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Background.  Recognition that coinfections are common in children with community-acquired pneumonia (CAP) is increasing, 
but gaps remain in our understanding of their frequency and importance.

Methods.  We analyzed data from 2219 children hospitalized with CAP and compared demographic and clinical characteristics 
and outcomes between groups with viruses alone, bacteria alone, or coinfections. We also assessed the frequency of selected pairings 
of codetected pathogens and their clinical characteristics.

Results.  A total of 576 children (26%) had a coinfection. Children with only virus detected were younger, more likely to be black, 
and more likely to have comorbidities such as asthma, compared with children infected with typical bacteria alone. Children with 
virus-bacterium coinfections had a higher frequency of leukocytosis, consolidation on chest radiography, parapneumonic effusions, 
intensive care unit admission, and need for mechanical ventilation and an increased length of stay, compared with children infected 
with viruses alone. Virus-virus coinfections were generally comparable to single-virus infections, with the exception of the need for 
oxygen supplementation, which was higher during the first 24 hours of hospitalization in some virus-virus pairings.

Conclusions.  Coinfections occurred in 26% of children hospitalized for CAP. Children with typical bacterial infections, alone or 
complicated by a viral infection, have worse outcomes than children infected with a virus alone.
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Community-acquired pneumonia (CAP) is an important cause 
of morbidity and mortality in children [1]. The advent of molec-
ular testing has markedly enhanced the detection of respiratory 
viruses and has demonstrated that virus-bacterium and virus-vi-
rus coinfections are common among children with CAP and 
contribute to pathogenesis [1–3]. For example, during the 2009 
influenza A(H1N1) pandemic, a coinfecting bacterial pathogen 
was identified in about one third of all severe or fatal infections 
due to 2009 pandemic influenza A(H1N1) virus [4–6], and 
identification of Streptococcus pneumoniae was an indepen-
dent risk factor for severe disease [7]. Other bacteria, such as 
Staphylococcus aureus, have been detected in patients with seri-
ous complications of influenza [8]. Although the impact of influ-
enza virus–bacterium coinfection has been well described, fewer 
data exist for other virus-bacterium or virus-virus coinfections.

A number of barriers limit our ability to understand important 
aspects of coinfections. Most of the burden of CAP occurs in out-
patient settings, where comprehensive etiologic molecular testing 
is not performed. Studies of hospitalized children from a single 
site are generally too small to conduct meaningful analyses of 
pathogen-pathogen interactions. Common testing algorithms for 
determining the etiology of CAP also suffer from poor sensitivity 
and specificity, particularly for bacterial infections, since blood 
culture is predominantly used to determine the bacterial etiology 
of pneumonia in children [9]. The use of polymerase chain reac-
tion (PCR) analysis aids in identifying viral causes of pneumonia, 
but pathogens detected in the upper respiratory tract may not 
correlate with pathogens obtained directly from the lung. In addi-
tion, sequential infections in which one pathogen alters the host’s 
defenses facilitating a secondary infection are particularly diffi-
cult to accurately diagnose, as the preceding pathogen may no 
longer be detectable when the patient comes to medical attention.

The Etiology of Pneumonia in the Community (EPIC) study 
presented an opportunity to comprehensively study coinfections 
[1]. This large, multisite, prospective study included a compre-
hensive assessment of etiology, using multiple state-of-the-art 
diagnostic tests linked to clinical outcomes. The size of the 
study and the breadth of demographic, clinical, and diagnostic 
data available presented an opportunity to overcome many of 
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the barriers cited above to understanding causes of pneumonia, 
as well as analyzing the impact of coinfection. Coinfections with 
multiple pathogens were identified in 26% of the children with 
radiographically defined CAP [1]. Here we explore the inter-
actions of various viral and bacterial organisms in pneumonia 
and the impact of coinfections on clinical characteristics and 
outcomes.

METHODS

Study Population and Pathogen Detection

Children (<18 years old) were enrolled in the EPIC study 
at 3 children’s hospitals in Memphis, Tennessee, Nashville, 
Tennessee, and Salt Lake City, Utah [1]. Between January 2010 
and June of 2012, 2638 children were enrolled, of whom 2358 
had final radiographic evidence of pneumonia. Of this cohort, 
2219 had specimens tested for both viruses and bacteria and 
were included in the current analyses (Figure 1). Children 
with recent hospitalization, tracheostomy, cystic fibrosis, or 
severe immunosuppressive conditions were excluded [1]. 
Demographic and clinical data were obtained using previously 
described methods. Typical bacteria were detected by cultures 
of blood, pleural fluid, and/or bronchoalveolar lavage speci-
mens and by PCR testing of blood or pleural fluid specimens 
as described elsewhere [1]. Atypical bacteria, Chlamydophila 
pneumoniae and Mycoplasma pneumoniae, were detected by 
PCR analysis of combined nasopharyngeal and oropharyngeal 
swab specimens. Human adenovirus (hAdV), human coronavi-
rus (hCoV), human metapneumovirus (hMPV), human rhino-
virus (hRV), influenza A and B virus, parainfluenza virus (PIV), 
and respiratory syncytial virus (RSV) were also detected by PCR 
analysis of combined nasopharyngeal and oropharyngeal swab 

specimens. Serologic testing for hAdV, hMPV, influenza A and 
B viruses, PIV, and RSV was also performed on acute and con-
valescent specimens in 44% of children [1]. The parent study 
protocol was approved by the University of Tennessee Health 
Science Center Institutional Review Board, informed consent 
was obtained from parents or guardians in all cases, and assent 
was obtained from participants when appropriate.

Statistical Analyses

Demographic and clinical characteristics of all cases of CAP were 
described and stratified in the following groups: viruses, bac-
teria, or atypical bacteria; viruses-bacteria or viruses–atypical 
bacteria; and no detection of viruses or bacteria. Children with 
single-virus infections were similar demographically and clin-
ically to children with virus-virus coinfections and, for clarity, 
were therefore combined in the viruses group in the tables.  
The same is true for those with single and multiple typical bacte-
rial pathogens detected, who were combined in the typical bac-
teria group. Comparisons between types of infection, as defined 
by these groups, were made using χ2 tests or the Fisher exact 
test as appropriate for categorical variables and t tests or the 
Wilcoxon rank sum test as appropriate for continuous variables.

 We used 2-by-2 tables to estimate whether certain code-
tections occurred more frequently than would be expected by 
chance. For each pair of potential coinfections, we tabulated 
the individual pathogen detections against each other. The fre-
quencies of observed codetected pairs were compared with how 
often they would be expected to occur by chance. Deviations 
from expected frequencies were quantified using a χ2 test and 
then by calculating the odds ratio (OR) and 95% confidence in-
terval (CI) for each pair of pathogens. Age and infection season 
were not included in the a priori analyses but were assessed post 
hoc to develop hypotheses that might explain the findings.

To assess differences in severity among types of infections, 
we compared the categorical outcomes of supplemental oxygen 
use in the first 24 hours, intensive care unit admission, invasive 
mechanical ventilation use, and hospital length of stay.

RESULTS

Of the 2219 children studied, 1801 (81%) had ≥1 respiratory 
pathogen detected (Figure 1). Of these, 576 (26%) had a coin-
fection (Supplementary Table 1), including 417 children with 
≥ 2 viruses detected, 99 with ≥ 1 virus and ≥ 1 typical bacterial 
pathogen, 56 with ≥ 1 virus and ≥ 1 atypical bacterial patho-
gen, and four with two bacterial pathogens. Children with 
only viruses detected were younger than children with only 
typical bacteria detected, and children with only atypical bac-
teria detected were older than either of these groups (Table 
1). Children with only viruses detected were more likely to be 
black than children with only typical bacterial or atypical bac-
terial pathogens. The age distribution and race of children with 
virus-bacterium coinfection most closely resembled those with 
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Figure 1.  Etiology of pneumonia in hospitalized children. In 2219 children hos-
pitalized in the Etiology of Pneumonia in the Community Study, 2506 pathogens 
were detected. Shown is the percentage of patients with a positive result for 
each pathogen (on the x-axis) and the total numbers of each pathogen that were 
detected (numbers beside the bars). Pathogens other than those highlighted here 
were detected in 78 children, including Staphylococcus aureus (in 22 children), 
Streptococcus pyogenes (in 16), viridans streptococci (in 13), Chlamydophila pneu-
moniae (in 12), Haemophilus influenzae (in 9), other gram-negative bacteria (in 9), 
and other Streptococcus species (in 4). Flu, influenza virus; hADV, human adeno-
virus; hCoV, human coronavirus; hMPV, human metapneumovirus; hRV, human rhi-
novirus; Mpn, Mycoplasma pneumoniae; PIV, parainfluenza virus; RSV, respiratory 
syncytial virus; Spn, Streptococcus pneumoniae.
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viral infection alone (Table 1). Children with typical bacterial 
infection alone, atypical bacterial infection alone, or virus-typi-
cal bacterium coinfection were more likely to have no previous 
underlying medical conditions and less likely to have asthma 
than children with viral infection alone. No striking differences 
in body mass index or vaccination history were observed among 
types of infection. Children with a diagnosis of atypical bacte-
rial infection alone were more likely to have received antibiotics 
prior to admission than the other groups (Table 1).

The most common pathogens among codetection pairings 
are shown in Figure 2. The viruses most commonly identified in 

CAP, RSV and hRV, were also the viruses most frequently found 
in combination with other viruses and/or bacteria. Among com-
monly identified pathogens, influenza virus was not detected with 
Haemophilus influenzae, and M. pneumoniae was not detected 
with S. pyogenes or H. influenzae. S. pneumoniae was detected 
in association with the major viruses detected here in roughly 
equal proportions (Figure 2). For many other pathogen pair-
ings, however, the distribution of pathogen pairings was different 
than expected by chance (Figures 2 and 3). For example, hAdV 
and hRV were detected together more commonly as a pair than 
expected, based on their relative frequency of detection in the 

Table 1.  Demographic Characteristics of 2219 Participating Children, by Infection Group

Characteristic
Viruses  

(n = 1472)
Typical Bacteria  

(n = 41)
Atypical Bacteria 

(n = 133)
Viruses-Typical Bacteria  

(n = 99)
Viruses–Atypical 
Bacteria (n = 56)

No Detection 
(n = 418)

Age, y, mean ± SD 3.2 ± 3.5 5.7 ± 4.9a 8.8 ± 4.3b,c 3.1 ± 3.7 6.2 ± 4.4 5.9 ± 4.9

Male sex 779 (53) 27 (66) 82 (62) 67 (68)d 29 (52) 240 (57)

Race/ethnicity

  Non-Hispanic white 500 (34) 24 (59) 87 (65)b 37 (37) 28 (51) 196 (47)

  Non-Hispanic black 546 (37) 7 (17)a 21 (16)b 30 (30) 14 (25) 144 (35)

  Hispanic 300 (20) 7 (17) 19 (14) 22 (22) 11 (20) 55 (13)

  Other 122 (9) 3 (7) 6 (5)b 10 (10) 2 (4) 18 (4)

Age group

  <2 y 773 (53) 11 (27)a 10 (8)b,c 55 (56) 12 (21) 118 (28)

  2–4 y 397 (27) 12 (29) 19 (14)b,c 25 (25) 14 (25) 92 (22)

  5–9 y 202 (14) 12 (29) 52 (39)b 11 (11) 17 (30) 114 (27)

  10–17 y 100 (7) 6 (15) 52 (39)c 8 (8) 13 (23) 94 (22)

Comorbidities

  None 687 (47) 29 (71)a 71 (54)c 65 (66)d 25 (45) 194 (46)

  Asthma/reactive airway 
disease

538 (37) 8 (20)a 37 (28)b 19 (19)d 21 (38) 119 (28)

  Preterm birth (if age <2 y) 155 (20) 1 (9) 5 (50)b 10 (18) 3 (25) 31 (26)

  Neurologic disorder 106 (7) 1 (2) 8 (6) 4 (4) 1 (2) 60 (14)

  Congenital heart disease 101 (7) 2 (5) 13 (10) 6 (6) 3 (5) 34 (8)

  Chromosomal disorder 64 (4) 2 (5) 11 (8)b 4 (4) 6 (11) 39 (9)

BMI statuse

  Underweight 130 (20) 2 (7) 13 (11) 5 (12) 5 (12) 40 (15)

  Normal 353 (54) 15 (54) 70 (58) 23 (55) 23 (56) 136 (52)

  Overweight 61 (9) 2 (7) 18 (15) 7 (17) 4 (10) 28 (11)

  Obese 105 (16) 9 (32) 20 (17) 7 (17) 9 (22) 57 (22)

Up-to-date vaccination statusf

  H. influenzae type B 1282 (90) 35 (82) 13 (90) 85 (92) 53 (95) 359 (90)

  Influenza 394 (28) 8 (22) 30 (23) 27 (30) 13 (24) 107 (27)

  Pneumococcal 1246 (88) 31 (82) 90 (68)b 79 (86) 46 (82) 315 (79)

Preadmission medications

  Antibioticg 238 (16) 11 (26) 52 (39)b,c 19 (20) 13 (25) 78 (19)

  Corticosteroid 126 (9) 1 (2) 8 (6) 4 (4) 5 (9) 31 (7)

  Influenza antiviral 8 (<1) 3 (7)a 1 (1)c 6 (6)d 2 (4) 7 (2)

Data are no. (%) of children, unless otherwise indicated. Percentages were calculated using the number of children with available data, rather than the number in the column headings, as 
the denominator. “Viruses” and “Bacteria” encompass single-pathogen detections and multiple detections.

Abbreviations: H. influenzae, Haemophilus influenzae.
aP < .05, for comparison of viral infections to typical bacterial infections.
bP < .05, for comparison of viral infections to atypical infections.
cP < .05, for comparison of typical bacterial infections to atypical infections.
dP < .05, for comparison of viral infections to combined viral and typical bacterial infections.
eBody mass index (BMI) was calculated as the weight in kilograms divided by the height in meters squared and was determined for children ≥2 years of age. 
fDefined as having received age-appropriate dosing for H. influenzae type B and pneumococcal vaccine and current seasonal influenza vaccine.
gWithin 5 days of admission.
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Figure 3.  Frequency of actual as compared to expected coinfections. The frequencies of commonly observed coinfection pairs are shown relative to how often they would 
be expected to occur by chance, using the frequencies of detection of the individual pathogens as the baseline. Deviations from expected frequencies were quantified using 
a χ2 test and then by calculating the odds ratio (OR) and 95% confidence interval (CI) for each pair of pathogens. Flu, influenza virus; hADV, human adenovirus; hCoV, human 
coronavirus; hMPV, human metapneumovirus; hRV, human rhinovirus; Mpn, Mycoplasma pneumoniae; PIV, parainfluenza virus; RSV, respiratory syncytial virus.
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EPIC study; a similar pattern was observed for hCoV and RSV. 
Although the fifth most common pathogen detected overall, M. 
pneumoniae was the ninth most common pathogen codetected 
with other organisms; the relative infrequency of coinfections with 
M. pneumoniae was noted, particularly when pairings with respi-
ratory viruses were examined (Figure 3). Several virus pairs were 
also observed less frequently than expected, including hMPV with 
hRV, PIV, or RSV; PIV with hRV or RSV; and hRV with RSV.

Clinical symptoms associated with CAP were generally sim-
ilar among different infection groupings, and length of illness 
prior to admission did not differ statistically (Table 2). The total 
white blood cell count and the percentage of white blood cells 

that were band forms were significantly higher in the typical 
bacteria and viruses-typical bacteria groups compared to the 
viruses group. Chest radiography findings, including consoli-
dation and pleural effusion, were also more common in these 
2 groups as compared to the viruses group, whereas infiltrates 
and a pattern consistent with complicated bronchiolitis were 
less common (Table 2). Serious outcomes or complications, 
including parapneumonic effusion, admission to an intensive 
care unit, and use of mechanical ventilation, were significantly 
more common in the typical bacteria and viruses-typical bac-
teria groups as compared to the viruses group; median length 
of stay was also about twice as long in the typical bacteria and 

Table 2.  Clinical Characteristics of 2219 Participating Children, by Infection Group

Characteristic
Viruses  

(n = 1472)
Typical Bacteria  

(n = 41)
Atypical Bacteria 

(n = 133)

Viruses-Typical 
Bacteria (n 

= 99)
Viruses–Atypical 
Bacteria (n = 56) No detection (n = 418)

Time from illness onset to  
admission, d

3 (2–5) 4 (2–6) 7 (5–9) 4 (2–6) 5 (3–7) 3 (1–6)

  Mean ± SD 3.6 ± 2.8 4.6 ± 3.7 6.9 ± 3.1 4.1 ± 2.8 5.1 ± 3.4 4.1 ± 3.6

  Median (IQR) 3 (2–5) 4 (2–6) 7 (5–9) 4 (2–6) 5 (3–7) 3 (1–6)

Symptoms

  Cough 1417 (96) 37 (90)a 127 (95) 89 (90)b 54 (96) 373 (89)

  Fever / feverishness 1340 (91) 39 (95) 124 (93) 87 (88) 52 (93) 377 (89)

  Anorexia 1105 (75) 36 (88) 102 (77) 80 (81) 41 (73) 293 (70)

  Dyspnea 1061 (72) 31 (76) 82 (62) 71 (72) 42 (75) 273 (65)

  Fatigue 997 (68) 33 (81) 104 (78) 69 (70) 41 (73) 298 (71)

  Excessive crying 984 (67) 25 (61) 47 (35) 59 (60) 28 (50) 236 (56)

  Wheezing 993 (67) 17 (41)a 57 (43) 50 (51)b 30 (54) 206 (49)

  Nausea 809 (55) 30 (73)a 79 (59) 47 (47)b 33 (59) 212 (51)

  Chest indrawing/retractions 693 (47) 18 (44) 32 (24) 45 (45) 17 (30) 164 (39)

  Chills 468 (32) 21 (51)a 80 (60) 39 (39) 24 (43) 189 (45)

WBC count, cells × 1000/mL, 
mean ± SD

13.1 ± 6.9 17.6 ± 8.2a 10.8 ± 5.2 17.6 ± 11.5b 11.9 ± 6.1 16.5 ± 8.9

Neutrophils, %, mean ± SD 57.8 ± 22.4 64.4 ± 23.2 63.9 ± 15.8 54.6 ± 23.6b 60.2 ± 18.9 65.4 ± 39.4

Bands, %, mean ± SD 12.9 ± 13.6 16.6 ± 15.6a 13.1 ± 11.9 18.6 ± 15.1b 15.4 ± 16.3 12.4 ± 13.4

Chest radiography pattern at admissionc

  Consolidation 796 (54) 33 (80)a 75 (56) 71 (72)a 35 (63) 289 (69)

  Infiltrate 818 (56) 11 (27)a 70 (53) 39 (39)a 22 (39) 161 (39)

  Complicated bronchiolitis 388 (26) 4 (10)a 15 (11) 14 (14)a 3 (5) 51 (12)

  Pleural effusion 102 (7) 22 (54)a 33 (25) 43 (43)a 15 (27) 87 (21)

O2 use in first 24 hours 856 (58) 20 (49) 81 (61) 55 (56) 30 (54) 183 (44)

Antibiotics during admission

  No antibiotic 224 (15) 0 (0) 3 (2) 4 (4) 4 (7) 31 (7)

  One antibiotic 338 (23) 1 (2) 17 (13) 6 (6) 7 (13) 58 (14)

  Multiple antibiotics 910 (62) 40 (98) 113 (85) 89 (90) 45 (80) 329 (79)

Parapneumonic effusion during 
admission

78 (5) 27 (66)a 28 (21) 52 (53)a 6 (11) 78 (19)

ICU admission 293 (20) 18 (44)a 13 (10) 43 (43)a 8 (14) 88 (21)

Invasive mechanical ventilation, % 78 (5) 12 (29)a 1 (1) 26 (26)a 2 (4) 30 (7)

Length of stay, d

  Mean ± SD 4.0 ± 7.5 7.8 ± 5.3a 3.2 ± 3.0 8.7 ± 7.1d 3.5 ± 3.7 4.1 ± 5.1

  Median (IQR) 3 (2–4) 7 (4–10) 2 (2–4) 7 (3–12) 2 (2–4.5) 3 (1–5)

Data are no. (%) of children, unless otherwise indicated.

Abbreviations: ICU, intensive care unit; IQR, interquartile range; WBC, white blood cell.
aP < .05, for comparison of viral infections to typical bacterial infections.
bP < .05, for comparison of typical bacterial infections to combined viral and typical bacterial infections.
cMore than 1 pattern may be present, so numbers do not add up to 100%.
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viruses-typical bacteria groups (Table 2). Outcome measures, 
including intensive care admission, invasive mechanical venti-
lation, and length of stay, were similar for the typical bacteria 
group as compared to the viruses-typical bacteria group.

Extending these analyses beyond the broad groupings in 
Tables 1 and 2, the differences in outcomes remained significant 
in comparisons of single viruses or multiple viruses to coinfec-
tions between viruses and single typical bacterial pathogens or 
multiple typical bacterial pathogens (Table 3). Intensive care 
unit admission, use of invasive mechanical ventilation, and 
length of stay were all significantly greater when single or multi-
ple viruses were complicated by ≥1 typical bacterial pathogen as 
compared to infections due to single or multiple viruses alone. 
Coinfections by viruses and atypical bacteria did not lead to 
worse outcomes. Two virus-virus coinfections (RSV and hAdV 
vs hAdV alone; influenza virus and RSV vs influenza virus 
alone) demonstrated higher rates of supplemental oxygen use in 
the first 24 hours of hospitalization, compared with single infec-
tions alone. Other virus-virus coinfections did not lead to simi-
lar findings, and no differences in intensive care unit admission 
or need for mechanical ventilation were identified (Table 3). 
Interestingly, children with influenza virus and RSV coinfec-
tion had a shorter length of stay than those infected with either 
influenza virus or RSV alone. Typical bacterial coinfection with 
RSV was associated with statistically significant increases in the 
length of hospital admission and the need for invasive mechan-
ical ventilation as compared to infection with RSV alone (Table 
3). Intensive care unit admission was also twice as frequent 
among children with RSV-typical bacterium coinfections, but 
this difference did not reach statistical significance.

DISCUSSION

Because of the difficulties attributing a specific etiology to a 
pathogen or to multiple pathogens, the current state of knowl-
edge of the role of coinfections in CAP is limited in several crit-
ical areas. Specific potential risk factors for coinfections are not 
known. Clearly, severe immunosuppression from cancer che-
motherapy or untreated human immunodeficiency virus infec-
tions predispose to coinfections, but what other factors might be 
in play? The morbidity and mortality associated with influenza 
and bacterial superinfections is well described [6, 8, 10–12], but 
does pairing of other pathogens engender similar modifications 
to the disease course relative to an infection from a single agent? 
Are some coinfections milder than single infections because of 
earlier or stronger engagement of innate immune responses? 
Are there particular pairs (or other multiples) of pathogens that 
cooperate or compete, leading to different outcomes?

In our large multicenter study, children with viral pneumo-
nia were younger and more likely to have comorbidities such as 
asthma than other children with pneumonia, but no specific risk 
factors or distinguishing demographic characteristics were iden-
tified for children with virus-bacterium coinfections. When viral 

and typical bacterial pathogens were codetected, virus-bacterium 
coinfection clinically more closely resembled typical bacterial 
pneumonia than viral pneumonia, with these children having a 
higher frequency of leukocytosis, consolidation, parapneumonic 
effusion, intensive care unit admission, and need for mechanical 
ventilation and an increased length of stay, compared with the 
virus only group. Differences in the outcomes measured in this 
study did not differ between the typical bacteria group and the 
viruses-typical bacteria group. RSV infection alone was less severe 
than RSV-typical bacterium coinfection. These are important 
observations, as testing algorithms in current use often restrict 
testing for bacterial pathogens if an initial screen for viral patho-
gens is positive, to reduce costs and antibiotic use. This might 
result in some typical bacterial coinfections going undiagnosed, 
leading to worse outcomes. Virus-virus infections were generally 
comparable to single-virus infections, with the exception of sup-
plemental oxygen use, which was higher during the first 24 hours 
of hospitalization in select virus-virus pairings.

Children with typical bacterial infections were less likely to 
have a comorbidity such as asthma as compared to children 
with viruses alone. Asthma is a well-established risk factor for 
hospitalization with viruses [13]. The finding that asthma and 
reactive airway disease were more frequent as comorbidities in 
the viruses group as compared to the typical bacteria group is 
therefore not surprising (Table 1). Interestingly, the viruses-typ-
ical bacteria group had a low prevalence rate of asthma, which, 
when coupled with worse outcomes, could lead to the specula-
tion that asthmatics with viral pneumonia were more likely to 
be admitted for reasons related to their underlying chronic diag-
nosis, rather than for the severity of their CAP. Alternatively, 
the immune status of the allergic lung could provide protection 
from the consequences of these infections. As has been sug-
gested from work in animal models, this could mitigate disease 
severity [14]. Obesity was identified as a risk factor for severe 
influenza during the 2009 influenza A(H1N1) pandemic [15]. 
Although our analyses were limited because of the preponder-
ance of young children in this study, obesity did not appear to 
be a risk factor for coinfections (Table 1).

In support of a body of literature examining influenza-asso-
ciated coinfections [(6)], virus-typical bacterium coinfections 
were more severe than virus infections alone, even when multi-
ple viruses were codetected (Tables 2 and 3). In influenza stud-
ies, bacterial coinfection is common in severe and fatal cases 
[7, 11, 16]. In particular, the presence of S. pneumoniae and S. 
aureus is associated with high morbidity and mortality [7, 8, 
17, 18]. Similarly, while very few deaths were observed during 
this study, serious outcomes occurred more frequently in chil-
dren with virus-bacterium coinfections as compared to those 
virus infections, and their length of hospital stay was longer. 
This finding did not extend to coinfection with atypical bacte-
ria, which may be related to a greater frequency of antibiotic use 
before admission (Table 1). Intensive care unit admission, use of 
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Table 3.  Outcomes Comparing Single-Pathogen Infections to Coinfections

Etiology

O2 Use in the First 24 h ICU Admission
Invasive Mechanical 

Ventilation Length of Stay, d

Infections, % Pa Infections, % Pa Infections, % Pa Mean (IQR) Pa

By group

  Any viral pathogen

    Overall (n = 1462) 58 20 5 4.0 (2–4)

     �Plus any typical bacterial path-
ogen (n = 97)

55 .501 42 <.001 26 <.001 8.6 (3–11) <.001

     �Plus any single typical bacterial 
pathogen (n = 78)

53 .333 33 .004 19 <.001 7.7 (3–10) <.001

  Any single viral pathogen

    Overall (n = 1054) 57 21 6 3.8 (2–4)

     �Plus any single typical bacterial 
pathogen (n = 56)

48 .202 36 .007 21 <.001 8.0 (3–9.5) <.001

  �  Plus any single atypical-bacterial 
pathogen (n = 40)

53 .582 18 .699 5 1.00c 3.3 (2.0–4.5) .233

 � Any single atypical bacterial 
pathogen

    Overall(n = 133) 61 10 1 3.2 (2–4)

    Plus any viral pathogen (n = 55) 53 .300 15 .323 4 .205c 3.5 (2–5) .525

  �  Plus any single viral pathogen 
(n = 40)

53 .344 18 .165c 5 .134c 3.3 (2–4.5) .874

   �Any single typical bacterial path-
ogen (n = 31)

52 35 23 6.8 (3–9)

    Plus any viral pathogen (n = 61) 51 .943 31 .675 13 .245 7.1 (3–10) .829

  �  Plus any single viral pathogen 
(n = 56)

48 .761 36 .983 21 .901 8.0 (3–9.5) .386

    Plus RSV (n = 17) 59 .632 41 .697 41 .201 10.1 (3–11) .143

By pathogenb

  hRV

    Overall (n = 348) 47 22 6 3.6 (2–4)

    Plus hAdV (n = 61) 61 .054 20 .668 10 .252c 7.4 (1–3) .304

    Plus RSV (n = 54) 56 .257 22 .987 2 .334c 3.7 (2–4) .742

    Plus influenza A/B virus (n = 12) 50 .852 8 .475c 8 .520c 3.2 (1.5–3.5) .767

  RSV

    Overall (n = 358) 66 20 6 3.9 (2–5)

     �Plus any single typical bacterial 
pathogen (n = 17)

59 .536 41 .061c 41 <.001c 10.1 (3–11) .006

    Plus hRV (n = 54) 56 .131 22 .722 2 .336c 3.8 (2–4) .797

    Plus hAdV (n = 43) 70 .631 14 .335 2 .714c 3.6 (2–4) .650

    Plus hCoV (n = 31) 55 .206 16 .593 6 .691 3.7 (2–4) .742

    Plus influenza A/B virus (n = 24) 79 .188 21 1.00c 4 1.00c 2.8 (2–3) .015

    Plus hMPV (n = 18) 72 .592 22 .768c 6 1.00c 5.7 (3–5) .363

  hAdV

    Overall (n = 50) 45 16 8 3.4 (2–4)

    Plus hRV (n = 61) 61 .099 20 .617 10 1.00c 7.4 (1–3) .284

    Plus RSV (n = 43) 70 .016 14 .783 2 .368c 3.6 (2–4) .722

  Influenza A/B virus

    Overall (n = 54) 56 22 7 4.9 (2–5)

    Plus RSV (n = 24) 79 .046 21 .891 4 1.00c 2.8 (2–3) .044

    Plus hRV (n = 12) 50 .727 8 .433c 8 1.00c 3.2 (1.5–3.5) .220d

  hMPV

    Overall (n = 165) 65 24 5 4.0 (2–5)

    Plus RSV (n = 18) 72 .532 22 1.00c 6 1.00c 5.7 (3–5) .376

Abbreviations: hADV, human adenovirus; hCoV, human coronavirus; hMPV, human metapneumovirus; hRV, human rhinovirus; ICU, intensive care unit; IQR, interquartile range; RSV, respi-
ratory syncytial virus. 
aCompared to the overall group or pathogen.
bInfections due to 1 or 2 pathogens only.
cBy the Fisher exact test.
dBy the Wilcoxon rank sum test.
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mechanical ventilation and length of stay were also all increased 
when RSV was complicated by a typical bacterial pathogen. 
Unfortunately, despite the extremely large size of the study, the 
numbers of individual pathogen pairings were too low to exam-
ine other individual combinations. Of note, severe outcomes 
were seen in single-virus infections with all viruses studied but 
were more common when typical bacteria were involved.

Whether some viruses such as hRV could cause severe acute 
respiratory illness in the absence of a coinfection has been 
questioned [19]. We observed severe disease at a low frequency 
with both single hRV infections and coinfections where hRV 
was detected, but we did not observe a difference between these 
groups, as others have reported [18]. In general, virus-virus 
coinfections were not more severe than single-virus infections 
and did not have worse outcomes (Tables 2 and 3), in agreement 
with a smaller study [20]. Two combinations of virus-virus pairs 
yielded increased supplemental oxygen use, compared with 
infections with a single virus (Table 3). Interestingly, RSV coin-
fections with influenza virus and hAdV were associated with 
increased need for supplemental oxygen, suggesting that coin-
fection with these relatively virulent viruses led to increased 
severity.

One of the most interesting observations from this study was 
the distribution of frequencies of specific codetections. A wealth 
of literature from animal models and epidemiologic studies [6] 
suggests that viral infections enhance acquisition of bacterial 
pathogens by hampering immune defenses through a variety of 
mechanisms. Similarly, studies of the common cold in crowded 
living conditions suggest similar changes to susceptibility in 
humans to acquisition of colonization with pathogenic bacte-
ria [21, 22]. However, prior studies have not been large enough 
to adequately compare the actual frequency of specific patho-
gen-pathogen pairs in a coinfection to the frequency expected 
by chance. We report that the observed prevalence of several 
specific codetections was lower than expected, particularly 
when examining virus pairings with M. pneumoniae (Figure 3). 
A smaller study of M. pneumoniae infections noted that code-
tection with viruses was rare [23]. One hypothesis to explain 
the relative paucity of M.  pneumoniae and virus codetections 
is that infections with these pathogens exhibit different age and 
seasonal distributions. Indeed, the mean age of children pre-
senting with M. pneumoniae in the study was 98 months, while 
the mean age for children hospitalized with respiratory viruses 
ranged from 25  months (for hAdV and RSV) to 63  months 
(for influenza virus) (Supplementary Figure  1). Stratification 
of the analyses by age (<5  years and ≥5  years) demonstrated 
a similar magnitude of effect as compared to the overall study 
population, although the CIs were wider and crossed 0 in some 
cases, suggesting decreased power to examine the interactions 
(Supplementary Figures 2 and 3). In addition, M. pneumoniae 
was not detected with H.  influenzae or S.  pyogenes, common 
bacterial pathogens of the upper respiratory tract. This may be 

due to the low numbers of bacterial infections in the study, or it 
may be related to competition within the upper respiratory tract 
between bacteria, as has been observed in bacterial coinfection 
models [24].

Several virus-virus pairings were also uncommonly observed. 
Interestingly, an additional virus-virus interaction, hAdV and 
RSV, was also significantly less common than expected when 
analyzing only children aged <5 years (Supplementary Figure 2). 
The simplest explanation would be differences in seasonality 
that limited temporal circulation together and thus minimized 
the chance of a codetection (Supplementary Figure 4). Because 
we were studying children hospitalized with pneumonia and 
not a broader population, further analyses regarding the im-
pact of seasonality were not possible. Another hypothesis is 
that induction of interferon by a first virus protects against 
the second virus. At least 2 studies have suggested that circu-
lation of rhinoviruses delays or reduces the circulation of other 
viruses, as was seen in this study with hRV pairings with RSV, 
PIV, and hMPV [25, 26]. This and other hypotheses should be 
studied in model systems. Unfortunately, the prevalence of spe-
cific bacterial infections was too low for a similar analysis to be 
performed for specific virus and bacterium pairings. From ex-
isting observational studies and animal models (eg, mouse and 
ferret models of influenza virus and S. pneumoniae coinfection  
[27, 28]) one would have expected an increased frequency of 
specific pathogen pairings relative to chance. Why this was seen 
for hAdV and RSV and for hCoV and RSV but not other pair-
ings is unclear; further study is indicated to replicate and poten-
tially explain these findings.

This study has several limitations and challenges. Detection 
of bacteria in patients with CAP is difficult and may have caused 
misclassification of some virus-bacterium coinfections into the 
viruses-only group. The assays to determine etiology and define 
classes of infections did not include all possible viral and bacte-
rial respiratory pathogens, which may also have caused misclas-
sification, and only 44% of children had acute and convalescent 
serum specimens available for serologic testing. Some results 
may be confounded by factors such as age, comorbidities, or 
strong seasonal circulation of certain viruses; the analyses were 
unadjusted for these potential confounders. We also could not 
adjust for the likelihood of hospitalization with each pathogen, 
which will bias the determination of the frequency of code-
tection in the hospital downward if patients infected with the 
pathogen in the community are more likely to be admitted than 
patients not infected with the pathogen. Finally, the contribu-
tion of any specific pathogen to the severity of infection cannot 
be determined with certainty; on average, 3% of asymptomatic 
controls (and up to 17% with hRV) in the EPIC study had a 
virus detected [1].

Nevertheless, this study was very large and comprehen-
sive in its assessment of the etiology of coinfections and the 
demographic characteristics and outcomes of these children 
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hospitalized for CAP. This allowed pathogen-specific analyses 
that could not have been attempted with smaller studies. The 
findings of differences in clinical characteristics and severity 
of outcomes with virus-typical bacterium coinfections as com-
pared to viruses alone and the few observed differences in com-
parisons of single-virus infections to multiple-virus infections 
or of single-typical bacterium infections to virus-typical bac-
terium infections have important implications for the diagno-
sis and management of CAP in children. In particular, better 
detection methods are needed for a broad array of pathogens, 
and studies to update clinical testing patterns should take into 
account these findings.
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