positive PCR result can decrease with a longer duration between illness onset and NP/OP
specimen collection [75, 77].

We compared the revised proportions to the observed EPIC study results in terms
of absolute difference by subtracting the proportion observed in the EPIC study from the
proportion estimated from multiple imputation. Relative difference was calculated by
dividing the proportion estimated from multiple imputation by the proportion observed in
the EPIC study. Finally, among patients who had both PCR and serology results
available, diagnostic yield of serology was calculated. We applied the formula:
[(serology positive/PCR negative specimens) + (specimens positive by both methods +
serology negative/PCR positive specimens)]; diagnostic yield of serology was calculated
for children and adults separately.

Secondary Analysis: Latent Class Analysis



98

Latent class analysis (LCA) was also considered for estimating revised
proportions of CAP due to influenza. However, LCA proved to be unstable and
potentially misleading. Specifically, 25% of children and 5% of adults likely had more
than one pathogen detected, modeled latent classes were difficult to interpret, and the
required assumptions for LCA did not appear to be supported including absence of three
separate moderately predictive diagnostic tests. Furthermore, results were sensitive to
model selection strategy. LCA methods, including the assumptions, details of the model
results, and a discussion of results are described in the supplementary appendix.

Bivariate and multivariable regression analyses and multiple imputation were

performed using SAS 9.3. LCA was performed in Mplus 7.

Results
Children

Of 2638 enrolled children, 2358 (89.4%) met the final radiographic criteria for
CAP, among whom 2222 (94.2%) had samples available for both bacterial and viral
diagnostic tests. Median age was 2 years (interquartile range [IQR] 1-6); 50.9% of
children had an underlying medical condition, including 33.4% that reported asthma
(Table 3.1). Among the 2222 children, 2196 (98.8%) had NP/OP specimens and 961
(43.2%) had paired serum specimens available. We found no meaningful differences in
the demographic and clinical characteristics among children with and without available
serology data (Table S3.1 in the Supplementary Appendix). For 2190 (98.6%) children
who had an available NP/OP swab and illness onset data, the median time between illness

onset and specimen collection was 4.6 days (IQR 2.8-7.4).
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For all 2222 children, the revised proportion of CAP with influenza virus detected
from multiple imputation was 11.1%, which is 4.4% higher in an absolute difference and
is 1.7 times higher in relative terms than the observed EPIC study results (Table 3.2).
When limiting multiple imputation to the 2151 (96.8%) children who had NP/OP
specimens collected within 28 days of illness onset, the revised proportion was 0.2%
lower than the corresponding estimate among all children. The contribution of serology-
positive and PCR-negative detections above any PCR-positive detections resulted in a
diagnostic yield of serology of 184.4% among the 870 (39.2%) children who had both
PCR and serology results available. Results from the LCA are described in the
supplement (Table S3.2 in the Supplementary Appendix).

Adults

Of 2488 enrolled adults, 2320 (93.2%) met the final radiographic criteria for
CAP, among whom 2259 (97.3%) had specimens available for bacterial and viral
diagnostic testing. Median age was 57 years (IQR 46-71); 78.2% of adults had an
underlying medical condition (Table 3.1). Among these 2259 adults, 2248 (99.5%) had
NP/OP specimens and 846 (37.5%) had paired serum specimens available. Data on
procalcitonin were available for 1339 (59.3%) adults. There were no meaningful
differences in demographic and clinical characteristics between adults with and without
available serology data (Table S3.3 in the Supplementary Appendix) and between
patients with and without procalcitonin data available (Table S3.4 in the Supplementary
Appendix). For 2246 (99.4%) adults that had a NP/OP swab and illness onset data
available, the median time between illness onset and specimen collection was 4.8 days

(IQR 2.8-8.8).
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For all 2259 adults, the revised proportion of CAP with influenza detected was
7.9% from multiple imputation; this is 2.1% higher in an absolute difference and 1.4
times higher in relative terms than the observed results (Table 3.2). When limiting the
multiple imputation model to the 2142 (94.8%) adults who had NP/OP specimens
collected within 28 days of illness onset, the revised proportion was 0.2% higher than that
among all adults. The contribution of serology-positive and PCR-negative detections
above any PCR-positive detections resulted in a diagnostic yield of serology of 78.6%,
among the 741 (32.8%) adults who had both PCR and serology results available. Results
from the LCA are described in the supplement (Table S3.2 in the Supplementary

Appendix).

Discussion

We estimated revised proportions of CAP with influenza virus detected by
applying multiple imputation to account for missing serology results, using prospectively
collected clinical and microbiological data from patients hospitalized with CAP enrolled
in the EPIC study. Multiple imputation increased the estimates of influenza-associated
CAP from 6.7% to 11.1% in children and from 5.8% to 7.9% in adults. Our results
illustrate the potential underestimation of influenza-associated pneumonia burden when
serology results are either not included or missing.

More than half of enrolled children and adults were missing serology results,
largely due to the lack of a convalescent sample. Patients are lost to follow-up, and the
potential methods required to improve follow-up and thus increase specimen collection

require intense resources that are often not available for convalescent specimen
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collection. Thus, using modeling methods, such as multiple imputation, could be
informative in estimating influenza burden. Multiple imputation requires an assumption
that the data are missing at random. As we found no meaningful differences between
characteristics between patients with and without available serology results, we believed
that this assumption was valid. We found minimal differences in revised estimates when
multiple imputation was restricted to include NP/OP specimens collected within 28 days
of illness onset; these estimates are likely similar because only 3.2% of children and 5.2%
of adults were excluded in the sensitivity analysis.

The revised estimates obtained using multiple imputation were higher than the
observed estimates from the EPIC study, as missing serology results can misclassify
pneumonia due to influenza virus. Among 870 (39.2%) children and 741 (32.8%) adults
who had both PCR and serology results available, 67.9-71.9% of PCR-positive results
were also serology-positive. PCR may detect influenza virus not captured by serology
because PCR detects the presence of influenza virus in the naso/oropharynx whereas
serology measures the influenza-specific antibody response. Several studies have shown
that influenza detection by PCR was higher when NP/OP specimen are collected within 7
days of illness onset, compared with 8-14 days after illness onset [77, 123, 172]; in our
study, 1765 (79%) of children and 1600 (71%) of adults had NP/OP specimens collected
within 7 days of illness onset. In contrast, 46.3% and 28.1% of serology-positive results
were also PCR-positive in children and adults, respectively. Thus, it is likely that
serology detects influenza virus that is not captured by PCR. One possible reason for this
is because the convalescent serum sample is obtained 3-7 weeks after the acute sample

(thus the timing is not precisely the same as when samples for PCR were collected),
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which may capture detections missed by PCR due to late collection of NP/OP specimens
relative to illness onset. Adding serology to PCR may increase the diagnostic yield by
78.6% in adults and 184.4% in children. Other studies have also demonstrated that
serology can increase diagnostic yield by 15-130% when added to PCR [78, 80, 81, 83].
There may be several factors that could explain this wide range among studies. First,
most studies do not provide details regarding the duration between NP/OP specimen
collection relative to illness onset. If this duration is longer, there may be false-negative
PCR results, which could lead to higher estimates of diagnostic yield of serology.
Second, diagnostic yield may differ by age; most studies combined both children of
varying ages and adults for diagnostic yield calculations, though one only included adults
[78]. Finally, the diagnostic yield of 110-130% for influenza B viruses may be over-
estimated because these studies utilized the HI assay [80, 81], which is not specific for
influenza B viruses [143].

There are limitations to these analyses. First, more than 50% of enrolled children
and adults were missing serology results. Imputing these data assumed they were
missing at random. Based on our analyses, we believed this assumption was reasonable.
Second, estimates from multiple imputation could have changed if other independent
variables were used for imputation. This concern may be minimal because PCR results
were available and were a strong predictor of serology results. Third, the detection of
viruses in NP/OP swabs is not necessarily indicative of the cause of CAP [18, 21] and
may represent resolving infection rather than acute infection or an infection limited to the
upper tract and not lower tract [20]. Fourth, multiple imputation may help to estimate

burden at the population level from studies that collect convalescent samples, but
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development of more sensitive PCR methods for clinical purposes and to inform model-
based estimates are still needed. Fifth, in the sensitivity analysis of estimating
proportions of influenza virus detection assuming imperfect specificities, we assumed
conditional test independence for PCR and serology, though it is difficult to assess
whether this is a reasonable assumption.

In conclusion, the proportion of CAP with influenza virus detected using observed
results may have underestimated the influenza burden because of missing specimens and
imperfect test characteristics. Multiple imputation estimates may help inform influenza
burden estimates in pneumonia etiology studies as well as other studies in which
convalescent serum samples are available for a proportion but not necessarily all patients.
If the proportion of available serology results had varied, it would be difficult to assess
the impact of multiple imputation on burden estimates; the utility of multiple imputation
is driven by the strength of the association between independent variables used for
imputation and serology among patients with available data. Our sensitivity analyses
indicated that there were few differences in influenza burden estimates when accounting
for timing of NP/OP specimen collection. Our reported higher estimates of influenza-
associated pneumonia burden based on multiple imputation underscore the need for
enhancement of influenza diagnostic tests at the patient level which would also inform

population-based estimates and better inform clinical guidance and public health policy.

Supplementary Appendix

Methods for Secondary Analysis: Latent Class Analysis
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LCA is a statistical technique that constructs a latent variable as inferred from
multiple observed diagnostic tests using a model [133]. Two key model assumptions
were made. First, we assumed the study population consisted of mutually exclusive
latent classes, in which subjects in the same latent class were assumed to be
homogeneous with respect to the likelihood of disease [134, 162]. A priori, we
determined that the latent classes should represent pneumonia due to influenza A/B
viruses, pneumonia due to any other respiratory virus for which we tested, or pneumonia
not due to a respiratory virus for which we tested; these labels directly correspond to the
categorization of PCR and serology results. Second, we assumed the observed diagnostic
tests were independent of each other conditional on the latent variable [133, 135]. When
these assumptions are met, LCA yields estimates of the probability of a diagnostic test
result within a latent class and the probability of being in a latent class. These
probabilities reflect the sensitivities of PCR and serology and the revised proportion of
CAP associated with a specific respiratory virus, respectively.

For the LCA models, we selected diagnostic tests that would best characterize the
latent variable of pneumonia etiology, which included PCR result, serology result, any
positive bacterial test results, white blood cell count, and procalcitonin (adults only). We
considered the tests for all viruses simultaneously. We categorized PCR and serology
test results into three categories: negative for all viruses, positive for any virus except for
influenza A/B, and positive for influenza A/B regardless of whether another virus was
detected.

After running models with combinations of these variables, we selected the final

LCA model based on either the lowest Bayesian Information Criterion or the highest
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entropy (an indicator of latent class separation) and on model interpretation. LCA was
performed separately for children and adults. The final LCA models for each virus
included PCR result, serology result, and any bacterial detections for children and PCR
result, serology result, and procalcitonin for adults. LCA was also performed excluding
subjects with NP/OP specimen collected after 28 days of illness onset. Further, we
estimated PCR sensitivity by restricting to subjects that had NP/OP specimen collected
within 7 days of illness onset. Observations that were missing data on any observed
variables were retained in the models. To calculate 95% CI, bootstrapping methods of
4000 resampling draws were used. LCA was performed using Mplus 7.11.

In a sensitivity analysis, we also explored the impact of assuming fixed values of
serology sensitivity and specificity on PCR sensitivity in children. We set serology
sensitivity and specificity each to six values, ranging from 70%-100%. For each of these
36 combinations, we noted the corresponding PCR sensitivity, as estimated from the
LCA model.

Results for Secondary Analysis: Latent Class Analysis

Children

From LCA, this revised proportion was 9.5%; this result was 2.8% higher than the
observed result (Table S3.2). The sensitivities of PCR and serology were 34.3% and
87.9%, respectively. We also performed LCA among 2151 (96.8%) children who had
NP/OP specimen collected within 28 days of illness onset. Compared with LCA
estimates among all children, the sensitivities of PCR and serology increased by 52.5%

and decreased by 7.2%, respectively, though the revised proportion decreased to 4.1%.
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To better refine the dataset for timing of specimen collections, we performed
LCA among 1765 (79.4%) children who had NP/OP specimens collected within 7 days
after illness onset; median time between illness onset and specimen collection was 3.8
days (IQR 2.6-5.5). The sensitivity of PCR increased (88.2%) when timing was
restricted to within 7 days compared to estimates with no timing restrictions (Table S3.2).
The observed proportions of influenza A/B detections from each of these timing
restrictions were within 0.4% of those with no restrictions (data not shown).

Additionally, from fixing serology test characteristics in 36 combinations, we
observed a range of PCR sensitivity estimates from 30-38%.

Adults

Among 1339 (59.3%) adults who had procalcitonin data available, 593 (26.3%)
had <0.1 pg/L, 216 (9.6%) had 0.1-<0.25 pg/L, 128 (5.7%) had 0.25-<0.5 pg/L, and 402
(17.8%) had >0.5 ng/L.

From LCA, the revised proportion was 5.9%; this was 0.1% higher (Table S3.2).
The sensitivities of PCR and serology were 83.1% and 67.8%, respectively. We also
performed LCA among 2142 (94.8%) adults who had NP/OP specimen collected within
28 days of illness onset. From LCA, the sensitivities of PCR and serology were within
2.4-2.8% of the estimates among all adults.

We also performed LCA among 1600 (71%) adults who had NP/OP specimens
collected within 7 days after illness onset; median time between illness onset and
specimen collection was 3.7 days (IQR 2.5-5.5). The sensitivity of PCR increased
(100%) when timing was restricted to within 7 days compared to estimates with no

timing restrictions (Table S3.2). The observed proportions of influenza A/B detections
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from each of these timing restrictions were within 0.8% of those with no restrictions (data
not shown).

Discussion of Secondary Analysis: LCA

Multiple imputation estimates of the revised proportions for influenza A/B viruses
were higher than those estimated from LCA. Both multiple imputation and LCA
estimates were 0.1-4.4% higher compared to the observed results.

For example, among all children, the probability of having a positive serology
result for influenza within the latent class labeled as pneumonia not due to a virus was
4.8% and the probabilities of having a positive PCR result for influenza was 0.8-0.9% in
the latent classes of pneumonia due to another virus and pneumonia not due to a virus. If
some positive detections of influenza are not in the latent class of pneumonia due to
influenza A/B viruses, one potential consequence is an underestimate of the revised
proportion and possible over- or underestimates of PCR and/or serology sensitivity. For
example, among children who had NP/OP specimen collected within 28 days of illness
onset, the probability of having a positive serology results for influenza within the latent
classes of pneumonia not due to influenza and of pneumonia due to other viruses were
5.0% and 7.1%, respectively. This may explain why we estimated a lower revised
proportion for influenza in children from LCA relative to the observed results (4.1% vs.
6.6%, respectively), despite that the sensitivity estimates of PCR and serology from this
model (86.8% and 80.7%, respectively) are more consistent with our expectations than
those estimates with no timing restrictions (34.3% and 87.9%, respectively).

Timing between illness onset and NP/OP specimen collection is important to PCR

test performance. Studies have described that prolonged timing can lead to a lower
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likelihood of a positive result [75, 81] and can impact sensitivity [78]. This could explain
why PCR sensitivity increased from 34.3% among all children to 86.8% among those
who had NP/OP specimen collected within 28 days of illness onset as well as the slight
increase from 83.1% to 85.5% in PCR sensitivity in adults, respectively. More
specifically, studies have described that the time from illness onset to the last day of a
positive PCR test was 5-7 days in a household study of naturally acquired influenza
infection [79], challenge studies [172, 173], and studies of outpatients and patients
presenting to emergency departments of all ages [174, 175]. Some studies of adults
hospitalized with influenza have reported prolonged viral replication among those with
severe disease, including those with comorbidities [123, 176]. Among children and
adults who had NP/OP specimen collected within 7 days of illness onset, we estimated
PCR sensitivity to be 88.2% and 100%, respectively. These estimates may indicate that
collecting NP/OP specimen within 7 days of illness onset remains meaningful for those
hospitalized with influenza-associated pneumonia.

We had concerns about the revised estimates from LCA. First, it is preferable to
have >3 indicators of the latent variable [162]. We could only identify two strong
discriminators (PCR and serology), so we included a discriminator that could only
weakly distinguish between bacterial and viral detections. LCA estimates for adults and
children were higher than those from the EPIC study, though not all positive test results
for influenza A/B viruses were in the corresponding latent class. Consequently, the
revised proportion could be underestimated, resulting in a possible over- or
underestimates of PCR and/or serology sensitivity. The proportion of co-detections in

children (25%) and adults (5%), coupled with having only two strong discriminators, may
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have poorly identified the latent classes and obscured the interpretation of the results.
Additionally, applying different model selection criteria led to different models; thus,
results differed based on what variables were included in the latent class models.
However, to our knowledge, there is limited guidance to the LCA literature about

variable selection and/or modeling strategy [171].
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Table 3.1. Demographic and clinical characteristics of children and adults hospitalized

with community-acquired pneumonia

Children (n=2222)

Adults (n=2259)

No. (%) No. (%)
Age groups
<2 years 980 (44.0%)
2-4 years 559 (25.2%)
5-9 years 408 (18.4%)
10-17 years 275 (12.4%)
18-44 years 509 (22.5%)
45-64 years 945 (41.8%)
65+ years 805 (35.6%)
Age, median years (interquartile range, IQR) 2 (1-6) 57 (46-71)
Sex
Male 1226 (55.2%) 1104 (48.9%)
Race/Ethnicity
Non-Hispanic White 872 (39.2%) 1054 (46.7%)
Non-Hispanic Black 765 (34.4%) 874 (38.7%)
Hispanic 414 (18.6%) 238 (10.5%)
Other 171 (7.8%) 93 (4.1%)

Underlying Medical Conditions*
None reported
Asthma
Preterm birth in children under 2 years old
Congenital heart disease

1090 (49.1%)
743 (33.4%)
205 (9.2%)
159 (7.2%)

493 (21.8%)
584 (25.9%)

368 (15.8%)

Immunosuppression 33 (1.5%)
Chronic kidney disease 26 (1.2%) 356 (15.8%)
Heart failure 22 (1%) 430 (19.0%)
Cancer 9 (0.4%) 405 (17.9%)
Diabetes mellitus 7 (0.3%) 584 (25.9%)
Chronic liver disease 6 (0.3%) 126 (5.6%)
Coronary artery disease 663 (29.4%)
Chronic obstructive pulmonary disease 520 (23.0%)
Time from illness onset to NP/OP specimen
collection, median days (IQR) 46(28-7.4) 4.8(28-88)
Study City
Chicago 1507 (66.7%)
Memphis 842 (37.9%)
Nashville 600 (27%) 752 (33.3%)

Salt Lake City

780 (35.1%)
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*Underlying medical conditions included asthma, chronic obstructive pulmonary disease
(adults only); congenital heart disease (children only), coronary artery disease; pre-term
birth (defined as gestational age <37 weeks at birth in children under 2 years old);
diabetes mellitus; chronic kidney disease; chronic liver disease; immunosuppression; any
cancer (excluding skin cancers); neurological disorders (including seizure, cerebral palsy,
scoliosis); and chromosomal disorders (including Down's syndrome).



Table 3.2. Multiple imputation estimations of a revised proportion of community-acquired pneumonia with influenza virus detection
among children (n=2222) and adults (n=2259) hospitalized with community-acquired pneumonia.

Estimate (95% CI)

Restriction of timing for NP/OP specimen collection
within 28 days of illness onset
(n=2151 children, 2142 adults)

No restriction of timing of NP/OP specimen collection
(n=2222 children, 2259 adults)

Observed proportions of
any positive influenza
test result from the EPIC
Study [157, 158]

Multiple imputation
estimate:
Revised proportion of any
positive influenza test
result

Observed proportions of
any positive influenza test
result from the EPIC
Study

Multiple imputation
estimate:
Revised proportion of any
positive influenza test
result

Children

6.7% (5.7%, 7.7%)

11.1% (9.5%, 12.7%)

6.6% (5.6%, 7.6%)

10.9% (9.1%, 12.6%)

Adults

5.8% (4.8%, 6.8%)

7.9% (6.3%, 9.6%)

6.0% (5.0%, 7.0%)

8.1% (6.6%, 9.5%)

¢T1
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Supplementary Table S3.1. Characteristics of Hospitalized Children with Community-
acquired Pneumonia: Comparison of Children with and without available influenza

serology data

Children with
available paired
serology data

Children without
available paired
serology data

(N=961) (N=1261)
No. (%) No. (%)
Age groups
<2 years 359 (37.4%) 621 (49.2%)
2-4 years 241 (25.1%) 318 (25.2%)
5-9 years 217 (22.6%) 191 (15.2%)
10-17 years 144 (15.0%) 131 (10.4%)
Sex
Male 546 (56.8%) 680 (53.9%)
Female 415 (43.2%) 581 (46.1%)
Race/Ethnicity
Non-Hispanic White 439 (45.7%) 433 (34.3%)
Non-Hispanic Black 235 (24.5%) 530 (42.0%)
Hispanic 213 (22.2%) 201 (15.9%)
Other 74 (7.7%) 97 (7.7%)
Underlying Medical Conditions
None reported 484 (50.4%) 606 (48.1%)
Asthma 314 (32.7%) 429 (34.0%)
Congenital heart disease 80 (8.3%) 79 (6.3%)
Preterm birth in children under 2 years
old 64 (6.7%) 141 (11.2%)
Immunosuppression 18 (1.9%) 15 (1.2%)
Heart failure 10 (1.0%) 12 (1.0%)
Chronic kidney disease 8 (0.8%) 18 (1.4%)
Cancer 6 (0.6%) 3 (0.2%)
Diabetes mellitus 4 (0.4%) 3 (0.2%)
Chronic liver disease 1 (0.1%) 5 (0.4%)
Hospital Indicators
Disease severity 216 (22.5%) 250 (19.8%)
Intensive care unit admission 214 (22.3%) 249 (19.8%)
Mechanical ventilation 64 (6.7%) 85 (6.7%)
Death 0 (0%) 3 (0.2%)




Supplementary Table S3.2. Latent class analysis estimations of a revised proportion of community-acquired pneumonia associated
with influenza A/B viruses as well as sensitivities of PCR and serology among children (n=2222) and adults (n=2259) hospitalized

with community-acquired pneumonia.

Estimate (95% CI)

Children (n=2222)

Adults (n=2259)

Observed proportions of any positive detection from the
EPIC Study

6.7% (5.7%, 7.7%)

5.8% (4.8%, 6.8%)

LCA estimate
Revised proportion
Sensitivity of PCR
Sensitivity of Serology

9.5% (4.2%, 14.4%)
34.3% (22.2%, 82.1%)
87.9% (65.2%, 100%)

5.9% (4.6%, 8.8%)
83.1% (51.3%, 100%)
67.8% (48.2%, 84.4%)

LCA estimate when restricting timing of NP/OP specimen
collection within 28 days of illness onset
Revised proportion
Sensitivity of PCR
Sensitivity of Serology

(n=2151)

4.1% (2.3%, 8.4%)
86.8% (38.9%, 100%)
80.7% (58.1%, 97.1%)

(n=2142)

5.8% (4.7%, 9.0%)
85.5% (52.4%, 100%)
70.6% (51.5%, 86.8%)

LCA estimate when restricting timing of NP/OP specimen
collection within 7 days of illness onset
Revised proportion
Sensitivity of PCR

(n=1765)

4.4% (3.1%, 6.3%)
88.2% (62.3%, 100%)

(n=1600)

4.3% (2.1%, 6%)
100.0% (53.2%, 100%)

Vit
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Adults with available
paired serology data

Adults without
available paired
serology data

(|11\|o_.8(§1/06)) (N=1413)
No. (%)
Age groups
18-44 years 184 (21.7%) 325 (23.0%)
45-64 years 384 (45.4%) 561 (39.7%)
65+ years 278 (32.9%) 527 (37.3%)
Sex
Male 428 (50.6%) 676 (47.8%)
Female 418 (49.4%) 737 (52.2%)
Race/Ethnicity
Non-Hispanic White 390 (46.1%) 664 (47.0%)
Non-Hispanic Black 327 (38.6%) 547 (38.7%)
Hispanic 96 (11.4%) 142 (10.1%)
Other 33 (3.9%) 60 (4.2%)
Underlying Medical Conditions
None reported 170 (20.1%) 323 (22.9%)
Coronary artery disease 274 (32.4%) 389 (27.5%)
Asthma 227 (26.8%) 357 (25.3%)
Diabetes mellitus 222 (26.2%) 362 (25.6%)
Chronic obstructive pulmonary disease 187 (22.1%) 333 (23.6%)
Cancer 162 (19.2%) 243 (17.2%)
Heart failure 160 (18.9%) 270 (19.1%)
Immunosuppression 150 (17.7%) 218 (15.4%)
Chronic kidney disease 148 (17.5%) 208 (14.7%)
Chronic liver disease 53 (6.3%) 73 (5.2%)
Hospital Indicators
Disease severity 181 (21.4%) 324 (22.9%)
Intensive care unit admission 173 (20.5%) 309 (21.9%)
Mechanical ventilation 33 (3.9%) 84 (5.9%)
Death 4 (0.5%) 45 (3.2%)
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Supplementary Table S3.4. Characteristics of Hospitalized Adults with Community-
acquired Pneumonia: Comparison of Adults with and without available procalcitonin data

Adults with available
procalcitonin data

Adults without
available procalcitonin

(N=1339) data (N=920)
No. (%) No. (%)
Age groups
18-44 years 305 (22.8%) 204 (22.2%)
45-64 years 579 (43.2%) 366 (39.8%)
65+ years 455 (34.0%) 350 (38.0%)
Sex
Male 666 (49.7%) 438 (47.6%)
Female 673 (50.3%) 482 (52.4%)
Race/Ethnicity
Non-Hispanic White 504 (37.6%) 550 (59.8%)
Non-Hispanic Black 568 (42.4%) 306 (33.3%)
Hispanic 199 (14.9%) 39 (4.2%)
Other 68 (5.1%) 25 (2.7%)
Underlying Medical Conditions
None reported 322 (24.1%) 171 (18.6%)
Coronary artery disease 426 (31.8%) 237 (25.8%)
Asthma 336 (25.1%) 248 (27.0%)
Diabetes mellitus 325 (24.3%) 259 (28.2%)
Chronic obstructive pulmonary disease 243 (18.2%) 277 (30.1%)
Heart failure 241 (18.0%) 189 (20.5%)
Cancer 236 (17.6%) 169 (18.4%)
Chronic kidney disease 209 (15.6%) 147 (16.0%)
Immunosuppression 200 (14.9%) 168 (18.3%)
Chronic liver disease 58 (4.3%) 68 (7.4%)
Hospital Indicators
Disease severity 291 (21.7%) 214 (23.3%)
Intensive care unit admission 288 (21.5%) 194 (21.1%)
Mechanical ventilation 65 (4.9%) 52 (5.7%)
Death 23 (1.7%) 26 (2.8%)
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CHAPTER 4. Prediction Models and Scores for Influenza-Associated Pneumonia

among Children and Adults Hospitalized with Community-acquired Pneumonia

Abstract

Background: Early identification of influenza-associated pneumonia is crucial because of
increased risk of severe outcomes and need for timely initiation of antiviral therapy.
However, it is difficult to clinically discern influenza-associated pneumonia from other
causes of pneumonia. A prediction score using readily available clinical factors on
admission could help identify influenza-associated pneumonia earlier.

Methods: We analyzed data from an active population-based surveillance study for
community-acquired pneumonia requiring hospitalization among children (<18 years old)
and adults. Influenza testing included both polymerase chain reaction (PCR) and
serology; although 56.8-62.5% of serology results were missing due to lack of
convalescent serum. Influenza-associated pneumonia was defined two ways: one
definition used observed PCR and serology results, and the other used multiply imputed
data that accounted for missing serology results. Multivariable models were developed
using factors to inform prediction scores. Point values were assigned based on the
predictors’ coefficients in the models; an individual’s score was the sum of point values
based on observed characteristics.

Results: Among 2222 children and 2259 adults, 5.8-6.7% patients had influenza-
associated pneumonia based on the observed data; 7.3-10.5% patients had the outcome
based on multiply imputed data. Significant predictors included age (<2 years old:

adjusted odds ratios (aORs) from both definitions=0.51-0.58; 2-4 years old: aORs=0.46;
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5-9 years old: aORs=0.84-1.07) and influenza season (aORs=3.06) for children and, for
adults, any underlying medical conditions (aORs=0.52-0.53), leukocytosis (aORs=0.42-
0.55), cough (aORs=3.74-17.56), abdominal pain (aORs=1.56-2.21), and influenza
season (aORs=3.29-4.44). The discrimination was poor for children and good for adults
(c-statistics ranged from 0.64-0.65 and 0.72-0.77, respectively); all models had good
calibration (p-values for goodness of fit ranged from 0.15-0.99). The prediction scores
had high negative predictive values (90-99%) and, overall, low positive predictive values
(0-29%).

Conclusions: Despite identifying significant factors, our scores reflect difficulty in
predicting influenza-associated pneumonia and differentiating it from other causes of

pneumonia.
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Introduction

Pneumonia is a known complication of seasonal [65, 105-108] and pandemic
influenza [109-113] virus infection. Early diagnosis and identification of influenza-
associated pneumonia is crucial because of increased risk of severe outcomes [107, 113,
119] and need for timely initiation of antiviral therapy [107, 109, 120]. However, clinical
features of influenza-associated pneumonia are difficult to distinguish from other causes
of community-acquired pneumonia (CAP) [65, 108, 122]. Additionally, not all patients
with suspected influenza, including those with pneumonia, get tested for influenza virus
infection [65]. Because testing practice is clinically driven and behaviors may shift, it is
possible that patients with influenza-associated pneumonia may be missed if radiographs
and/or appropriate diagnostic testing are not performed. It is possible that meaningful
combinations of symptoms and clinical signs could be useful for early identification of
influenza-associated pneumonia and could be determined through the development of a
prediction model and a corresponding score.

The Centers for Disease Control and Prevention (CDC) Etiology of Pneumonia in
the Community (EPIC) study systematically tested all enrolled patients for influenza and
other respiratory pathogens and collected data on >20 symptoms and clinical signs
through a multi-center active surveillance study of the incidence and etiology of CAP
among hospitalized U.S. adults and children [157, 158]. Used the EPIC study data, the
goal of the study was to develop and evaluate prediction models and corresponding
scores for early identification of influenza-associated pneumonia among children and

adults hospitalized with CAP.
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Materials and Methods
Enrollment, Laboratory Methods, and Definitions

The CDC EPIC study was a prospective, multi-center, population-based, active
surveillance study, that has previously been described in detail elsewhere [157, 158].
Briefly, from January 1, 2010 to June 30, 2012, children <18 years of age were enrolled
in three pediatric hospitals in Memphis, TN, Nashville, TN, and Salt Lake City, UT, and
adults were enrolled in three hospitals in Chicago, IL, and two hospitals in Nashville, TN.
Patients were eligible if they were admitted to a study hospital, resided within the
hospital catchment area, had evidence of acute respiratory infection, and
radiographically-confirmed pneumonia within 72 hours of admission. Clinical,
demographic, and epidemiologic information were collected through interviews and
medical chart review. Blood, urine, and respiratory specimens for diagnostic testing
using multiple modalities were obtained from enrolled patients. Informed consent was
obtained and the study protocol was approved by the institutional review boards at each
institution and the CDC.

Real-time PCR was performed on naso-/oropharyngeal (NP/OP) swabs for
detection of influenza viruses; a positive PCR test was defined as a cycle threshold value
of <40 for either influenza A or B virus. Influenza serology utilized both
hemagglutination inhibition (HI) and microneutralization (MN) assays to define positive
results for available paired acute and convalescent serum specimens [157, 158]. For both
influenza A and B viruses, HI assay was performed; specimens positive for influenza B
virus were further tested using the MN assay to improve specificity [143] . A positive

serologic test was defined as a >4-fold rise in agent-specific 1gG antibody titer between
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paired acute and convalescent sera. If the influenza serology results indicated
seroconversion when the vaccine was administered (based on self/caregiver report or
vaccine verification) within two weeks before acute-phase serum collection, or between
acute-phase and convalescent-phase serum collections, results were deemed inconclusive
and were considered as missing serology results for this analysis.

A bacterial pathogen was defined as being present if Chlamydophila pneumoniae
or Mycoplasma pneumoniae was detected in the NP/OP swab by a PCR assay or if
bacteria (e.g., Staphylococcus aureus, Haemophilus influenzae, S. pneumoniae, and S.
pyogenes) were detected in blood, endotracheal aspirate, or bronchoalveolar-lavage
specimen by culture or, in pleural fluid, by culture or a PCR. For children, a bacterial
pathogen was also defined as being present if bacteria were detected in whole blood by
PCR for S. pneumoniae or S. pyogenes. For adults, a bacterial pathogen was also defined
as being present if S. pneumoniae or L. pneumophila was detected by the urine antigen
test or if bacteria were detected in high-quality sputum by culture. A summary variable
of any bacterial detections was created.

We categorized both influenza PCR and serology test results dichotomously as
either positive or negative using definitions described above. In the EPIC study and for
these analyses, influenza virus was considered to be detected if there was a positive result
from PCR or serology. Patients were included in this analysis if they met final
radiographic criteria for CAP based on a study radiologist review and had samples
available for both bacterial and viral detection.

Statistical Analysis

Outcome
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The outcome for this analysis was influenza-associated pneumonia. For our
primary analysis, influenza-associated pneumonia was defined based on results from
multiple imputation that accounted for missing serology results. Missing influenza
serology results were imputed in children and adults separately. Multiple imputation uses
variables among patients with the available observed data to impute data for patients with
missing data via a multivariable regression model [145, 146, 160]. The missing data
were assumed to be missing at random [145, 146] through preliminary analyses described
elsewhere. We then applied a modeling strategy to identify variables using available data
for imputation of missing serology data; details are described in the supplementary
appendix (Tables S4.1-S4.2). Our final multiple imputation model for children included
age, sex, any bacterial detections, influenza PCR result, and influenza season. For adults,
our final model included age, sex, any bacterial detections, influenza PCR result, and
self-reported abdominal symptoms. Using these final variables, we applied multiple
imputation to impute missing serology results. Twenty imputed datasets were created
[161]. We combined the observed and imputed results to create a dichotomous outcome
of influenza-associated pneumonia (hereafter referred to as ‘MI-based outcome’). For a
secondary analysis, influenza-associated pneumonia was based on observed PCR and
serology study results (hereafter referred to as ‘observed outcome’). For both definitions,
a patient was classified as having influenza-associated pneumonia if PCR or serology
results were positive, and a patient was classified as negative otherwise.

Covariates
We determined whether independent factors readily available early during

hospitalization were associated with influenza-associated pneumonia. We considered
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symptoms, clinical signs, white blood cell (WBC) count, underlying medical conditions,
demographic characteristics, influenza season, receipt of influenza vaccine, and
characteristics on chest radiograph. Most of these data were collected through medical
chart review. Clinical signs were assessed by a physical examination, and symptoms
were either self-reported or caregiver-reported. Influenza vaccination history was
collected during the patient interview and medical charts were further reviewed to verify
vaccination status. Vaccine receipt included the monovalent influenza A(H1N1)pdmQ9
vaccine (2009-2010 influenza season) or trivalent inactivated or live attenuated seasonal
influenza vaccines (2010-2011 and 2011-2012 influenza seasons). Influenza season was
defined as October 1 through April 30 for each study year.

We categorized age as <2 years, 2-4 years, 5-9 years, and 10-17 years for children
and 18-49 years, 50-64 years, and >65 years for adults. WBC count was categorized as
leukopenia (WBC <5,500/mm?) or leukocytosis (WBC >15,000/mm?3) for children <5
years old. For those >5 years old, WBC count was categorized as leukopenia (WBC
<3,000/mm?) or leukocytosis (WBC >11,000/mm?®). Normal WBC count was the
reference for leukopenia and leukocytosis. Presence of any underlying medical condition
included asthma; chronic obstructive pulmonary disease (adults only); congenital heart
disease (children only); coronary artery disease; pre-term birth (defined as gestational age
<37 weeks at birth in children <2 years old); diabetes mellitus; chronic kidney disease;
chronic liver disease; immunosuppression; any cancer (excluding skin cancers);
neurological disorders; and chromosomal disorders.

Modeling Strategy and Developing Prediction Scores
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Separate prediction models were constructed for children and adults. We
conducted bivariate and multivariable analyses to assess which covariates were
associated with influenza-associated pneumonia using logistic regression; we first used
the MI-based outcome definition and then repeated the assessment using the observed
outcome. Covariates with p<0.20 were eligible for inclusion in the multivariable
prediction model. Biological plausibility was also considered in selecting covariates for
potential inclusion in the final model. We constructed the multivariable model using two
approaches. First, we included all eligible covariates as well as the interactions only
between the demographic characteristics that were eligible for inclusion in a logistic
regression model. We then eliminated covariates one at a time, starting with the
covariate with the least non-statistically significant, until all remaining covariates had
p<0.05 or significantly increased the -2 log-likelihood of the model. In the second
approach, we added a covariate one at a time, starting with the covariate with the lowest
p-value that was <0.05, until all included covariates had p<0.05 or significantly increased
the -2 log-likelihood of the model.

We initially excluded specific covariates that may not have been readily available
on admission or routinely performed, including chest radiography and verified receipt of
the influenza vaccine. After the initial models were constructed, we added each of these
covariates to assess whether it improved the predictive performance of the model; a given
covariate was ultimately added if there was a meaningful increase in discrimination based
on qualitative judgment.

We then developed prediction scores based on the final multivariable models for

children and adults. A point value was assigned to each predictor in the model by
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rounding its coefficient to the nearest integer. An individual’s score was calculated by
adding the corresponding point value for each of the observed characteristics. For
consecutive cut-offs of the summed scores, the sensitivity, specificity, and positive and
negative predictive values were calculated.

Evaluation of Model Performance and Internal Validation

We evaluated the model performance using the measures of discrimination and
calibration. Discrimination indicates how well the model distinguishes between patients
with and without the outcome of interest. It is measured by the c-statistic, the area under
the receiver operating characteristic (ROC) curve. C-statistic values range from 0.5 (no
discrimination) to 1.0 (perfect discrimination) [177]. Calibration indicates how well the
model fits the data. It was assessed using the Hosmer-Lemeshow goodness of fit test; a
p-value <0.05 was used to indicate that the model did not fit the data well.

Prediction models usually perform well in the original population, but can fail to
reliably predict the outcome in another population; this phenomenon describes over-
fitting, which leads to optimism in a model’s performance [178]. This optimism can be
assessed using bootstrapping methods [148, 179]. We performed an internal validation of
the prediction models using bootstrapping to evaluate the potential degree of over-fitting.
Bootstrapping draws a random sample with replacement within the original sample [147,
148]; these samples are the same size as the original sample. Three hundred bootstrap
samples were drawn [147]. The average difference in the c-statistic between the
bootstrap sample and the original sample indicates the optimism [147, 148].

Sensitivity Analyses
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We performed a sensitivity analysis in which we provided an alternative
definition for the influenza season to that used in the main analysis. Details about these

sensitivity analyses are presented in the supplementary appendix.

Results
Children

Of 2636 enrolled children, 2358 (89.4%) met the final radiographic criteria for
CAP, among whom 2222 (94.2%) had samples available for both bacterial and viral
diagnostic tests. Median age was 2 years (interquartile range [IQR] 1-6); 50.9% of
children had an underlying medical condition (Table 4.1). Among all 2222 children, 233
(10.5%) and 149 (6.7%) had influenza-associated pneumonia using the MI-based
outcome and observed outcome definitions, respectively.

Among children, we identified clinical factors that were eligible for inclusion in
the multivariable models using the MI-based outcome and the observed outcome
definitions of influenza-associated pneumonia (Table 4.2). In the multivariable model
using the MI-based outcome for children, clinician-reported confusion and influenza
season remained associated with higher odds of influenza-associated pneumonia.
Leukocytosis was associated with lower odds of the outcome, compared with normal
WBC count. Additionally, children <2 years and 2-4 years old had decreased odds of
influenza-associated pneumonia, compared with children 10-17 years old (Table 4.3).
For the observed outcome definition of influenza-associated pneumonia, only influenza

season remained significantly associated with higher odds of the outcome in the
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multivariable model. Children <2 years old and 2-4 years old had decreased odds of
influenza-associated pneumonia, compared with children aged 10-17 years (Table 4.3).

For the prediction score using the MI-based outcome, the following variables with
associated point values were included: age <2 years old (subtract 1 point), 2-4 years old
(subtract 1 point), 5-9 years old (add 0 points), clinician-reported confusion (add 1 point),
leukopenia (add 1 point), leukocytosis (subtract 1 point), and hospitalization during the
influenza season (add 1 point). This influenza-associated pneumonia prediction score
ranged from O to 3; as the score values increased, the sensitivity decreased and the
specificity increased. Using the MI-based outcome, the positive predictive values (PPVSs)
increased from 10% to 100% and the negative predictive values (NPVs) ranged from 90-
91% as the score went from 0 to 3 (Table 4.4). In contrast, the prediction score using the
observed outcome ranged from 0 to 1 as influenza season was the only factor that was
associated with higher odds of the outcome. For a score value of 1, the sensitivity was
38% and the specificity was 80%. The PPVs ranged from 7-12% and the NPV was 95%
as the score went from 0 to 1 (Table 4.4).

The models using the MI-based outcome and the observed outcome had c-
statistics of 0.65 and 0.64, respectively, indicating poor discrimination between children
with and without influenza-associated pneumonia. Both models also indicated good
calibration, as the p-values for the goodness of fit test were 0.68 for the MI-based
outcome and 0.99 for the observed outcome. Using the MI-based outcome, the c-statistic
from the models of 300 bootstrap samples ranged from 0.61-0.70; there was an estimated

average optimism of -0.01 in the original data. Using the observed outcome, the c-
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statistic from models of 300 bootstrap samples ranged from 0.60-0.69; there was an
estimated average optimism of -0.01.

We also examined the inclusion of additional characteristics to the multivariable
models to determine whether they improved the model performance. The verified receipt
of the influenza vaccine was associated with decreased odds of influenza-associated
pneumonia using both the MI-based outcome (aOR=0.62, 95% CI: 0.42-0.92) and the
observed outcome (aOR=0.62, 95% ClI: 0.41-0.96). Adding this factor to both models
increased the model discrimination by 0.01 but did not provide further meaningful
discrimination; this variable was not retained in either of the prediction scores. Results
from the sensitivity analyses are presented in the supplementary appendix.

Adults

Of 2488 enrolled adults, 2320 (93.2%) met the final radiographic criteria for
CAP, among whom 2259 (97.3%) had specimens available for bacterial and viral
diagnostic testing. Median age was 57 years (IQR 46-71); 78.2% of adults had an
underlying medical condition (Table 4.1). Among all 2259 adults, 165 (7.3%) and 132
(5.8%) had influenza-associated pneumonia using the MI-based outcome and observed
outcome definitions, respectively.

Among adults, we identified clinical factors that were eligible for inclusion in the
multivariable models using the MI-based outcome and the observed outcome definitions
of influenza-associated pneumonia (Table 4.5). In the final multivariable model using the
MI-based outcome, cough, abdominal pain, and influenza season were significantly
associated with influenza-associated pneumonia. Presence of any underlying medical

conditions and leukocytosis were associated with decreased odds of influenza-associated
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pneumonia (Table 4.6). In contrast, using the observed outcome, factors significantly
associated with influenza-associated pneumonia were leukopenia, cough, abdominal pain,
diarrhea, and influenza season. Leukocytosis was associated with decreased odds of
influenza-associated pneumonia (Table 4.6).

Using the MI-based outcome, the prediction score ranged from 0 to 4. As the
score value increased from 0 to 4, the PPVs increased from 7% to 29%, and the NPVs
ranged between 93-96% (Table 4.7). The observed outcome score ranged from 0 to 7,
with the PPVs increasing from 0 to 18% and NPVs ranging from 94-99% (Table 4.7).

The models using the MI-based outcome and the observed outcome had c-
statistics of 0.72 and 0.77, respectively, indicating good discrimination. Both models
also had good calibration, with p-values for the goodness of fit test=0.15 for Ml-based
outcome and 0.51 for observed outcome. Using the MI-based outcome, the c-statistic
from models of 300 bootstrap samples ranged from 0.67-0.78; there was an estimated
average optimism of -0.01 in the original data. Using the observed outcome, the c-
statistic from models of 300 bootstrap samples ranged from 0.71-0.83; there was an
estimated average optimism of 0.01.

Additional characteristics were considered for inclusion in the multivariable
models to determine whether they improved the model performance. Using the MI-based
outcome, pleural effusion was associated with decreased odds of influenza-associated
pneumonia (aOR=0.45, 95% CI: 0.29-0.69); the c-statistic increased by 0.02. Using the
observed outcome, pleural effusion (aOR=0.45, 95% CI: 0.29-0.69) and other infiltrates
(aOR=1.66, 95% CI: 1.14-2.42) were associated with influenza-associated pneumonia.

Including both characteristics in this model increased the c-statistic by 0.02. None of
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these characteristics were retained in the prediction scores because they did not provide
further meaningful discrimination for influenza-associated pneumonia using either
definition. Results from the sensitivity analyses are presented in the supplementary

appendix.

Discussion

We developed and evaluated prediction models and scores for influenza-
associated pneumonia, using prospectively collected clinical and microbiological data
from patients hospitalized with CAP enrolled in the EPIC study; to our knowledge, these
are the first such models and scores developed among hospitalized children. Using two
outcome definitions of influenza-associated pneumonia, age and influenza season were
significant predictors among children; leukocytosis, presence of any underlying medical
conditions, cough, abdominal pain, and influenza season were significant predictors
among adults. These multivariable models had poor discrimination for children and good
discrimination for adults. Moreover, the overall low PPVs from the prediction scores for
children and adults may indicate difficulty in predicting influenza-associated pneumonia,
especially in children. However, significant risk factors could be considered by
physicians to inform influenza testing for early identification of influenza-associated
pneumonia, if a child or adult had a hospitalization during the influenza season or if an
adult had a cough or abdominal pain.

Among children hospitalized with CAP, few significant predictors (age and
influenza season) were identified using both definitions of influenza-associated

pneumonia. Influenza season was the only independent risk factor. Additionally,
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children aged <2 years and aged 2-4 years had decreased odds of influenza-associated
pneumonia compared with children aged 10-17 years. In one study of influenza
hospitalizations, patients <2 years old had lower odds of pneumonia compared with those
aged >50 years old [107], whereas another study indicated that patients 6-23 months old
and 2-4 years old were more likely to have pneumonia than children 5-17 years old [121].
These studies compared influenza-positive patients with and without pneumonia; our
study differed because we compared influenza-associated pneumonia to CAP due to other
etiologies. Across these studies, few predictors of influenza-associated pneumonia were
identified; there were also differences in predictors identified and in the direction of these
associations. ldentifying predictors using either observed or imputed definitions may be
difficult for influenza-associated pneumonia in children, as the clinical features of
influenza-associated pneumonia appear to be similar to other etiologies of community-
acquired pneumonia among hospitalized children.

These pediatric prediction scores also reflect the difficulty in predicting influenza-
associated pneumonia in children. First, the models using both outcome definitions had
poor discrimination between children with and without influenza-associated pneumonia;
this likely reflects the difficulty in differentiating CAP due to other pathogens, as 25% of
all children had co-detections. Further, 50.6% and 63.7% of imputed or observed
influenza-associated pneumonia outcomes had another pathogen detected, respectively.
Additionally, there were overall low PPVs from the scores for both outcomes. However,
for the MI-based outcome, higher PPVs (67-100%) were observed for having at least two
of the following features: leukopenia, clinician-reported confusion, and hospitalization

during the influenza season; however, 9 children (0.4%) had at least two of these factors.
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Predicting influenza-associated pneumonia is difficult in children, as reflected by the
poor discrimination and lower PPVs.

Among adults hospitalized with CAP, several predictors of influenza-associated
pneumonia were identified using both definitions. Presence of any underlying medical
conditions and leukocytosis were associated with decreased odds of influenza-associated
pneumonia, which were also observed in other studies [126, 180]. Additionally, we
identified cough, abdominal pain, and influenza season as risk factors, whereas null
associations of cough and abdominal pain were found in these studies between patients
with and without influenza-associated pneumonia. Diarrhea has also been shown to be a
risk factor for influenza-associated pneumonia [107, 126]; this was only identified as a
risk factor using the observed outcome definition. Of note, one of these studies included
children and adult patients who were influenza-positive and compared characteristics
between those with and without pneumonia. These several factors identified using both
outcome definitions may provide meaningful combinations in predicting influenza-
associated pneumonia in adults.

The multivariable models had good discrimination between adults with and
without influenza-associated pneumonia, which is partially due to the identification of
several predictors. Another possible reason for the good discrimination is that only 5%
of adults had co-detections, which may have allowed for better differentiation between
those with influenza-associated pneumonia and with CAP due to other etiologies.
However, the prediction scores using both outcome definitions had low PPVs, which
likely reflects the overall lack of specificity of CAP clinical features in adults.

Additionally, because cough, abdominal pain, and influenza season had positive point
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values in these scores, physicians could consider these factors to guide influenza testing
for patients with suspected influenza-associated pneumonia. Despite good discrimination
using both definitions, predicting influenza-associated pneumonia may be difficult in
adults as reflected by lower PPVs.

To our knowledge, no formal prediction score has been developed and published
for influenza-associated pneumonia in children, although one is available for hospitalized
adults. In a study among hospitalized adults, a multivariable model and score was
created for distinguishing between influenza A(HLN1)pdmQ9 pneumonia from
interpandemic CAP [180]. Significant risk factors were age <65 years, white cell count
<12x10%1, bilateral radiographic change, absence of confusion, and temperature >38°C.
This multivariable model had good discrimination, though no measures of statistical
evaluation were reported for the prediction score. Selection bias is possible due to
clinically-driven testing and a shift in clinical behaviors, as interpandemic CAP patients
and influenza A(H1N1)pdmQ9 patients were enrolled during different time periods.
Among children, a multivariable model and risk score were developed for predicting
hospitalization for influenza virus infection [181], though this study was not able to
predict complications due to influenza infection, including pneumonia. Significant risk
factors for hospitalization were high-risk medical condition, respiratory distress on
examination, radiographic evidence of pneumonia, and influenza B infection; however,
no measures of statistical evaluation were reported. The PPVs for this score ranged from
74-98%, though the corresponding point values only included 4-27% of the population.
From our prediction scores, we addressed a gap for children by developing the first

published prediction score for influenza-associated pneumonia; additionally, we
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overcame limitations from a published model of influenza-associated pneumonia in
adults.

Influenza testing and prescription of antiviral treatment are underutilized in
hospitals, and thus a useful prediction score could improve use of both diagnostics and
treatment. Among prospective surveillance studies, 16-29% of patients with a
culture/PCR-confirmed influenza received a clinical diagnosis of influenza [182, 183]; as
influenza virus infections could have been missed without appropriate testing, there is a
need for more comprehensive influenza testing by physicians. Similarly, antiviral
prescriptions have also been underutilized among influenza hospitalizations. Using
population-based surveillance data, the proportion of hospitalized children with
laboratory-confirmed influenza virus infection who received antiviral treatment increased
from 37-48% during 2003-2008 [106] to 79% during the 2009 H1IN1 pandemic and then
decreased to 56% during 2010-2011 [184]. In adults, antiviral treatment increased from
51-57% during 2005-2008 to 82% during the 2009 pandemic [185] and then decreased to
77% during 2010-2011 [184]. These studies illustrate the gaps between clinical practice
and the CDC recommendations for influenza antiviral therapy as soon as possible for all
persons with suspected or confirmed influenza requiring hospitalization [122]. Thus, a
meaningful prediction score may inform whom clinicians should test and treat, rather
than solely relying on clinical judgment.

There are limitations to these analyses. First, more than 50% of enrolled children
and adults were missing serology results. Imputing these data assumed they were
missing at random, which we believed was reasonable based on our analyses. Second,

the inclusion criteria for the EPIC study could have obscured determining whether any of
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these factors were predictive of influenza-associated pneumonia because enrolled patients
were required to have evidence of acute infection (fever, chills, or abnormal WBC count)
and evidence of acute respiratory infection (new cough, sputum production, chest pain,
dyspnea, tachypnea, abnormal lung examination, or respiratory failure). Nevertheless,
some clinical factors were identified as predictors. Third, co-detections may have also
obscured the prediction of CAP due to influenza virus infection, as 25% of children and
5% of adults had more than one pathogen detected. Fourth, symptoms were self or
caregiver-reported, which introduces potential misclassification.

In conclusion, significant factors were identified for prediction of influenza-
associated pneumonia based on observed and imputed PCR and serology results, and
prediction scores with these factors were developed among children and adults
hospitalized with CAP. Despite using a breadth of readily available factors, our scores
may not sufficiently predict influenza-associated pneumonia, particularly in children.
However, due to the underutilization of influenza testing and prescription of antiviral
treatment in hospitals, significant factors from these scores in adults may be considered
by physicians for influenza testing in managing patients with suspected influenza-
associated pneumonia. As influenza season was a strong risk factor for children and
adults, influenza testing should continue to be encouraged during these calendar months.
The difficulty of predicting influenza-associated pneumonia, especially for children,
underscores the importance of developing meaningful tools for early diagnosis and

identification.
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Supplementary Appendix

Additional Methods for Multiple Imputation

We compared demographic and clinical characteristics between patients with and
without available serology data. Because no meaningful differences were found (Tables
S4.1-54.2), we felt the assumption of serology data missing at random was plausible.

Using both bivariate and multivariable analyses, we identified independent
variables that could be used to impute missing serology results as either positive or
negative. First, we constructed “a priori” models for children and adults using age, sex,
any bacterial detection, and influenza PCR result chosen a priori based on biological
plausibility. We hypothesized that influenza PCR results would be positively correlated
with influenza serology results, given the concordant results from both methods.
Additionally, we hypothesized that any bacterial detection would be negatively correlated
with influenza serology results, as patients with positive influenza serology results were
less likely to have any bacteria detections compared to patients with negative influenza
serology results.

Second, we assessed whether additional variables, including cough, fever,
diarrhea, sore throat, abdominal pain, myalgia, chills, headache, influenza season, chest
indrawing/retraction, underlying medical conditions, radiographic findings (e.g.,
consolidation, pleural effusion, and other infiltrates), ICU admission, and pneumonia
severity (defined as having experienced at least one of the following: ICU admission,
mechanical ventilation, acute respiratory distress syndrome, shock, or death), were
significant in bivariate analyses. For the variables that were significant in the bivariate

analyses, each variable was added one at a time to the a priori model to assess whether it
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was significant in the multivariable model. Model fit was evaluated using the Hosmer-
Lemeshow goodness of fit test; a p-value <0.05 was used to indicate that the model did
not fit the data well. Additionally, we compared the area under the curve between the a
priori model with and without the potential variable. A non a priori variable was used to
impute serology data if it was significant in both the bivariate and multivariable analyses
and the area under the curve was higher for the a priori model with this variable relative
to the model without it. Potential variables were assessed for children and adults
separately.

Methods for Sensitivity Analysis: Alternative definition for influenza season using

surveillance data

We used data from CDC’s U.S. outpatient influenza-like illness (ILI) surveillance
network (ILINet) for the influenza seasons corresponding to the EPIC study years. We
obtained the percentage of visits for ILI for each calendar week by influenza season and
by region that corresponded to each study city. Defining influenza season was based on
the weeks when the percentage of visits for ILI was above the regional baseline for a
given influenza season; thus, this definition could have varied by region and by calendar
year depending on the influenza circulation. Hospitalizations that occurred during these
weeks were defined as being in the influenza season, and hospitalizations that occurred
any time otherwise were defined as not being in the influenza season. We applied this
alternative definition for influenza season in the main and secondary analyses.

Results for Sensitivity Analysis: Alternative definition for influenza season using

surveillance data

Children
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In this sensitivity analysis, we alternatively defined influenza season using CDC’s
ILI-Net surveillance data on influenza hospitalizations within the primary and secondary
analyses. The multivariable models, including the covariates and their coefficients, using
both outcome definitions remained the same for children. As a result, the point value for
each covariate did not change, based on the definition of influenza season (data not
shown).

Based on these models that incorporated the alternative definition for influenza
season, we created prediction scores for the MI-based outcome and the observed
outcome. For the prediction score using the MI-based outcome, the following variables
with corresponding point values were included: age <2 years old (subtract 1 point), 2-4
years old (subtract 1 point), 5-9 years old (add 0 points), clinician-reported confusion
(add 1 point), leukopenia (add 1 point), leukocytosis (subtract 1 point), and
hospitalization during the influenza season (add 1 point). As the score values went from
0 to 3, the PPVs increased from 29% to 100% and the NPVs were 90%. In contrast, the
prediction score using the observed outcome ranged from 0 to 1, as influenza season was
the only factor that was associated with higher odds of the outcome. For a score value of
1, the sensitivity was 11% and the specificity was 96%. The PPVs increased from 7% to
18% and the NPV was 94%. From the prediction scores using both definitions, the PPVs
were slightly higher and the NPVs were similar than those from the main and secondary
analyses.

The models using the MI-based outcome and the observed outcome had c-
statistics of 0.62 and 0.62, respectively, and indicated poor discrimination between

children with and without influenza-associated pneumonia; these c-statistics were 0.02-
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0.03 lower than those in the main and secondary analyses. Both models also indicated
good calibration, as the p-values for the goodness of fit test for the MI-based outcome
and for the observed outcome were 0.50 and 0.69, respectively. Using the MI-based
outcome, the c-statistic from the models of 300 bootstrap samples ranged from 0.58-0.69;
there was an estimated average optimism of -0.01 in the original data. Using the
observed outcome, the c-statistic from models of 300 bootstrap samples ranged from
0.58-0.712; there was an estimated average optimism of -0.01.

We also examined whether additional characteristics improved the model
performance. Receipt of the influenza vaccine was associated with decreased odds of
influenza-associated pneumonia (aOR=0.60, 95% CI: 0.41-0.89). Adding this variable to
the model increased the model discrimination by 0.01 but did not provide meaningful
discrimination; this variable was not retained in the model.

Adults

The multivariable models, including the covariates and their coefficients, using
both outcome definitions remained the same for adults. As a result, the point value for
each covariate did not change, based on the definition of influenza season (data not
shown).

Using the MI-based outcome, the prediction score ranged from 0 to 4. As the
score value increased from 0 to 4, the PPV increased from 7% to 38%, and the NPVs
ranged from 93-96%. The observed outcome score ranged from 0 to 7, with the PPVs
increasing from 6% to 33% and NPV ranging from 94-99%. From both prediction
scores, the PPVs were slightly higher and the NPVs were similar than those from the

primary and secondary analyses.
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The models using the MI-based outcome and the observed outcome had c-
statistics of 0.74 and 0.78, respectively, and indicated good discrimination; these were
0.01-0.02 higher than those from the main and secondary analyses. Both models also had
good calibration (p-value for the goodness of fit test=0.39 for MI-based outcome and
0.31 for observed outcome). Using the MI-based outcome, the c-statistic from models of
300 bootstrap samples ranged from 0.67-0.79; there was an estimated average optimism
of 0.01 in the original data. Using the observed outcome, the c-statistic from models of
300 bootstrap samples ranged from 0.71-0.84; there was an estimated average optimism
of -0.0006.

Additional characteristics were considered for inclusion in the multivariable
models to determine whether they improved the model performance. Using the MI-based
outcome, pleural effusion (aOR=0.48, 95% CI: 0.31-0.74) and other infilrates
(aOR=1.45, 95% CI: 1.03-2.03) were associated with influenza-associated pneumonia;
the c-statistic increased by 0.01. Using the observed outcome, pleural effusion
(aOR=0.44, 95% CI: 0.27-0.73) and other infiltrates (aOR=1.80, 95% ClI: 1.23-2.63)
were associated with influenza-associated pneumonia. Including both characteristics in
this model increased the c-statistic by 0.02, though they did not provide further
meaningful discrimination. These characteristics were not retained in either prediction

score.
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Table 4.1. Demographic and clinical characteristics of children and adults hospitalized

with community-acquired pneumonia

Children (n=2222)

Adults (n=2259)

No. (%) No. (%)
Age groups
<2 years 980 (44.0%)
2-4 years 559 (25.2%)
5-9 years 408 (18.4%)
10-17 years 275 (12.4%)
18-44 years 509 (22.5%)
45-64 years 945 (41.8%)
65+ years 805 (35.6%)
Sex
Male 1226 (55.2%) 1104 (48.9%)
Race/Ethnicity
Non-Hispanic White 872 (39.2%) 1054 (46.7%)
Non-Hispanic Black 765 (34.4%) 874 (38.7%)
Hispanic 414 (18.6%) 238 (10.5%)
Other 171 (7.8%) 93 (4.1%)

Underlying Medical Conditions*
None reported
Asthma

1090 (49.1%)
743 (33.4%)

493 (21.8%)
584 (25.9%)

Preterm birth in children under 2 years old 205 (9.2%) --
Congenital heart disease 159 (7.2%)

Immunosuppression 33 (1.5%) 368 (15.8%)

Chronic kidney disease 26 (1.2%) 356 (15.8%)

Heart failure 22 (1%) 430 (19.0%)

Cancer 9 (0.4%) 405 (17.9%)

Diabetes mellitus 7 (0.3%) 584 (25.9%)

Chronic liver disease 6 (0.3%) 126 (5.6%)
Coronary artery disease 663 (29.4%)
Chronic obstructive pulmonary disease (COPD) 520 (23.0%)
Study City

Chicago 1507 (66.7%)
Memphis 842 (37.9%)

Nashville 600 (27%) 752 (33.3%)

Salt Lake City

780 (35.1%)

*Underlying medical conditions included asthma, chronic obstructive pulmonary disease
(adults only); congenital heart disease (children only), coronary artery disease; pre-term
birth (defined as gestational age <37 weeks at birth in children under 2 years old);
diabetes mellitus; chronic kidney disease; chronic liver disease; immunosuppression; any
cancer (excluding skin cancers); neurological disorders (including seizure, cerebral palsy,
scoliosis); and chromosomal disorders (including Down's syndrome).




Table 4.2. Predictors that were eligible for inclusion in multivariable models for influenza-associated pneumonia, using both outcome

definitions based on multiple imputation and based on observed results from PCR and serology, among 2222 children hospitalized

with community-acquired pneumonia

Type of Predictor Predictor MI-based outcome | Observed outcome

Symptoms Cough X
Anorexia/loss of appetite X
Chest indrawing/retraction X X*
Chills X* X*
Sore throat X*
Muscle aches X* X*
Difficult to wake or rouse X*
Altered mental status X* X
Headache X* X*
Conjunctivitis X
Chest pain X X
Abdominal pain X

Clinical Signs Altered mental status X* X
Chest indrawing X
Wheezing X
Dullness to percussion X
Egophony X

Lab Finding WBC count X

Underlying Medical Conditions | Presence of any underlying medical condition X X
Cardiovascular disease X X

Demographic Characteristics Age X* X*
Sex X

*p<0.05
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Table 4.3. Predictors of influenza-associated pneumonia, using definitions based on PCR and serology results from multiple

imputation and based on observed results from these tests, among 2222 children hospitalized with community-acquired pneumonia.

Definition based on PCR and serology results from
multiple imputation

Definition based on observed PCR and

serology results

. 95% - .
Adjusted Odds ; Prediction Prediction
Ra{tios (aOR) Confidence Score Value* a0R 95%Cl Score Value*
Interval (CI)
Age group:
<2 years old 0.58 0.37-0.91 -1 0.51 0.32-0.81 -1
2-4 years old 0.46 0.27-0.76 -1 0.46 0.27-0.79 -1
5-9 years old 1.07 0.67-1.73 0 0.84 0.50-1.41 0
10-17 years old 1.00 (ref) 0 1.00 (ref) 0
Clinician-reported confusion 2.25 1.08-4.70 1
WBC count:
Leukopenia 1.66 0.90-3.04 1
Normal 1.00 (ref) 0
Leukocytosis 0.69 0.50-0.96 -1
Influenza Season 3.06 1.98-4.73 1 3.06 1.85-5.06 1

*Prediction score value was determined by rounding the beta coefficient to the nearest integer.
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Table 4.4. Prediction scores for influenza-associated pneumonia, using definitions based on PCR and serology results from multiple
imputation and based on observed results from these tests, among 2222 children hospitalized with community-acquired pneumonia.

Prediction Score n@6) | Sensitvityr | Specificitys | "Coiive Predictive | Negative Pradictive

Definition based on PCR and serology results from multiple imputation

<0 1915 (86.2%) 100% 0% 10% N/A

1 298 (13.4%) 24% 87% 18% 91%

2 8 (0.4%) 3% 100% 67% 90%

3 1 (0.1%) 0% 100% 100% 90%
Definition based on observed PCR and serology results

<0 1749 (78.7%) 100% 0% 7% N/A

1 473 (21.3%) 38% 80% 12% 95%

*For influenza-associated pneumonia, using each cut-off at the corresponding value.
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Table 4.5. Predictors that were eligible for inclusion in multivariable models for influenza-associated pneumonia, using both outcome
definitions based on multiple imputation and based on observed results from PCR and serology, among 2259 adults hospitalized with

community-acquired pneumonia.

Type of Predictor Predictor MI-based outcome | Observed outcome
Symptoms Cough X* X*
Fever X* X*
Diarrhea X* X*
Sore throat X X*
Headache X X
Cough with sputum X
Chest pain X X
Abdominal pain X* X*
Clinical Signs Altered mental status X
Egophony X X*
Lab Finding WBC count X* X*
Underlying Medical Conditions | Presence of any underlying medical condition X* X*
Cardiovascular disease X* X*
Neurological disease X X
Demographic Characteristics Race/ethnicity X
Age X* X*

*p<0.05
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Table 4.6. Predictors of influenza-associated pneumonia, using definitions based on PCR and serology results from multiple
imputation and based on observed results from these tests, among 2259 adults hospitalized with community-acquired pneumonia.

Definition based on PCR and serology
results from multiple imputation

Definition based on observed PCR and
serology results

Prediction Prediction
20R 9% Cl Score Value 30R 9% Cl Score Value

WBC count:
Leukopenia 2.53 0.97-6.63 1 2.96 1.11-7.88 1
Normal 1 (ref) 0 1.00 (ref) 0
Leukocytosis 0.55 0.40-0.77 -1 0.42 0.28-0.62 -1
Presence of any underlying medical 053 0.37-0.76 1 052 | 0.35-0.76 1

conditions

Cough 3.74 1.63-8.60 1 1756 | 2.44-126.65 3
Abdominal pain 2.21 1.55-3.14 1 1.56 1.03-2.38 1
Diarrhea 1.57 1.04-2.37 1
Influenza Season 3.29 2.09-5.18 1 4.44 2.52-7.82 1
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Table 4.7. Prediction scores for influenza-associated pneumonia, using definitions based on PCR and serology results from multiple
imputation and based on observed results from these tests, among 2259 adults hospitalized with community-acquired pneumonia.

Prediction Score Value | n (%) | Sensitivity | Specificity | PPV | NPV
Definition based on PCR and serology results from multiple imputation
<0 1184 (52.4%) 100% 0% 7% N/A
1 768 (34.0%) 75% 55% 11% 96%
2 276 (12.2%) 36% 88% 20% 95%
3 30 (1.3%) 5% 99% 29% 93%
4 1 (0.04%) 0% 100% 0% 93%
Definition based on observed PCR and serology results
<0 237 (10.5%) 100% 0% 6% N/A
1 222 (9.8%) 98% 11% 6% 99%
2 592 (26.2%) 95% 21% 7% 99%
3 752 (33.3%) 83% 48% 9% 98%
4 351 (15.5%) 53% 82% 15% 97%
5 94 (4.2%) 17% 96% 22% 95%
6 10 (0.4%) 2% 100% 18% 94%
7 1 (0.1%) 0% 100% 0% 94%

VT
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Supplementary Table S4.1. Characteristics of Hospitalized Children with Community-
acquired Pneumonia: Comparison of Children with and without available influenza

serology data

Children with
available paired
serology data

Children without
available paired
serology data

(N=961) (N=1261)
No. (%) No. (%)
Age groups
<2 years 359 (37.4%) 621 (49.2%)
2-4 years 241 (25.1%) 318 (25.2%)
5-9 years 217 (22.6%) 191 (15.2%)
10-17 years 144 (15.0%) 131 (10.4%)
Sex
Male 546 (56.8%) 680 (53.9%)
Female 415 (43.2%) 581 (46.1%)
Race/Ethnicity
Non-Hispanic White 439 (45.7%) 433 (34.3%)
Non-Hispanic Black 235 (24.5%) 530 (42.0%)
Hispanic 213 (22.2%) 201 (15.9%)
Other 74 (7.7%) 97 (7.7%)
Underlying Medical Conditions
None reported 484 (50.4%) 606 (48.1%)
Asthma 314 (32.7%) 429 (34.0%)
Congenital heart disease 80 (8.3%) 79 (6.3%)
Preterm birth in children under 2 years
old 64 (6.7%) 141 (11.2%)
Immunosuppression 18 (1.9%) 15 (1.2%)
Heart failure 10 (1.0%) 12 (1.0%)
Chronic kidney disease 8 (0.8%) 18 (1.4%)
Cancer 6 (0.6%) 3 (0.2%)
Diabetes mellitus 4 (0.4%) 3 (0.2%)
Chronic liver disease 1 (0.1%) 5 (0.4%)
Hospital Indicators
Disease severity 216 (22.5%) 250 (19.8%)
Intensive care unit admission 214 (22.3%) 249 (19.8%)
Mechanical ventilation 64 (6.7%) 85 (6.7%)
Death 0 (0%) 3 (0.2%)
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Supplementary Table S4.2. Characteristics of Hospitalized Adults with Community-
acquired Pneumonia: Comparison of Adults with and without available influenza

serology data

Adults with
available paired
serology data
(N=846)

Adults without
available paired
serology data (N=1413)

No. (%) No. (%)

Age groups
18-44 years 184 (21.7%) 325 (23.0%)
45-64 years 384 (45.4%) 561 (39.7%)
65+ years 278 (32.9%) 527 (37.3%)

Sex

Male 428 (50.6%) 676 (47.8%)
Female 418 (49.4%) 737 (52.2%)

Race/Ethnicity
Non-Hispanic White
Non-Hispanic Black

390 (46.1%)
327 (38.6%)

664 (47.0%)
547 (38.7%)

Hispanic 96 (11.4%) 142 (10.1%)
Other 33 (3.9%) 60 (4.2%)
Underlying Medical Conditions
None reported 170 (20.1%) 323 (22.9%)
Coronary artery disease 274 (32.4%) 389 (27.5%)

Asthma

Diabetes mellitus

Chronic obstructive pulmonary disease
Cancer

227 (26.8%)
222 (26.2%)
187 (22.1%)
162 (19.2%)

357 (25.3%)
362 (25.6%)
333 (23.6%)
243 (17.2%)

Heart failure 160 (18.9%) 270 (19.1%)
Immunosuppression 150 (17.7%) 218 (15.4%)
Chronic kidney disease 148 (17.5%) 208 (14.7%)
Chronic liver disease 53 (6.3%) 73 (5.2%)
Hospital Indicators
Disease severity 181 (21.4%) 324 (22.9%)
Intensive care unit admission 173 (20.5%) 309 (21.9%)
Mechanical ventilation 33 (3.9%) 84 (5.9%)
Death 4 (0.5%) 45 (3.2%)
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CHAPTER 5. Conclusions and Future Directions

Overview of Findings

The overall objective of this dissertation was to account for misclassification of
pneumonia etiology from imperfect detections of influenza and non-influenza respiratory
viruses, which was translated into two goals. The first goal was to estimate revised
proportions of CAP due to adenovirus, human metapneumovirus, parainfluenza virus,
respiratory syncytial virus, and influenza A/B virus. The second goal was to develop and
evaluate prediction models and scores for influenza-associated pneumonia. For both
goals, we compared the findings using the observed data from the EPIC study to the
findings after accounting for potential misclassification. The objective and goals of this
dissertation were achieved through three research aims.

In the first aim, we investigated potential misclassification from both missing
diagnostic test results and imperfect test characteristics on burden estimates of
pneumonia due to non-influenza viruses. We estimated the revised proportions of CAP
due to adenovirus, human metapneumovirus, parainfluenza virus, and respiratory
syncytial virus among children and adults hospitalized with CAP, accounting for missing
serology results using multiple imputation. Multiple imputation estimates of these
revised proportions were 0.8-3.2% higher in absolute differences and 1.1-3.0 times higher
in relative terms than those estimated from the EPIC study among children and adults.
One reason for these higher estimates is that we imputed missing serology results for
more than half of enrolled children and adults. Moreover, it is likely that serology detects

viruses that are not captured by PCR.



151

In the second aim, we investigated potential misclassification from both missing
diagnostic test results and imperfect test characteristics on estimates of pneumonia due to
influenza viruses. By accounting for missing serology results, we estimated the revised
proportion of pneumonia due to influenza virus among children and adults hospitalized
with CAP. From multiple imputation, this revised proportion was 2.1-4.4% higher in
absolute differences and 1.4-1.7 times higher in relative terms than that directly estimated
from the observed EPIC study data among children and adults. From the first and second
aims, our results illustrated the potential underestimation of virus-specific pneumonia
burden when serology results are either not included or missing.

In the third aim, we developed, evaluated, and validated prediction models and
scores of influenza-associated pneumonia. To aid early identification and diagnosis of
this outcome, we used clinical and demographic factors that are readily available at
clinical presentation. We utilized two outcome definitions for influenza-associated
pneumonia with and without accounting for missing serology results. The MI-based
outcome was based on the revised proportion of influenza virus detections that accounted
for missing serology results in the second aim. The observed outcome was defined using
only observed results from PCR and serology and did not account for missing serology
results. Among children, few significant predictors were identified in the models using
both the MI-based outcome and observed outcome definitions; these models had good but
weaker discrimination and good calibration. The prediction score for the MI-based
outcome had positive predictive values (PPVs) increasing up to 100%, though <1% of
children had scores that corresponded to higher PPVs. The score for the observed

outcome had lower PPVs (7-12%). Predicting influenza-associated pneumonia is more
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difficult in children, as reflected by identifying few predictors, poor discrimination, and
lower PPVs. In contrast, among adults, several significant predictors were identified
using both outcome definitions, and these models had good discrimination and
calibration. Despite identifying several predictors among adults, the prediction scores
had lower PPVs (0-29%) and may also indicate difficulty in predicting this outcome.

Overall, the findings from the three aims were consistent with our expectations.
We anticipated that the revised proportions of CAP with respiratory viruses detected
would be higher than the observed estimates from the EPIC study after accounting for
missing serology results. Because missing serology results are imputed based on data
from patients with available results, these available results serve as a lower bound of the
proportion of patients with positive serology results. Thus, these revised proportions
from imputing missing serology results cannot be lower than the observed proportions
from the EPIC study. The only scenario in which the revised proportions could be equal
to the observed proportions from the EPIC study is if imputing missing serology results
did not increase the proportion of patients with positive serology results; however, when
this proportion does increase, revised estimates will be higher under the believe-the-
positive interpretation. Moreover, these higher estimates likely indicate that serology
may detect viruses not captured by PCR. Among 955 (43.0%) children and 833 (36.9%)
adults who had both PCR and serology results available, 0.2-7.4% had PCR-positive and
serology-negative results for adenovirus, HMPV, parainfluenza virus, and RSV.
Additionally, 3.0-6.8% had PCR-positive and serology-negative results for influenza
virus among 870 (39.2%) children and 741 (32.8%) adults who had both PCR and

serology results available. We also anticipated some difficulty in predicting influenza-
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associated pneumonia among children and adults, despite the breadth of symptoms and
clinical signs available as well as systematic influenza testing of all enrolled patients.
One reason for this was that clinical features of pneumonia due to influenza virus are
similar to those of CAP due to other etiologies. Additionally, the prediction of CAP due
to influenza virus could have been obscured, as 25% of children and 5% of adults had

more than one pathogen detected.

Overall Strengths and Limitations of Data and Analyses

There were strengths in utilizing data from the EPIC study to achieve these
dissertation goals. One strength was the systematic specimen collection, prospective
testing for multiple pathogens, and systematic performance of radiographs for all enrolled
patients. Because diagnostic testing was not clinically driven, there may also be less bias
in estimating revised proportions of respiratory virus detections and assessing whether
radiographic characteristics predict influenza-associated pneumonia. Another strength is
the breadth of symptoms and clinical signs available, which allows for a more complete
assessment of potential predictors of influenza-associated pneumonia.

There were also limitations that broadly affected these analyses. More than 50%
of enrolled children and adults were missing serology results for influenza and non-
influenza respiratory viruses. Imputing these data assumed they were missing at random
based on our analyses, which we believed was reasonable. Further, estimates of virus-
specific pneumonia burdens from multiple imputation could have changed if other
independent variables had been used to impute missing serology results. This concern

may be minimal because results from another diagnostic test (PCR) were available and
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were a strong predictor of serology results. Additionally, 25% of children and 5% of
adults had more than one pathogen detected; this contributed to the difficulty in
identifying a latent class labeled for a specific respiratory virus and also could have
obscured the prediction of CAP due to influenza virus. These limitations primarily
pertain to the analyses. However, a broader challenge remains in ascertaining infection
status based on the interpretation of diagnostic test results. In particular, specimens from
the upper respiratory tract (e.g., from a NP/OP swab) may not be reflective of the lower
respiratory tract. Moreover, the detection of viruses in the NP/OP swabs is not
necessarily indicative of the cause of CAP and may represent resolving infection rather
than acute infection or an infection limited to the upper tract and not the lower tract. In
this context, timing between illness onset and NP/OP specimen collection is important; a
resolving infection could be reflected in a positive PCR result because PCR can detect
non-viable genetic material, which may occur with a longer duration. Additionally,
serology measures the virus-specific antibody response and does not detect the presence

of a respiratory virus.

Implications and Future Directions

This dissertation had novel applications of statistical methods to address its
objective and gaps in the literature. Overall, this was the first investigation into the
potential misclassification of pneumonia etiology attributable to respiratory viruses from
missing diagnostic test results and from imperfect test characteristics, especially in a
hospitalized population. Specifically, to our knowledge, this was the first time that

revised viral-specific pneumonia burdens have been estimated by applying multiple
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imputation to account for missing diagnostic test results. This dissertation also included a
novel application of LCA in estimating revised proportions of CAP with specific
respiratory viruses detected, though there were potentially significant limitations.
Finally, this dissertation addressed another gap in the literature by developing formal
prediction models and scores for influenza-associated pneumonia for hospitalized
children. Unlike other related models in the literature, our models and scores were also
evaluated and validated to measure discrimination, calibration, and optimism that may
inform their potential utility in a clinical setting; however, further validation may still be
needed.

As estimates of virus-specific pneumonia burden may have been underestimated,
further elucidation of diagnostic test characteristics may be warranted. Describing these
characteristics could discern the likelihood of false-positive and false-negative results,
though timing and quality of specimen collection should be considered. Within the
literature, PCR and serology are considered to have high but not perfect specificity. The
“believe the positive” approach may be appropriately applied if all tests (in this context,
PCR and serology) have high but not perfect specificity, as combining imperfect tests
will decrease the specificity from any one imperfect measure. Ultimately, because of the
increase in sensitivity by combining PCR and serology results, we believe that applying
the “believe the positive” approach was appropriate in this application. Because of the
likely underestimated virus-specific pneumonia burdens, our findings support the
development of more sensitive PCR methods for clinical purposes, which could inform
population-based estimates, clinical guidance, and public health policy. Alternatively, if

a third accurate diagnostic test became available for the detection of respiratory viruses,
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LCA may be a more viable analytic option to potentially elucidate characteristics of
available diagnostic tests.

In the third aim of this dissertation, we experienced difficulty in predicting
influenza-associated pneumonia in children and adults hospitalized with CAP. We
assessed a breadth of symptoms and clinical signs that were readily available at clinical
presentation as potential predictors of influenza-associated pneumonia. Further
exploration of other factors (e.g., vital signs or biomarkers) that could predict influenza-
associated pneumonia may be warranted, though some factors may only be available in a
subset of the patients. Despite the robust clinical data available, these scores may not be
sufficiently predictive. For each score value, positive likelihood ratios were calculated
for the scores in children and adults; higher ratio values indicate a larger increase in the
likelihood of disease. Among children, the positive likelihood ratios were 1.9 and 17.1
for score values of 1 and 2, respectively, for both the MI-based and observed outcomes;
however, 9 children (0.4%) had a score value of 2. Among adults, the positive likelihood
ratios ranged from 1.1-5.2 with score values of 1-7 using the MI-based and observed
outcomes; these ratios indicated a small to moderate increase in the likelihood of disease.
Additional validation of these prediction scores developed for children and adults may
still be warranted in other inpatient populations, especially in settings where diagnostic
testing and radiographs are systematically performed on all patients. Even if these scores
are sufficiently validated, these scores may not sufficiently predict the outcome to inform
influenza testing and guide appropriate antimicrobial therapy in settings where not all
patients with suspected influenza-associated pneumonia are tested for influenza and/or

have a radiograph performed.
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