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Abstract Measurements and Main Results: Three proteins (haptoglobin,
tumor necrosis factor receptor 2 or IL-10, and tissue inhibitor of

Rationale: Plasma-detectable biomarkers that rapidly and metalloproteinases 1) were identified that, when combined through a

accurately diagnose bacterial infections in children with suspected
pneumonia could reduce the morbidity of respiratory disease and
decrease the unnecessary use of antibiotic therapy.

Objectives: Using 56 markers measured in a multiplexed
immunoassay, we sought to identify proteins and protein combinations

classification tree signature, accurately classified patients into bacterial,
malarial, and viral etiologies and misclassified only one patient with
bacterial pneumonia from the validation set. The overall sensitivity and
specificity of this signature for the bacterial diagnosis were 96 and 86%,
respectively. Alternative combinations of markers with comparable
accuracy were selected by support vector machine and regression

that could discriminate bacterial from viral or malarial diagnoses. models and included haptoglobin, IL-10, and creatine kinase-MB.

Methods: We selected 80 patients with clinically diagnosed
pneumonia (as defined by the World Health Organization) who also
met criteria for bacterial, viral, or malarial infection based on clinical,
radiographic, and laboratory results. Ten healthy community control
subjects were enrolled to assess marker reliability. Patients were
subdivided into two sets: one for identifying potential markers and
another for validating them.

Conclusions: Combinations of plasma proteins accurately identified
children with a respiratory syndrome who were likely to have bacterial
infections and who would benefit from antibiotic therapy. When used
in conjunction with malaria diagnostic tests, they may improve
diagnostic specificity and simplify treatment decisions for clinicians.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Current approaches for
distinguishing bacterial from viral or
parasitic causes of acute respiratory
symptoms are unreliable and
inaccurate. Proteins including
haptoglobin, lipocalin-2, and
procalcitonin were found to have
diagnostic value. However, no single
biomarker accurately distinguishes
between viral, bacterial, and malarial
etiologies in settings where all may be
involved.

What This Study Adds to the
Field: We identified accurate
biomarker signatures that could
differentiate bacterial from viral and
malarial causes of respiratory
symptoms in febrile children. We
propose combining these markers to
produce a more accurate test suitable
for development as a point-of-care
diagnostic.

Febrile acute respiratory distress is a leading
cause of pediatric hospital admissions and is
associated with significant childhood
morbidity. The etiology is usually bacterial
or viral infection, but in malaria-endemic
areas, malarial infection can produce a
similar syndrome (1). Rapid and accurate
determination of the etiology could guide
therapy, ensuring that children with
respiratory symptoms and associated
bacterial infection receive prompt antibiotic
therapy, and limiting overuse of antibiotics
in patients with viral and malarial
infections (2), which might improve
outcomes and slow the development of
antibiotic resistance. Particularly in
resource-constrained settings, where the
three etiologies of this clinical syndrome
are common, accurate diagnoses are
challenging (3, 4).

Symptoms caused by bacterial, viral,
and malarial infections usually overlap (5)
and etiologic diagnosis is based chiefly on
clinical and radiographic findings, which
can be inaccurate, poorly reproducible
(6), generally unavailable in resource-
challenged settings, and may not reliably
distinguish viral from bacterial etiologies
or predict outcomes (7). Radiographic
evidence of pneumonia has been used as an

endpoint in studies of pneumococcal
vaccine, but chest X-rays, particularly in
resource-limited settings, have moderate
reliability (7-16) and may result in both
false positive and false negative diagnoses of
bacterial pneumonia. Laboratory tests for
viruses and bacteria have low sensitivity or
specificity and are not readily available.
Blood or pleural fluid cultures are highly
specific for the diagnosis of bacterial
infection but have low sensitivity (17) and
require specialized laboratory facilities.
Blood culture results become available only
24 hours or more after blood collection,
and results can be inconclusive due to
contamination or low-volume samples (18).
Polymerase chain reaction tests for
bacteria and virus also yield delayed
results, require specialized resources, and
may have low sensitivity and/or specificity
(6, 19, 20), decreasing the usefulness of these
tests for decisions regarding treatment.
Furthermore, in children, sputum samples
are difficult to collect and antigen detection
in the urine has limited usefulness (21).
Although malaria tests can detect the
parasite in blood, malaria may coexist with
other infections while not causing the
respiratory syndrome (22, 23), resulting in
children with bacterial pneumonia being
sent home with antimalarial drugs but not
antibiotics (24).

To develop an assay that distinguishes
bacterial from nonbacterial infections and
could facilitate treatment decisions, we
explored candidate proteins in a multiplexed
immunoassay to identify markers or
combinations of markers that could be
developed into immunochromatographic
tests and then validated in subsequent
cohorts. Immunochromatographic tests
are used for rapid and inexpensive diagnosis
of many diseases, including malaria.
Although association of several markers
with the three etiologies has been shown, no
individual marker has diagnostic value
(25-38). Haptoglobin and lipocalin-2 were
found to accurately distinguish probable
bacterial pneumonia from malaria (39).

Some of the results of this study have
been previously reported in the form of an
abstract (40).

Methods

Study Population and Procedures
Children less than 10 years old presenting to
the outpatient clinic of the Manhiga District
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Hospital (Manhi¢a, Mozambique) with
fever on admission (>37.5°C axillary
temperature) or a history of fever in the
preceding 24 hours, symptoms of World
Health Organization-defined clinical
pneumonia (increased respiratory rate and
cough or difficult breathing) (41), and
fulfilling criteria for hospital admission
between January 2010 and November 2012
were assessed for recruitment. Exclusion
criteria included use of antimalarial drugs
in the preceding 2 weeks, established or
likely diagnosis of tuberculosis (history of
cough lasting more than 2 wk or history
of direct contact with a patient with
tuberculosis —27 patients), participation
in conflicting studies, and, to exclude
likely cases of Pneumocystis jirovecii,
oxyhemoglobin saturation of 85% or less
(40 patients). Exclusion of suspected
infections with these pathogens aimed to
improve the specificity of case definitions,
recognizing that their exclusion might
also have excluded true cases of bacterial or
viral infection. Informed consent was
sought from parent/guardians. Before the
initiation of treatment, a nasopharyngeal
aspirate was taken to determine respiratory
viral infection and venous blood was
collected for blood culture and human
immunodeficiency virus (HIV) testing,
malaria diagnosis (by microscopy), and
multiplexed immunoassay. A chest X-ray
was obtained from all children and read
by two experienced clinicians according
to the procedure proposed by Cherian
and colleagues (8). For multiplexed
immunoassays, plasma was extracted from
2 ml of the blood sample within 75 minutes
of collection. All laboratory tests were
processed blinded to diagnosis and clinical
progression. Further details of all procedures
are presented in the online supplement.

Healthy community control subjects
matched to cases by sex, age, and
neighborhood were identified through a
demographic surveillance system. Control
children were examined and excluded if
they presented with fever or respiratory
symptoms or if they had taken any
medication in the previous 30 days. Blood
was collected for full blood cell count,
detection of malarial parasites, and
multiplexed immunoassay. If positive for
malaria, children were excluded from this
healthy control group.

This study was approved by the
Mozambique National Bioethics Committee
and the institutional review boards of the
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Broad Institute (Cambridge, MA) and the
Barcelona Center for International Health
Research (Barcelona, Spain).

Etiologic Diagnosis Classification

To be classified as a bacterial case, pathogenic
bacteria had to be isolated from blood or
pleural effusion in the absence of malarial
parasites (Figure 1). Patients were classified as
having viral pneumonia if there were no
detectable malarial parasites; they produced a
negative blood culture; they had a normal
chest X-ray or infiltrates other than lobar

consolidation and without pleural effusion;
they had fewer than 15 X 10° leukocytes/L in
the peripheral blood; and nasopharyngeal
aspirate polymerase chain reaction indicated
the presence of respiratory viral nucleic acids.
Patients were classified as having malaria if
the blood culture was negative, the chest
X-ray was normal, and there were malarial
parasites present in a thick smear
according to the following age-related
threshold: more than 0 asexual parasites
detected in children aged less than 1 year
and more than 2,500 asexual parasites/pl

Gold Standard Tests:
Malarial microscopy, bacteria culture, viral
PCR, Chest x-ray, WBC counts

l

Children < 10 years with Clinical Pneumonia,
Fever and Eligible for Hospital Admission
(2010-12) - Manhica

of blood in children over 1 year of age (42).
Clinical examination and collection of
samples for multiplexed immunoassay
were performed on admission.

Multiplexed Immunoassay

The 99 cytokines, chemokines, other proteins,
and metabolites available in the Myriad
Rules Based Medicine (Myriad RBM,
Austin, TX) multiplexed immunoassay
(HumanMAP v. 1.6, HumanMAP v. 2.0,
and HumanMAP v. 3.0) were measured
in approximately 100 pl of plasma.

Target/Eligible
Population

v

Culture —
Microscopy —

1

Virus PCR +

Chest X-Ray
Normal/Infiltrate

Endpoint Pneumonia

' Excluded
A
WBC<15
i WBC > 15
! Excluded

VIRUS
(N = 30)

| !

. \

Culture + Inconclusive
pulture - pulture * Microscopy + Culture or Culture - with
Microscopy + Microscopy — ) . .
(or Inconclusive) Inconclusive Microscopy
Chest X-Ray
Normal
' Abnormal '
1 Excluded |
o )
MALARIA BACTERIA f 5 : 5
(N =27) (N = 23) Excluded Excluded

Figure 1. Patient classification into three etiologic groups. Inconclusive tests included those that were contaminated (bacteria), those that were missing
results, and those that did not meet the parasitemia threshold (microscopy). Chest X-ray results were classified as (7) normal, (2) infiltrates other than end-
point pneumonia, and (3) lobar consolidation or pleural effusion (endpoint pneumonia). PCR = polymerase chain reaction; WBC = white blood cell.
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Forty-three markers were excluded from
this work because they could not be
quantified in more than 30% of samples or
were not measured for all patients.

Statistical Analysis

Immunoassay markers with 30% or

less of samples below the lower limit of
quantification were imputed by sampling
from a uniform distribution ranging from
0.01 to the minimal value of the marker.
The majority of markers had a negligible
amount of samples imputed (see Table E1 in
the online supplement). For all marker
analyses, the study population was randomly
divided into a training set containing
two-thirds of the patients to explore markers
and to fit and select models; and a validation
set containing one-third of the patients to
assess and confirm all candidate markers
and models. With this division, the expected
overestimated accuracy in the training set
could be appropriately verified in the
validation set. Assessment of the accuracy of
each marker to classify subjects into each of
the three groups was evaluated using the
area under the receiver operating
characteristic curve (AUC-ROC). Statistical

significance was based on Q values and not
P values. Q values were estimated for all
P values to adjust for multiple testing and
were considered significant to the level at
which one or fewer false positive tests could
be present among all significant tests. In the
validation set, we repeated all analyses and
estimated accuracy based on cutoff values
determined in the training set by using
Youden criteria modified to penalize missing
a bacterial case by a cost factor of 2 (43).
We sought biomarker signatures for
all 56 proteins (and/or clinical features)
through classification tree, multinomial
logistic regression with elastic net, and
support vector machine models. All analyses
were conducted with the R package version
2.15.3 (R Project for Statistical Computing,
Vienna, Austria). Additional details are
presented in the online supplement.

Results

Study Population

A total of 233 patients with febrile respiratory
distress were enrolled, but 135 did not meet
criteria for any of the three etiologic groups
(Figures 1 and 2 and the online supplement).

Of the 98 patients classified into one of the
three etiologies, 80 patients (27 malarial, 30
viral, and 23 bacterial), all hospitalized, were
analyzed. Patients in the three etiologic groups
were comparable regarding most demographic
and clinical characteristics (Table 1). In
general, malarial etiology patients had the
lowest frequency of respiratory symptoms and
platelet counts. Viral etiology patients were the
least anemic and had the highest monocyte
and lymphocyte counts. Bacterial etiology
patients had the highest leukocyte and
neutrophil counts. Coinfections with virus
were common in malarial etiology patients
(63%) and bacterial etiology patients (52%).
HIV coinfection was more common among
bacterial etiology patients (39%) than among
malarial etiology (7%) and viral etiology (13%)
patients. The most common viral infections
were rhinovirus (40%), respiratory syncytial
virus (29%), and adenovirus (24%). The most
common bacterial infection was Streptococcus
preumoniae (52%).

Levels of Markers in the Three
Diagnostic Groups

To investigate whether any single marker
could discriminate the three etiologies,

233 Eligible Patients

without viral infections (18%)

— 135 (58%) patients excluded for one of the following:
Contaminated or missed blood culture (6%)

Inconclusive malaria diag.: did not meet parasite density
threshold, i.e., < 2500/uL and aged > 1 yr, or missing (3%)
Positive bacterial culture with malaria parasites (0.3%)
With malaria parasites but abnormal chest X-ray (5%)
Negative bacteria culture without malaria parasites and

With viral infection but X-ray with condensation or pleural
effusion, i.e., endpoint pneumonia (14%)

With viral infection and X-ray without endpoint pneumonia
but > 15x103 white blood cells/uL of blood (9%)

[ 28 Diagnosed as Malaria ] [

44 Diagnosed as Virus

I [ 26 Diagnosed as Bacteria ’

— 1 patientt —|[€«———

— 14 patientst |€«———

— 3 patients* |€———

[ 27 Malaria Patients Analyzed ] [ 30 Virus Patients Analyzed I [ 23 Bacteria Patients Analyzed ’

Figure 2. Target and study population. TSubject excluded because of insufficient sample collection. *Subjects excluded because of insufficient sample
collection and feasibility considerations. *Subjects excluded because of insufficient sample collection and delays in sample shipment. diag. = diagnosis.
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Table 1. Comparison of All Studied Patients with a Definitive Etiologic Diagnosis of Malarial, Viral, or Bacterial Febrile Clinical Pneumonia®

Clinical Pneumonia Etiology

Patient Characteristic Malarial® (n =27) Viral (n =30) Bacterial* (1=23) P Value®
Demographic
Female sex, n (%) 15 (56) 13 (43) 13 (57) 0.55
Age (mo), median (IQR) 18 (10-37) 13 (6-22) 13 (6-27) 0.40
Weight (kg), mean = SD 10.0 4.3 8.8+3.5 9.4x4.0 0.50
Clinical history and examination on admission
History of antibiotic therapy, n (%) 0 0 1 (4) 0.29!l
Temperature ('C), mean = SD 38.4+1.4 37.8+1.1 38.3 +1.1 0.13
Hyperpyrexia (temperature = 39°C), n (%) 13 (48) 4 (13) 9 (39) 0.01
Oxygen saturation (%), mean = SD 96.7 + 2.1 949+ 34 95.8+2.2 0.04
Respiratory rate, mean + SD 54 +9 58 +9 59 £ 17 0.23
Chest in-drawing, n (%) 7 (26) 26 (87) 23 (83) <0.0001
Nasal flaring, n (%) 4 (15) 19 (63) 16 (70) <0.0001
Crackles, n (%) 9 (33) 20 (67) 15 (65) 0.02
Wheezing, n (%) 3 (11) 9 (30) 4 (17) 0.22
Rhonchi, n (%) 1 (4) 13 (43) 6 (26) 0.002!"
Capillary refill (s), mean = SD 22=*11 1.7+05 20=*0.6 0.07
Nutritional and anemic status
WAZ, mean = SD —-1.89+1.86 -1.69+1.35 —-1.33+1.53 0.46
MUAC (cm), mean * SD 13.9x1.9 13614 135+1.8 0.68
Anemia status, n (%) 0.006/!
No anemia (Hct, >33%) 14) 5(17) 29
Mild anemia (Hct, 25-33%) 9 (33) 19 (63) 8 (35)
Moderate anemia (Hct, 15-25%) 13 (48) 5(17) 13 (57)
Severe anemia (Hct, <15%) 4 (15) 1) 0
Hematocrit (%), mean = SD 23+7 29+6 25+5 0.0007
Infection and inflammation-associated laboratory markers
HIV status positive, n (%) 2 (7) 4 (13) 9 (39) 0.02!l
Viral coinfections, n (%) 17 (63) — 12 (52) 0.45
Number of virus in infections, n (%) 0.88
-1 10 (37) 19 (63) 8 (35)
=2 7 (26) 11 (37) 4 (17)
WBC count (10%/L), mean = SD 14 +9 10=+3 20+13 0.0003
Leukocytosis (>20 X 10%L), n (%)" 5(19) 0 9 (39) <0.0001/
Neutrophils, median (IQR) 4.6 (3.6-5.4) 41 (2.2-5.6) 7.8 (5.0-11.6) 0.008
Neutrophil %, median (IQR) 56 (39-61) 38 (29-46) 58 (41-54) 0.002
Monocytes, median (IQR) 0.80 (0.38-1.70) 1.25 (0.94-1.40) 1.39 (0.67-1.67) 0.18
Monocyte %, median (IQR) 8.2 (5.8-13.0) 11.9 (8.8-17.0) 6.7 (5.8-8.8) 0.01
Lymphocytes, median (IQR) 2.8 (1.9-5.3) 4.8 (3.3-5.7) 4.6 (3.3-5.3) 0.19
Lymphocyte %, median (IQR) 37 (28-46) 43 (40-57) 32 (22-35) 0.007
Platelets (10'%/L), median (IQR) 139 (63-227) 339 (266-477) 386 (184-453) <0.0001
X-ray results, n (%) <0.001/
Normal 27 (100) 17 (57) 5 (26)
Other infiltrates 0 13 (43) 1 (5
Consolidation or effusion 0 0 13 (68)
Hospitalization outcomes
Hospitalization duration (d), median (IQR)** 3.8 (2.0-4.9) 3.8 (2.0-5.0) 4.0 (1.0-4.5) 0.85
In-hospital deaths, n (%) 0 1(3) 29 0.17

Definition of abbreviations: Hct = hematocrit; IQR = interquartile range; MUAC = middle upper arm circumference; WAZ = weight-for-age z-score;

WBC = white blood cell.

*Percentages vary with the number of subjects with available information to the corresponding variable.

"Median (IQR) parasite density was 134,766 (1,480-274,032) in the malaria group (the only with any parasitemia).

*The following bacteria were detected in culture: Streptococcus pneumoniae (13 patients), Staphylococcus aureus (2 patients), Neisseria meningitidis
(1 patient), Pseudomonas sp. (1 patient), Haemophilus influenzae (1 patient), Acinetobacter (1 patient), Salmonella (2 patients), Streptococcus viridans
(1 patient), other gram-negative bacillus (1 patient). Salmonella has been detected as an etiologic agent of pneumonia in Mozambique (51, 52).

§p values for categorical variables were estimated by Pearson chi-square test, unless indicated otherwise; P values for continuous variables were estimated by
Kruskal-Wallis test when reporting medians and interquartile ranges, and by analysis of variance when reporting means and standard deviations.

lIFisher exact test was used to determine P value.

TCutoff values to define anemia and leukocytosis were based on Quinté and colleagues (53) and Behrman and colleagues (54).

**Estimated on the basis of patients with any infection. Viral infections were caused by rhinovirus (23 patients), respiratory syncytial virus (17 patients), adenovirus
§r14 patients), parainfluenza virus (8 patients), metapneumovirus (7 patients), bocavirus (6 patients), influenza virus (4 patients), and enterovirus (3 patients).
TPatients with normal chest X-ray had the following pathogens: S. pneumoniae (2 patients), S. aureus (1 patient), N. meningitidis (1 patient),
Pseudomonas sp. (1 patient). The patients with infiltrates other than consolidation and effusion had S. pneumoniae.

HResults excluding or including subjects who died were comparable.
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we explored accuracy and cutoff values
for the markers in the training set and
confirmed accuracy in the validation
set. In the 52 patients included in the
training set (17 malarial, 20 viral, and
15 bacterial infections), only haptoglobin
accurately differentiated the three
diagnostic groups with AUC-ROC
greater than 0.85 (Table 2 and Tables E3
and E4). The specific virus involved in
viral infections did not substantially
impact levels of markers, and the
distribution of selected bacterial markers
in patients with and without viral
coinfection was similar (Figure E1).
Variability in the virus group was the
lowest of all etiologic groups (Figure E2).

The distribution of most selected
markers in the validation set was similar to
the distribution of the corresponding marker
in the training set (Figure E2). Overall, the
best single marker for bacterial etiology as
opposed to malarial or viral etiologies was
haptoglobin (cutoff, 0.995) with a sensitivity
of 96% (95% confidence interval [CI]: 80,
100%) but with a limited specificity of 68%
(95% CI: 55, 80%) (Table E5).

Impact of Coinfection on Markers
Because HIV coinfections were more
prevalent in the bacterial etiology group
than in the other two etiologic groups, we
repeated analyses in patients free of HIV
infection. In the training set, AUC-ROCs

Table 2. Plasma Proteins Differentially Detected in Any of the Three Two-Group
Comparisons in the Training Set of Patients* as Based on Area under the Receiver

Operating Characteristic Curve = 0.85"

AUC-ROC*

Protein Marker

CK-MB, ng/ml 0.92
EN-RAGE, ng/ml 0.91
MMP9, ng/ml 0.87
TBG, pg/mi 0.90
AAT, mg/ml 0.99
CRP, pg/ml 0.98
IL-6, pg/mi 0.93
TIMP-1, ng/ml 0.92
vWF, ug/mi 0.91
IL-10, pg/ml 0.54
RANTES, ng/ml 0.56
SAP, pg/ml 0.72
TNF receptor-2, ng/mi 0.71
CD40 antigen, ng/ml 0.74
Ferritin, ng/ml 0.83
IL-16, pg/ml 0.82
IL-18, pg/ml 0.68
MIP-1B8, pg/ml 0.70
MPO, ng/ml 0.82
TNF-a, pg/ml 0.61
VCAM-1, ng/ml 0.54
Haptoglobin, mg/mi 0.86

Bacteria vs. Virus Bacteria vs. Malaria Virus vs. Malaria

0.82 0.55
0.80 0.55
0.74 0.57
0.74 0.74
0.75 0.89
0.59 0.96
0.57 0.91
0.60 0.96
0.60 0.89
0.92 0.97
0.88 0.88
0.89 0.81
0.88 0.98
0.66 0.93
0.74 0.94
0.66 0.94
0.73 0.92
0.80 0.97
0.75 0.98
0.79 0.95
0.84 0.99
0.98 0.86

Definition of abbreviations: AAT = alpha-1 antitrypsin; AUC-ROC = area under the receiver operating
characteristic curve; CK = creatine kinase; CRP = C-reactive protein; EN-RAGE = extracellular newly
identified RAGE (receptor for advanced glycation endproducts)-binding protein (synonymous with
S100A12 protein); MIP-1B = macrophage inflammatory protein 18; MMP9 = matrix metalloproteinase
9; MPO = myeloperoxidase; RANTES = T-cell specific protein RANTES (regulated upon activation,
normal T-cell expressed and secreted); SAP = serum amyloid P-component; TBG = thyroxine-binding
globulin; TIMP-1 = tissue inhibitor of metalloproteinases 1; TNF =tumor necrosis factor; VCAM-1 =
vascular cell adhesion molecule 1; VWF =von Willebrand factor.

*Sample sizes were as follows: 17 patients with malarial pneumonia, 20 with viral pneumonia, and 15

with bacterial pneumonia.

TMarkers are clustered by the groups they differentially detected.
*All areas under the receiver operating characteristic curve equal to or exceeding 0.80 were
statistically significant as based on a cutoff of Q value of DeLong’s test (comparing with a 0.50 null

value) and t tests.
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of markers presented in Table 2 were
comparable to those of patients who were
HIV-negative (Table E6). In the validation
set, the risks of misclassifying HIV-positive
and HIV-negative patients into any of the
three etiologic groups were comparable.

Healthy Community Control Subjects
Distributions of several relevant markers
in control subjects were distinct from
distributions in patients (Figure E2 and
Table E7), and had low variability.

Biomarker Signatures

We further assessed whether combinations
of markers could increase the accuracy of
determining viral and malarial etiologies,
while still accurately classifying bacterial
etiology. Using a classification tree model,
a signature was selected in which

tumor necrosis factor (TNF) receptor 2
(or IL-10) and tissue inhibitor of
metalloproteinases 1 (TIMP-1) were added
to haptoglobin and patients determined
by haptoglobin as having bacterial and
nonbacterial etiologies were subclassified
into viral and malarial etiologies (Figure 3).
This signature correctly classified 15 of 15
bacterial etiology patients in the training set
and 7 of 8 in the validation set. The overall
sensitivity of this signature to diagnose
bacterial etiology was 96% (95% CI: 78,
99%); the specificity was 86% (95% CI: 74,
94%); and the positive diagnostic likelihood
ratio was 6.8 (95% CI: 3.8, 14.6). Overall,
approximately 19% of malarial etiology
patients and 20% of viral etiology patients
were misclassified into one of the three
diagnoses.

Two additional biomarker signatures
derived with support vector machine (SVM)
and regression models attained comparable
accuracy in the training and validation sets
(Figures 4 and 5), although the SVM was
more parsimonious and included only five
markers. The sensitivity and specificity of
these signatures to diagnose bacterial
etiology were 91% (95% CI: 72, 99%) and
91% (95% CI: 81, 97%), respectively; and
the positive diagnostic likelihood ratio was
10.4 (95% CI: 4.8, 29.1). In the validation
set, except for one malarial etiology patient
and one bacterial etiology patient, the
classification tree, regression, and SVM
signatures misclassified the same patients
(Table E8).

All three signatures did not misclassify
as bacterial (or malarial or viral) any health
community control children.
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Figure 3. Biomarker signature for febrile clinical pneumonia selected through a classification tree. Misclassification of a true bacteria patient was penalized more
than misclassification of a true virus or malaria patient (detail in online supplement). (A) Classification tree with markers that discriminated groups (in ovals) and specific
groups to which patients were assigned (in rectangles) by each branch. In the box, IL-10 that achieved optimality criteria equivalent to the criteria of TNFR2. (B)
Misclassification frequencies of the signature in the training and validation sets with sensitivities, specificities, and positive diagnostic likelihood ratio (+DLR) to
diagnose each pathogen (vs. any other). C—£ correspond to patients in the training set; F—H correspond to patients in the validation set. (C and F) Distribution of
haptoglobin with the corresponding cutoff value selected by the tree (dashed line) in M, V, and B patients. (D and G) Distribution of TNFR2 with cutoff value selected
by the tree (dashed line) in patients in the left branch of the tree (haptoglobin < 0.995). (E and H) Distribution of TIMP-1 with cutoff value selected by the tree (dashed
line) in patients in the right branch of the tree (haptoglobin > 0.995). *Signature replacing TNFR2 by IL-10 (cutoff value = 131.5) misclassified the same number
of subjects in the training and validation set. Biomarker signature replacing TNFR2 by TNF-a (cutoff value = 37.5), MPO (cutoff value = 898.5), and MIP-13
(cutoff value = 446) performed exactly like the tree with TNFR2 in the training set but misclassified one additional malaria subject in the validation set as a virus case.
B = bacteria; M = malaria; MIP-18 = macrophage inflammatory protein 18; MPO = myeloperoxidase; TIMP-1 = tissue inhibitor of metalloproteinases 1;

TNF-a = tumor necrosis factor-a; TNFR2 =tumor necrosis factor receptor 2; V = virus.
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Figure 4. Biomarker signature for febrile clinical pneumonia selected by support vector machine (SVM) models. Predicted probabilities of diagnoses of malaria,
virus, or bacteria in the training set (4) in which all patients were correctly classified, and in the validation set (B), in which some patients were misclassified. Blue,
black, and pink represent malaria-, virus-, and bacteria-assigned diagnosis, respectively. Open shapes represent patients with matched true and assigned
diagnosis (circles, malaria; triangles, virus; squares, bacteria). Solid shapes represent patients misclassified; for example, solid black squares are patients who were
assigned a diagnosis of virus but were true bacteria patients, solid pink triangles are patients who were assigned a diagnosis of bacteria but were true virus
patients, and solid pink circles are patients who were assigned a bacteria diagnosis but were true malaria patients. In C, markers selected in the SVM biomarker
signature are listed and in D, training and validation errors. Overall, this signature was an excellent classifier for malaria, good for bacteria, and poorer classifier for
virus patients. +DLR = positive diagnostic likelihood ratio; CK = creatine kinase; CRP = C-reactive protein; MMP9 = matrix metalloproteinase 9.

Clinical Findings in Biomarker
Signatures

When clinical features and plasma proteins
were modeled together, no clinical marker
was selected. Moreover, the accuracy of
classification tree signatures based only on
clinical and laboratory findings to detect
bacterial infection was inferior (sensitivity <
45% and specificity < 68% in all

models; online supplement and Figure E3)

to the accuracy of classification trees based
on plasma proteins.

Discussion

Several plasma proteins accurately classified
malarial, viral, and bacterial etiologies in
children with febrile clinical pneumonia.
Haptoglobin alone distinguished bacterial

Valim, Ahmad, Lanaspa, et al.: Biomarkers to Diagnose Febrile Clinical Pneumonia

from viral and malarial respiratory disease
with high sensitivity but low specificity and
did not distinguish between malarial and
viral etiologies. When biomarker signatures
identified by classification tree combined
haptoglobin with TNF receptor 2 (or IL-10)
and TIMP-1, distinction between the three
etiologies was possible. We identified two
alternative biomarker signatures with good
accuracy for bacterial etiologies based on
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Figure 5. Biomarker signature for febrile clinical pneumonia selected by multinomial logistic regression models (fitted via elastic net penalty). Predicted
probabilities of diagnoses of malaria, virus, or bacteria in the training set (A) in which all patients were correctly classified, and in the validation set (B), in which
some patients were misclassified. Blue, black, and pink represent malaria-, virus-, and bacteria-assigned diagnosis, respectively. Open shapes represent
patients with matched true and assigned diagnosis (circles, malaria; triangles, virus; squares, bacteria). Solid shapes represent patients misclassified; for
example, solid black squares are patients who were assigned a diagnosis of virus but were true bacteria patients, solid pink triangles are patients who were
assigned a diagnosis of bacteria but were true virus patients, and solid pink circles are patients who were assigned a bacteria diagnosis but were true malaria
patients. In C, markers selected in the support vector machine biomarker signature are listed and in D, training and validation errors. Overall, this signature
was an excellent classifier for malaria, good for bacteria, and poorer classifier for virus patients. +DLR = positive diagnostic likelihood ratio; A2Macro =
ax-macroglobulin; AAT = alpha-1 antitrypsin; Apo H = apolipoprotein H; CK-MB = creatine kinase-MB; CRP = C-reactive protein; G-CSF = granulocyte
colony-stimulating factor; MMP3 = matrix metalloproteinase 3; MMP9 = matrix metalloproteinase 9; PAI-1 = plasminogen activator inhibitor 1; SAP = serum
amyloid P-component; SCF = stem cell factor; TBG = thyroxine-binding globulin; VCAM-1 = vascular cell adhesion molecule 1.
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SVM and regression models. Both the
classification tree and SVM signatures
included a small set of markers, had high
sensitivities for identifying bacterial infection
(96% for classification tree and 91% for
SVM), resulted in few misclassifications of
viral or malarial as bacterial etiology patients
(14% for classification tree and 9% for SVM),
and outperformed clinical and laboratory
markers. Although misclassification of
patients in the viral etiology group was
higher, the proposed signatures performed as
well as other existing approaches for viral
diagnoses. The variability of signature markers
in healthy community control subjects was
low, suggesting they were reliable markers.
The identified signatures were not impacted
by HIV coinfection, an important
consideration in sub-Saharan Africa.

The different concentration of plasma
proteins associated with the three etiologies
may be attributable to the cells involved in
the immune response to each pathogen.
Increased haptoglobin is associated with
bacterial pneumonia (39, 44-47), probably
because of the role of neutrophils in
clearance of bacterial infections in the lungs.
The persistence of haptoglobin increases in
bacterial pneumonia may also explain the
usefulness of this marker for identifying
bacterial infections (46). Other cytokines
included in the signatures proposed here
have also been associated with the three
infections (45, 48-50).

We relied on blood cultures to ascertain
a diagnosis of bacterial infection and on
stringent criteria to classify patients,
minimizing the impact of misclassification
biases on our results. The goal was to be able
to ascertain that a patient with clinical
pneumonia had associated bacterial
infection requiring antibiotic therapy, even
if the primary cause of the pneumonia was
not bacterial. At present, there is no sensitive
and specific gold standard for associated
viral or bacterial infection in patients with
clinical pneumonia. The World Health
Organization has proposed the use of
radiographic endpoint pneumonia (pleural

effusion or lobar consolidated infiltrates) to
diagnose bacterial pneumonia in studies of
the pneumococcal vaccine, despite the
limited inter- and intrarater reliability of
chest X-rays (7-16). This low to moderate
reliability may preclude the use of chest
X-ray as a gold standard in studies designed
to discover biomarkers that will minimize
the risk of overlooking bacterial infections
when treating patients in a clinic. In our
study, the sensitivity of radiographic end-
point pneumonia to detect bacterial infection
was poor, with 32% of patients with febrile
clinical pneumonia and associated bacterial
disease presenting without radiographic end-
point pneumonia, despite the fact that
radiographic tests were adequate and were
reviewed by two experienced clinicians.
Among patients with no evidence of bacterial
infection, 33% of patients with malarial
infections and 30% with viral infections had
radiographic endpoint pneumonia.

The criteria used in this study to
assign patients to diagnostic groups
aimed to obtain an accurate diagnosis.
However, these criteria resulted in
excluding a large number of patients with
viral etiologies who had high leukocyte
counts. Consequently, potential biases
could have occurred if, for example, the
levels of selected markers were associated
with disease severity. Not excluding
patients with high leukocyte counts,
however, could have misclassified
undetected bacterial etiology patients as
viral. Further studies could elucidate the
importance of selection bias in our
estimates.

More definitive conclusions about the
proposed biomarkers will depend on
confirmatory studies with alternative gold
standards, larger sample sizes, and in
different populations to estimate accuracy
and reliability and to establish the
generalizability of these markers. Factors
such as disease severity, prior antibiotic
treatment, and length of illness (26-29)
could have affected marker levels in this
study. Studies with longitudinal sampling

could also clarify the progression of
marker levels with disease evolution

and their prognostic accuracy. Viral
coinfections and the specific virus, other
than HIV, did not appear to impact
markers in the present study. Although
patients had several different viruses, levels
of markers for all these viruses were
similar and variability of markers in this
group was the lowest.

Optimal treatment of patients
requires prompt etiologic diagnosis of the
clinical pneumonia. In malaria endemic
areas, the diagnostic dilemma is more
challenging because malaria may produce a
respiratory distress syndrome clinically
indistinguishable from that resulting from
bacterial infections. On the other hand,
bacterial or viral pneumonias in patients
with malarial infections are common, and
withholding of antibiotic therapy from
patients with bacterial infections may occur.
Conversely, antibiotic therapy is frequently
overprescribed as a result of suspected
bacterial infections. A point-of-care test that
would rule out bacterial infection would
allow better management of antibiotic
therapy in resource-limited and resource-
replete areas. The biomarker signature
proposed in this study could be
incorporated into a future rapid diagnostic
test to rule out diagnoses of bacterial
infection. Treatment decisions based on
these signatures would still result in the
unnecessary prescription of antibiotics
to patients with viral etiologies but
would substantially reduce unnecessary
use of antibiotics while ensuring that
patients with bacterial infections receive
antibiotics.
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