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Abstract. The role of microbial coinfection in the pathogenesis of pneumonia in children is not well known. The aim of
this work was to describe the prevalence of microorganism co-detection in nasopharyngeal samples (NPS) of pneumonia
cases and control subjects and to study the potential association between nasopharyngeal microorganism co-detection
and pneumonia. A case-control study was carried out from 2010 to 2014 in nine study sites located in low- or middle-
income countries. The data from 888 children under 5 years of age with pneumonia (cases) and 870 children under 5 with-
out pneumonia (controls) were analyzed. Nasopharyngeal samples were collected; reverse transcription polymerase chain
reaction (RT-PCR) enabled the detection of five bacteria and 19 viruses. Multiple, mixed-effects logistic regression model-
ing was undertaken to evaluate the association between microorganism co-detection and pneumonia. A single Strepto-
coccus pneumoniae colonization was observed in 15.2% of the controls and 10.1% of the cases (P50.001), whereas
S. pneumoniae and a single virus co-detection was observed in 33.3% of the cases and in 14.6% of the controls
(P,0.001). Co-detections with rhinovirus, respiratory syncytial virus, parainfluenza virus, human metapneumovirus, and
influenza virus were more frequent in the cases compared with the controls (P,0.001) and were significantly associated
with pneumonia in multiple regression analysis. The proportion of single virus detection without bacterial co-detection was
not different between cases and controls (13.6% versus 11.3%, P50.13). This study suggests that coinfection of
S. pneumoniae and certain viruses may play a role in the pathophysiology of pneumonia in children.

INTRODUCTION

Pneumonia caused 13.3% of 5.05 million deaths in 2019
according to the Global Burden of Diseases Study 2019, and it
remains the leading cause of mortality from infectious disease
in children under 5 years of age.1 The burden of the different
pathogens associated with pneumonia has substantially
changed in the last few years, mainly through the broad imple-
mentation of the pneumococcal conjugate vaccine (PCV) and
Haemophilus influenzae type B vaccination policies. The num-
ber of bacterial pneumonias could have decreased in favor of
viral pneumonia. Several studies have been carried out in low-
and middle-income countries, for example, the Pneumonia Eti-
ology Research of Child Health (PERCH) study run between
2011 and 2014. In this study, authors estimated that viruses
accounted for 61.4% of pneumonia causes and bacteria
(excluding mycobacteria) for 27.3%.2 Bacterial infections can

be more severe than viral infections, which are often confined
to the upper respiratory tract. However, severe viral infections
of the lower respiratory tract and viral pneumonia can also
occur, in particular, in infants under 2 years of age.3,4

Nowadays, the pathophysiology of pneumonia is well
explained. It is also known that viruses interact with the bac-
teria of the respiratory microbiome.5,6 Occurrences of bacte-
rial and viral coinfection have been frequently reported in the
literature.7 However, the prevalence of microorganism coin-
fection in pneumonia, and their association with the disease
in children is not well known, particularly in low- and middle-
income countries.8 Moreover, it is commonly admitted that
different viral infections (e.g., influenza) predispose the host
to secondary bacterial pneumonia9–11; but conversely, it has
also been suggested that bacterial colonization plays a role
in virus-associated pneumonia.12,13

Between 2010 and 2014, the M�erieux Foundation, Global
Approach for Biological Research, Infectious Diseases and Epi-
demics in Low-Income Countries (the GABRIEL Network) car-
ried out a large, prospective, multicenter case-control study.14

Its primary objectives were to identify the causative agents
involved in the onset of pneumonia in children under 5 in low-
and middle-income countries and to assess individual and
microbial factors associated with the risk of pneumonia.15 The
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microorganisms most frequently attributable to pneumonia
were Streptococcus pneumoniae (adjusted population attribut-
able fraction: 42.2%), followed by respiratory syncytial virus
(RSV) (18.2%) and rhinovirus (RV) (11.2%).16 The present study
focused on a secondary objective of the GABRIEL Pneumonia
study. The aim of the present work was to describe the preva-
lence of microorganism co-detection in nasopharyngeal sam-
ples (NPS) of pneumonia cases and control subjects, and to
study the association of various detections and/or
co-detections of microorganisms with pneumonia.

MATERIALS AND METHODS

Study sites and design. The GABRIEL Network pneumo-
nia study was a large, multicenter case-control study carried
out between 2010 and 2014 in nine sites in eight low- or
middle-income countries: Cambodia, China, Haiti, India (two
sites), Madagascar, Mali, Mongolia, and Paraguay (see Sup-
plemental material). The study protocol and sites have been
previously described in detail.15

Definitions of cases and controls. The eligible cases
were children from 2 to 60 months of age admitted for sus-
pected pneumonia. Eligible cases were identified on admis-
sion by study clinicians at each participating site. Incident
cases were included if they complied with protocol defini-
tions and met all inclusion criteria. Eligible cases were
included in the study on the basis of clinical features of
pneumonia following WHO criteria: 1) cough and/or dys-
pnea, and 2) tachypnea, as delineated by the WHO, and
3) first symptoms appearing within the last 14 days, and
4) radiological confirmation of pneumonia on chest x-ray, as
defined per WHO guidelines.17 Pneumonia was considered
hypoxemic when oxygen saturation was, 90%. According
to the WHO, hypoxemia is one of the criteria defining severe
pneumonia.17 Controls were children 1) without symptoms
of respiratory illness/upper respiratory tract infection, and
2) between 2 and 60 months of age, and 3) hospitalized for
surgery or attending routine outpatient appointment at hos-
pital site (see Supplemental material). For both cases and
controls, their parents or legal guardians gave informed con-
sent before inclusion.
Data sources and quality control. Demographic charac-

teristics, medical history, vital signs, clinical symptoms and
biological parameters on admission were recorded prospec-
tively for each subject on a standardized data collection
form. Data quality was monitored and evaluated by the
Foundation M�erieux study conduct team including the
Emerging Pathogens Laboratory (Lyon, France).
Biological samples. Specimens were collected within 48

hours after hospitalization. Nasopharyngeal samples were
collected from all pneumonia case and control subjects.
Nasopharyngeal samples enabled the identification of viruses
and bacteria by reverse-transcription polymerase chain
reaction (RT-PCR) assay with a panel of five bacteria and
19 viruses (Fast-track Diagnostic Respiratory Pathogens
21 PLUS, Esch-sur-Alzette, Luxembourg): S. pneumoniae,
Staphylococcus aureus, H. influenzae type B, Mycoplasma
pneumoniae, Chlamydophila pneumoniae, influenza virus (IV)
A, A H1N1 and B, coronavirus (CoV) 229E, OC43, NL63 and
HKU1, parainfluenza virus (PIV) 1, 2, 3 and 4, human meta-
pneumovirus (HMPV) A and B, RV, RSV A and B, adenovirus
(AdV), enterovirus (EV), parechovirus (HPeV), and bocavirus

(BoV).18 The specimen collection was performed by trained
clinical staff, nurses, and the principal investigator of each
site. The samples of 1–2 mL were aliquoted, analyzed
on-site, and stored at 280�C. A centralized, blinded PCR
respiratory quality control panel was provided to all sites to
ensure procedure validation on-site before the specimens
were processed locally.
Statistical analysis. Descriptive analysis of the included

and excluded populations was performed. Continuous varia-
bles were reported as median and interquartile range (IQR)
with comparisons by Mann–Whitney U test. Categorical varia-
bles were computed as number of individuals and proportions
with x2 or Fisher’s exact test as appropriate for comparison.
Calculated proportions of microorganism detection repre-
sented mean occurrence over the study period. They were
reported per 100 subjects with their 95% CI.
Multiple, mixed-effects logistic regression modeling was

undertaken to evaluate the association between microorgan-
ism co-detection and pneumonia, with center as the random
effect. Models were adjusted for gender, age, other microor-
ganisms detected and time period (year). Age was stratified
in three groups: 2–11 months, 12–23 months, and 24–60
months. Interactions between microorganisms were tested
for each different couple of microorganisms of interest. Mul-
tiple, mixed-effects logistic regression modeling was also
undertaken to evaluate the association between microorgan-
ism co-detection and hypoxemic pneumonia, with center as
the random effect. For the regression analyses, site-
stratified regressions were also undertaken as sensitivity
analyses. All tests were two-tailed, with P,0.05 considered
as statistically significant. Statistical analysis was under-
taken with Stata Version 13.0 (College Station, TX).
Inclusion process and subject characteristics. The

inclusion process is described in Supplemental Figure 1;
2,247 subjects were enrolled. Of those, 489 (21.8%, N5280
[24.0%] cases, N5171 [16.4%] controls) were excluded
owing to missing data and/or because they did not meet
inclusion criteria. By study site, the percentage of excluded
subjects ranged from 0.5% of all assessed subjects in Para-
guay to 46.4% in Madagascar. A description of the excluded
subjects is presented in Supplemental Table 1. Among the
1,758 included subjects, there were 888 (50.5%) cases and
870 (49.5%) controls, 1,024 (58.4%) children were male and
the median age was 16 months (IQR 9–30 months). Subject
characteristics are shown in Supplemental Tables 2 and 3.19

Ethics. All study documents were submitted to and
approved by the institutional Research Ethics Committee of
each site.

RESULTS

Overall detection of viruses and bacteria. Overall detec-
tion of microorganisms in NPS (in combination or alone) are
described in Supplemental Table 4. Human metapneumovi-
rus, RSV, PIV, and IV were more frequently detected in pneu-
monia cases compared with controls (P,0.001 for each).
Streptococcus pneumoniae was more frequently detected in
pneumonia cases compared with controls (P,0.001),
whereas S. aureus was more frequently detected in controls
compared with cases (P50.003). The median number of
bacteria detected was 1, IQR [0–1] in cases and 1, IQR [0–1]
in controls, P50.84. The median number of viruses
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detected was 1, IQR [1–1] in cases and 0, IQR [0–1] in con-
trols, P,0.001.
Detection of viruses. A single virus was detected in the

NPS of 501/888 cases (56.4%) and 296/870 (34.0%) of con-
trols (P,0.001) regardless of the number of bacteria
detected (Table 1). Single detection of HMPV, RSV, PIV, and
IV was more frequently detected in case NPS compared
with control NPS (P, 0.001 for each), regardless of the num-
ber of bacteria detected. Conversely, CoV and BoV were
more frequently detected in control NPS compared with
case NPS without other viral detection (P50.042 and 0.012,
respectively).
The proportion of single virus detection without bacterial

co-detection was not different between pneumonia cases
and controls (13.6% versus 11.3%, respectively, P50.13)
(Table 1). Similarly to single virus detection regardless of the
number of bacteria detected, single detection of HMPV,
RSV, PIV, and IV without bacteria detection was more fre-
quently detected in case NPS compared with control NPS
(P,0.001, P,0.001, P50.01, P50.018, respectively),
whereas CoV and BoV were more frequently detected in
control NPS compared with case NPS (P50.0035 and
P5 0.034, respectively). Rhinovirus was similarly detected in
cases and control subjects NPS (P50.18).
Co-detections of at least two viruses without detection

of bacteria are described in Table 2 and site-stratified in
Supplemental Figure 2. No statistical difference between
the two groups was observed (5.2% of cases [46/888] and
4.0% of controls [35/870], P50.25). The most frequent
viral co-detections of two viruses were RV 1 RSV (0.9% of

cases and 0.2% of controls), RV 1 CoV (0.3% of cases and
0.5% of controls), RV1 BoV (0.0% of cases and 0.6% of con-
trols), RV 1 AdV (0.3% of cases and 0.1% of controls), and
RV 1 HMPV (0.3% of cases and 0.1% of controls). No signifi-
cant difference of detection was noted between cases and
controls for each couple studied except for RV 1 BoV which
was more frequently detected in NPS of controls compared
with cases (P50.03).
Virus–bacteria co-detections. Virus–bacteria co-detections

in NPS were observed in 59.6% of cases (529/888) and in
36.1% of controls (314/870), P,0.001. Overall and site-
stratified numbers of bacteria and viruses detected in cases
and controls are shown in Table 3 and Supplemental Figure 2.
The NP detection of S. pneumoniae without viral

co-detection was most frequent in control subjects com-
pared with cases (18.2% [90/495] versus 43.2% [132/
312], P,0.001). The detection of at least one virus with
S. pneumoniae was more frequent in cases compared
with controls (81.8% [405/495] versus 57.7% [180/312],
respectively, P,0.001).
In most of the virus–bacteria co-detections, a single virus

was detected, without difference between cases and con-
trols (72.1% of pneumonia cases versus 68.5% in controls
with virus–bacteria co-detection, P5 0.28). In all, when
virus–bacteria co-detection was observed, the median
number of viruses detected was not significantly higher in
cases compared with controls (median number of viruses
detected: 1, IQR [1–1] in cases (mean6SD: 1.0860.78)
and 1, IQR [0–1] in controls (mean6SD: 0.8060.89),
P50.073).

TABLE 1
Single virus detection in nasopharyngeal samples of pneumonia cases and controls with and without bacterial co-detection, the GABRIEL

Network pneumonia study, 2010 through 2014

Cases, nasopharyngeal
samples, N 5 888

Controls, nasopharyngeal
samples, N 5 870 P value

Single virus detection without
bacterial co-detection, n (%)
Rhinovirus 30 (3.4) 42 (4.8) 0.18
Respiratory syncytial virus A/B 29 (3.3) 5 (0.6) , 0.001
Bocavirus 5 (0.6) 14 (1.6) 0.034
Parainfluenza virus 1/2/3/4 19 (2.1) 6 (0.7) 0.010
Coronavirus NL63/229E/OC43/
HKU1

2 (0.2) 14 (1.6) 0.0035

Adenovirus 4 (0.5) 4 (0.5) 0.99
Influenza virus A/A(H1N1)/B 16 (1.8) 5 (0.6) 0.018
Human metapneumovirus A/B 14 (1.6) 0 (0.0) , 0.001
Enterovirus 2 (0.2) 7 (0.8) 0.17
Parechovirus 0 (0.0) 1 (0.1) 0.99

Number of patients with a single
virus detection regardless of the
number of bacteria detected, n
(%)
Rhinovirus 140 (15.8) 116 (13.3) 0.15
Respiratory syncytial virus A/B 112 (12.6) 18 (2.1) , 0.001
Bocavirus 22 (2.5) 41 (4.7) 0.012
Parainfluenza virus 1/2/3/4 59 (6.6) 16 (1.8) , 0.001
Coronavirus NL63/229E/OC43/
HKU1

23 (2.6) 38 (4.4) 0.042

Adenovirus 27 (3.0) 25 (2.9) 0.84
Influenza virus A/A(H1N1)/B 58 (6.5) 11 (1.3) , 0.001
Human metapneumovirus A/B 42 (4.7) 6 (0.7) , 0.001
Enterovirus 17 (1.9) 20 (2.3) 0.57
Parechovirus 1 (0.1) 5 (0.6) 0.12
GABRIEL5 Global Approach for Biological Research, Infectious diseases and Epidemics in Low-Income Countries.
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When virus–bacteria co-detection was found, regardless
of the number of virus and bacteria detected, three viruses
(RSV, IV, and HMPV) were more frequently found in pneumo-
nia cases compared with controls (P,0.001 for all of the
comparisons). Conversely, four viruses (RV, BoV, AdV, and
CoV) were more frequently observed in controls compared
with pneumonia cases (P50.007, P,0.001, P50.018,
P50.042, respectively) (Supplemental Table 5). The most
frequent co-detections of 1 virus and 1 bacterium in NPS are
described in Figure 1.
Association of single virus detection and virus–bacteria

co-detection with pneumonia. Overall and site-stratified
associations between major microorganism detection or
co-detection and pneumonia are described in Figure 2 and
Supplemental Table 6. For the major viruses (RV, RSV, PIV,
IV, and HMPV), adjusted odds ratios (aOR) of pneumonia
ranged from 1.57 95% CI [1.26–2.01] for RV to 11.37 95% CI

[7.37–17.55] for HMPV. The aOR of pneumonia steadily
increased when co-detection between S. pneumoniae and a
major virus was found (aOR ranged between 3.31 95% CI
[2.38–4.60] for RV and 28.85 95% CI [11.83–70.38] for IV).
No interaction effect was found between the microorgan-
isms studied for each co-detection.
Association of microorganism detection and hypoxemic

pneumonia. Only pneumonia cases with oxygen saturation
data were included in this analysis; data from the Cambodian
site were excluded in this subanalysis since no hypoxemic
pneumonia was recorded. In all, of the 712 pneumonia cases,
647 (90.9%) had data for oxygen saturation. Of 647 patients,
88 had hypoxemic pneumonia (13.6%). By study site, the pro-
portion of included patients with hypoxemic pneumonia ranged
from 3.7% in Mongolia to 30.5% in Mali. The microorganisms
detected in the NPS of patients with hypoxemic pneumonia
are described in Table 4 and Supplemental Table 7. Detection

TABLE 3
Virus/bacteria co-detection in nasopharyngeal samples of pneumonia cases and controls, the GABRIEL Network pneumonia study, 2010

through 2014

Number/type of bacteria Number of virus Cases, n (%) N 5 888 Controls, n (%) N 5 870 P value

0 0 62 (7.0) 228 (26.2) , 0.001
0 1 121 (13.6) 98 (11.3) 0.13
0 2 37 (4.2) 28 (3.2) 0.29
0 3 6 (0.7) 6 (0.7) 0.97
0 4 3 (0.3) 1 (0.1) 0.64
One S. pneumoniae 0 90 (10.1) 132 (15.2) 0.001
One S. pneumoniae 1 296 (33.3) 130 (14.6) , 0.001
One S. pneumoniae 2 84 (9.5) 37 (4.3) , 0.001
One1 S. pneumoniae 3 21 (2.4) 8 (0.9) 0.017
One S. pneumoniae 4 3 (0.3) 4 (0.5) 0.98
One S. pneumoniae 5 1 (0.1) 1 (0.1) 0.99
One other than S. pneumoniae 0 16 (1.8) 45 (5.2) , 0.001
One other than S. pneumoniae 1 24 (2.7) 37 (4.3) 0.078
One other than S. pneumoniae 2 10 (1.1) 10 (1.1) 0.96
One other than S. pneumoniae 3 2 (0.2) 0 (0.0) 0.51
One other than S. pneumoniae 4 1 (0.1) 0 (0.0) 0.99
2 0 25 (2.8) 40 (4.6) 0.047
2 1 57 (6.4) 26 (3.0) , 0.001
2 2 19 (2.1) 22 (2.5) 0.59
2 3 4 (0.5) 2 (0.2) 0.71
2 4 0 (0.0) 4 (0.5) 0.12
3 0 1 (0.1) 3 (0.3) 0.61
3 1 3 (0.3) 5 (0.6) 0.70
3 2 2 (0.2) 3 (0.3) 0.98
GABRIEL5 Global Approach for Biological Research, Infectious diseases and Epidemics in Low-Income Countries.

TABLE 2
Viral co-detection in nasopharyngeal samples of patients without bacterial co-detection, the GABRIEL Network pneumonia study, 2010

through 2014

Total N 5 81 Cases N 5 46 Controls N 5 35 P value

Viral co-detection without bacterial co-detection, by number of virus detected, n (%)
Two viruses 65 (80.2) 37 (80.4) 28 (80.0) 0.96
Three viruses 12 (14.8) 6 (13.0) 6 (17.1) 0.61
Four viruses 4 (4.9) 3 (6.5) 1 (2.9) 0.83

Viral co-detection without bacterial co-detection, by virus, n (%)
Rhinovirus 42 (51.9) 24 (52.2) 18 (51.4) 0.95
Respiratory syncytial virus A/B 29 (35.8) 21 (45.7) 8 (22.9) 0.03
Bocavirus 25 (30.9) 11 (23.9) 14 (40.0) 0.12
Parainfluenza virus 1/2/3/4 14 (17.3) 9 (19.6) 5 (14.3) 0.53
Coronavirus NL63/229E/OC43/HKU1 23 (28.4) 8 (17.4) 15 (42.9) 0.01
Adenovirus 13 (16.0) 7 (15.2) 6 (17.1) 0.82
Influenza virus A/A(H1N1)/B 11 (13.6) 9 (19.6) 2 (5.7) 0.13
Human metapneumovirus A/B 13 (16.0) 10 (21.7) 3 (8.6) 0.19
Enterovirus 8 (9.9) 3 (6.5) 5 (14.3) 0.43
Parechovirus 4 (4.9) 2 (4.3) 2 (5.7) 0.99
GABRIEL5 Global Approach for Biological Research, Infectious diseases and Epidemics in Low-Income Countries.
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of HMPV and co-detection of S. pneumoniae and RSV were
significantly more frequent in hypoxemic pneumonia than in
nonhypoxemic pneumonia (P50.05 and P50.014, respec-
tively). However, after adjustment for age, gender, and time
period, no virus/bacteria co-detection was found to be associ-
ated with hypoxemic pneumonia.

DISCUSSION

This large, multicenter study in eight low- and middle-
income countries provides important information about the
microorganisms detected in the NPS of children under 5
with pneumonia and in control subjects. Overall, S. pneumo-
niae, RSV, PIV, HMPV, and IV were more frequently detected
in the NPS of pneumonia cases compared with controls.
Microbial colonization of the respiratory tract with S. pneu-
moniae, H. influenzae, and M. catarrhalis has been shown
elsewhere to be associated with severe pulmonary infec-
tions.12,20 The recent results of the PERCH study also
showed that viruses, especially RSV, PIV, HMPV, and IV
were predominant causes of pneumonia requiring hospitali-
zation in children under 5 in low- and middle-income
countries.2

At least one bacterium was detected in 60.3% and one
virus in 50.1% of the control subjects in our study; and dif-
ferent microorganisms (S. aureus, BoV, and CoV) were more
frequently detected in control subjects compared with
cases. It is well known that numerous microorganisms natu-
rally colonize the respiratory tract.8 This large number
explains why the etiology of pneumonia is challenging to

determine. Collecting cultures of the lower respiratory tract
of the young child is difficult, and neither clinical signs, nor
radiologic features, nor biological markers make the differen-
tiation between a viral or bacterial etiology of pneumonia
possible.21

The results highlighted that NP colonization with S. pneu-
moniae as a single microorganism was more frequent in con-
trol subjects compared with cases (15.2% versus 10.1%,
P50.001). It showed also a high frequency of co-detections
of S. pneumoniae and RV, RSV, PIV, IV, or HMPV in NPS of
pneumonia cases and an association of the co-detection
with pneumonia, compared with the microorganisms without
co-detection. Today, improvement in our knowledge of inter-
actions between commensal and pathogenic microorgan-
isms in the lung microbiome has revealed that viruses and
bacteria are probably not mutually exclusive in the patho-
genesis of pneumonia.22 Although microbial coinfections
were once considered as rare, studies have shown that
they are frequent in children with pneumonia.23 For instance,
a study carried out in 1999 showed viral and bacterial coinfec-
tion of microorganisms in 23% of 154 children with pneumo-
nia.7 An association between the severity of H1N1 influenza
and S. pneumoniae detection has been described in the litera-
ture.24,25 Also, an influenza infection could trigger secondary
pneumococcal pneumonia in a subject previously colonized
by S. pneumoniae.26 Some studies have also reported that
the coinfection of RSV and bacteria in lower tract respiratory
infections appears to increase the severity and mortality com-
pared with RSV without coinfection.27,28 Our results tend
to confirm the assumption since the co-detection of

FIGURE 1. Proportion of virus-bacteria co-detection in nasopharyngeal samples of patients, the Global Approach for Biological Research, Infec-
tious diseases and Epidemics in Low-Income Countries (GABRIEL) Network pneumonia study, 2010 through 2014. * P, 0.05, AdV5 adenovirus,
BoV 5 bocavirus, CoV 5 coronavirus NL63/229E/OC43/HKU1, EV5 enterovirus, HPeV 5 parechovirus, HMPV 5 human metapneumovirus A/B,
IV5 influenza virus A/A(H1N1)/B, PIV5 parainfluenza virus 1/2/3/4RV5 rhinovirus, RSV5 respiratory syncytial virus A/B.
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FIGURE 2. Adjusted odds ratio of the risk of pneumonia according to the microorganisms detected in nasopharyngeal samples, the Global
Approach for Biological Research, Infectious diseases and Epidemics in Low-Income Countries (GABRIEL) Network, 2010 through 2014. aOR:
adjusted odds ratio. The white diamonds represent adjusted odds ratio of pneumonia for a viral detection, with 95% CI. The black squares repre-
sent adjusted odds ratio of pneumonia for a co-detection of Streptococcus pneumoniae 1 virus, with 95% CI. All aOR are adjusted for gender,
age, other microorganisms detected, and time period (year), with study center as the random effect.

TABLE 4
Microorganisms detected in nasopharyngeal samples of patients with hypoxemic pneumonia, the GABRIEL Network, 2010 through 2014

Cases with hypoxemic pneumonia (N 5 88) Cases with nonhypoxemic pneumonia (N 5 559) P value

Detection of at least one bacterium 62 (70.5) 400 (71.6) 0.832
Detection of at least one virus 67 (76.1) 433 (77.5) 0.783
Detection of at least the following microorganisms
S. pneumoniae 56 (63.6) 368 (65.8) 0.687
S. aureus 13 (14.8) 72 (12.9) 0.625
H. influenzae 6 (6.8) 30 (5.4) 0.581
M. pneumoniae 0 (0.0) 7 (1.3) 0.602
C. pneumophila 1 (1.1) 2 (0.4) 0.356
Rhinovirus 23 (26.1) 136 (24.3) 0.714
Respiratory syncytial virus A/B 22 (25.0) 101 (18.1) 0.123
Bocavirus 5 (5.7) 42 (7.5) 0.662
Parainfluenza virus 1/2/3/4 10 (11.4) 71 (12.7) 0.725
Coronavirus NL63/229E/OC43/HKU1 6 (6.8) 44 (7.9) 0.99
Adenovirus 4 (4.6) 44 (7.9) 0.380
Influenza virus A/A(H1N1)/B 7 (8.0) 63 (11.3) 0.352
Human metapneumovirus A/B 11 (12.5) 37 (6.6) 0.05
Enterovirus 5 (5.7) 29 (5.2) 0.798
Parechovirus 1 (1.1) 16 (2.9) 0.492
Virus/bacteria co-detection
S. pneumoniae 1 Rhinovirus 10 (11.4) 44 (7.9) 0.27
S. pneumoniae 1 Respiratory syncytial virus A/B 10 (11.4) 27 (4.8) 0.014
S. pneumoniae 1 Parainfluenza virus 1/2/3/4 3 (3.4) 19 (3.4) 0.99
S. pneumoniae 1 Influenza virus A/A(H1N1)/B 2 (2.3) 25 (4.5) 0.56
S. pneumoniae 1 Human metapneumovirus A/B 1 (1.1) 12 (2.2) 0.99
GABRIEL5 Global Approach for Biological Research, Infectious diseases and Epidemics in Low-Income Countries.
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S. pneumoniae 1 RSV was associated with hypoxemic
pneumonia, even if the trends were not significant after
adjustment of covariables. The literature also shows an
increase of nasopharyngeal pneumococcal density by
viral coinfection; however, these data were not studied in
our work.11,29,30 Our results also highlighted that RV was
frequently detected in control subjects, particularly, when
a single virus was detected. However, the role of RV as a
true etiology of pneumonia remains unclear. It suggests
that RV contributes more frequently to pneumonia in
patients with a NP co-detection of S. pneumoniae.31

An increased severity of pneumonia has not been demon-
strated in viral coinfections compared with single viral infec-
tions.32 Moreover, AdV, BoV, CoV, EV, and HPeV were
mostly co-detected with other viruses and/or bacteria in
pneumonia cases. They were also frequently detected in
controls. This confirms data from other studies and suggests
an uncertain pathogenic role of these viruses in the dis-
ease.33–36 However, viral loads were not measured, and it is
known that for viruses such as BoV, high viral loads are
potentially associated with respiratory symptoms and low
viral loads indicate asymptomatic shedding.37 This raises
the question of the threshold to use to ensure relevance of
the test for clinical interpretation.38

This study has several limitations. First, it remains unclear
if a detection of specific pathogens in the nasopharynx is a
useful proxy indicator of the same pathogens in the lower
respiratory tree (i.e., a cause of pneumonia). Moreover, no
classical analytic method can take sensitivity, specificity for
pathogen detection and the detection of multiple pathogens
into account. The development of relevant modeling techni-
ques provides better understanding of the results. For exam-
ple, to more accurately determine pneumonia etiologies, the
PERCH Study Group created a partial latent class analysis
with a Bayesian approach.39 Nevertheless, assumptions of
the model do not make it possible to conclude on the etiol-
ogy of pneumonia when more than one pathogen is
detected.40 Secondly, the study was adjusted to major cova-
riables, namely gender, age group, study site, and other
microorganisms. However, other possible confounding fac-
tors such as previous antibiotic intake were not introduced
in the models owing to a great deal of missing data, or a low
frequency of the variable in the control group (i.e., antibiotic
intake). The clinical data on severity were of uncertain quality
owing in large part to subjective clinical signs (i.e., chest
indrawing, cyanosis). In addition, severity was assessed
using an objective variable: oxygen saturation.
The strengths of the study are its large sample size and its

multicenter design. The inclusion of pneumonia cases and
control subjects enabled the adjustment of positivity rates
and odds ratios calculation.
Our findings report extensive data on the viral and bacte-

rial co-detection in pneumonia in children under 5 years of
age from low- and middle-income countries. The results
suggest that coinfection of S. pneumoniae and certain
viruses (RV, RSV, PIV, HMPV, and IV) may play a role in the
pathophysiology of pneumonia in children. It suggests also a
minor role of other viruses such as AdV, BoV, CoV, EV, and
HPeV, even in the case of a coinfection with a bacterium.
Nevertheless, further studies focused on the major coinfec-
tions of microorganisms are required to improve the under-
standing of their role in the pathogenesis of pneumonia. This

could lead to new putative targets for therapeutic
interventions.
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