


INTRODUCTION
Community-acquired pneumonia (CAP) is a major cause of morbidity and hospitalization in children1. Annually, 20 million children with CAP need hospitalization around the world2.
Despite some studies performed in recent last years, knowledge about etiology is not satisfactory. Conventional microbiological studies are able to identify the etiology in only a limited number of patients. Sampling the lower respiratory tract in children is challenging, and contamination with colonizing organisms is frequent in samples obtained from the upper respiratory tract3. Direct sampling from the lung is unpractical, rarely accepted, and bronchoalveolar lavage only yields positive results in 29% of cases4. Direct sampling is only a standard of care in children with large para-pneumonic effusion (PPE), which is the most common complication of CAP in this population group. Several institutions, including the World Health Organization (WHO), have put out calls to improve diagnostic tests in CAP5.
In recent years, due to the arrival of new microbiology techniques based on molecular biology, viruses have emerged as the agents most frequently associated with CAP. These techniques are, unfortunately, not available at all centers for all patients, and most pediatric patients with CAP, admitted or not to hospital, receive antibiotics. In Spain, there are very few data regarding the etiology of pediatric CAP6-8. Better knowledge of this condition is essential to inform clinicians, to avoid the unnecessary use of antibiotics, to contain the emergence of microbial resistance and to limit the impact of the disease on the child, the family and health systems9.
This study aimed to describe the etiology of a cohort of hospitalized children and adolescents with CAP in Spain, including patients with associated PPE. We also aimed to find clinical, analytical, and radiographic predictors of the etiology.


METHODS

Study Design:
[bookmark: _Hlk40627273]This observational, multi-center, prospective cohort study was conducted in two phases. The first pilot phase was performed at two centers in the region of Madrid, Spain, from April 2012 to March 2015. Enrolment was enlarged in a second phase at 15 centers in three regions of Spain (Madrid, the Basque Country and Andalusia), from December 2017 to May 2019. Both phases were approved by the Ethics Boards of participating hospitals (Codes 320/11 and 17/311). Informed consent was obtained from the guardians of all patients. Adapted information was given, and assent was obtained from patients from 12 to 17 years of age.

Collection of data:
Relevant information for this study was encoded and entered into an electronic database. Confidentiality was kept through the codification of patients. Basal features including clinical data, image studies, biomarkers, and microbiological findings were recorded. Two principal researchers, data managers and biostatisticians handled the database exclusively.

Participants:
Eligible participants were children and adolescents from 1 month to 17 years of age hospitalized with CAP. CAP was defined as fever and an image consistent with pneumonia in the chest X-ray (CXR), according to the criteria by the attending physician who admitted the participant. Exclusion criteria were the following: immunosuppressive conditions, chronic cardiac or pulmonary disease (except asthma), admission to a hospital in the previous 30 days, and suspicion of lung aspiration or foreign body in the airway. Criteria for admission included: infants below 6 months, poor feeding, dehydration, electrolyte disturbance, respiratory or hemodynamic instability, transcutaneous oxygen saturation (tcSatO2) 92% or below with FiO2 0.21, lethargy, apnea, pulmonary complication (PPE, necrosis, abscess), multifocal involvement on CXR, failure of oral antimicrobials after 48 hours and poor adherence to treatment.

Procedures:
On admission, a blood sample was taken for full blood cell count and standard biochemistry and inflammatory marker determinations. An extensive microbiological workup was performed. Blood samples were obtained for microbiological cultures before starting antibiotics in the hospital using the BacT/ALERTTM 3D blood culture system (Biomérieux, Marcy L’Etoile, France) or BacTecTM 9240 blood culture system (Becton, Dickinson and Company, USA). Culture and Streptococcus pneumoniae antigen in pleural fluid (PF) [Alere BinaxNowTM, S. pneumoniae Antigen] was added if thoracentesis was performed. Polymerase chain reaction (PCR) technique was implemented for detecting infectious agents in blood and nasopharyngeal aspirate (NPA) samples. For that, the genetic material (DNA and RNA) was extracted using an automated system (Nuclisens EasyMag bioMérieux) and elutes were kept at -80°C until processing. In blood samples, the presence of S. pneumoniae was performed based on the detection of lytA genes, according to the protocol previously reported10. In NPA samples, the strategy of PCR multiplex for searching up to 16 viruses and Mycoplasma pneumoniae and Chlamydophila pneumoniae was considered the best option. Respiratory viruses included were: respiratory syncytial virus (RSV) A and RSV-B, human metapneumovirus (hMPV), parainfluenza virus (PIV) 1, 2, 3 and 4, influenza virus (IV) A and B, human bocavirus (hBoV), adenovirus (ADV), enterovirus (EV), human rhinovirus (hRV) and human coronavirus (hCoV) 229E, OC43, NL63, and HKU12 with the platforms routinely used at the different laboratories. Two paired samples for serology (at admission and 2-4 weeks afterwards) of M. pneumoniae and C. pneumoniae were performed throughout chemiluminescence assay (Virclia Monotest, Vircell. Spain). Only specimens obtained within 72 hours after admission were included, except for PF, which was included if it was collected within seven days after admission, and except for the second sample for serology.
The etiologic agents were defined by the following criteria:
a) Likely typical bacterial infection: detection of bacterial pathogens (S. pneumoniae, Staphylococcus aureus, Streptococcus pyogenes or Haemophylus. influenzae) in blood or PF toward different strategies such as culture, PCR or S. pneumoniae antigen detection.
b) Likely atypical bacterial infection: M. pneumoniae or C. pneumoniae detected by PCR in NPA or seroconversion or significant increase in IgG titles in the second sample, according to the manufacturer’s recommendations.
c) Likely viral infection: at least one putative pathogen respiratory virus: RSV, PIV, hMPV, IV, detected in NPA by PCR. Other respiratory viruses (hRV, ADV, EV, hCoV, hBoV) were not included as likely viral infections because of the poor likelihood that their detection in the upper respiratory tract means a pathogenetic role in lung infection4,11-14.
The interpretation of the CXRs was performed following the standards of the “WHO Vaccine Trial Investigators Radiology Working Group”15. These standards establish two possible interpretations: primary end-point pneumonia (presence of consolidation, infiltrate or pleural effusion) which we will call “consolidation” henceforth and "other infiltrates”. PPE was diagnosed through CXR and confirmed by ultrasonography. The definitions of the diverse types of PPE, according to Hamm and Light, "uncomplicated para-pneumonic effusions" (ucPPE) and "complicated para-pneumonic effusions" (cPPE)/empyema) were used16.

Statistical analysis:
Baseline socio-demographic, clinical, CXR, and analytical variables were described. Continuous variables were presented as medians and interquartile ranges (IQR) for non-parametric variables and means with standard deviation (SD) for normally distributed variables, previously tested with the Shapiro-Wilk and Kolmogorov-Smirnov tests. When categorical variables, counts and percentages were used. For comparisons, chi-squared or the Fisher-test were applied for categorical variables and Kruskal-Wallis or T-test for continuous variables. To determine factors associated with the different CAP etiologies, we performed a univariable multinomial regression. All hypothesis testing will be carried out at a 5% significance level. Plots and analyses were performed using R software17.


RESULTS
A total of 495 children were enrolled; 151 in phase 1 and 344 in phase 2. Demographics, clinical, analytical and CXR characteristics are displayed in Table 1. The number and proportions of the different microbiological tests performed are described in Table 2.
At least one likely causative pathogen was identified in 262 patients (52.9%) (Table 3A). Total viral detections in nasopharyngeal aspirate of the 495 patients, including likely and no-likely causative agents are shown in E-Table 1 of online supporting information. Even taking in account only likely causative pathogens, the most frequent etiological group were viruses, present in 155/262 (59.2%) children with CAP, and they were the only group of microorganisms found in 138/262 (52.7%) patients. RSV was the main viral agent, detected in 60/262 (22.9%) of patients. M. pneumoniae was the most frequent single agent found, detected in 78/262 (29.8%) patients. M. pneumoniae was considered the main agent in only 76/78 (97.4%) of those patients because in the 2 remaining patients, M. pneumoniae was found in coinfection with S. pneumoniae. Other AB such as C. pneumoniae were found in 6 additional patients (Table 3A). TyB were found in 40/262 (15.3%) cases, most often S. pneumoniae, 32/262 (12.2%) of the total. Coinfection with at least two different pathogen was found in 22/262 (8.6%) patients with at least one pathogen identified (Table 3B).
In the CXR, 391/495 (79%) patients had consolidation and 104/495 (21%) had “other infiltrates”. Within the group of patients with likely viral etiology, 89/138 (64.5%) had consolidation and 49/138 (35.5%) had “other infiltrates”. Within the group with likely AB etiology, 72/82 (87.8%) had consolidation and 10/82 (12.1%) had “other infiltrates”. Finally, 40/40 (100%) patients with likely TyB etiology had consolidation.
PPE was found in 112/495 patients (22.6%); 29/112 (25.8%) were cPPE. Thoracentesis was performed in 39/112 (34.8%) cases. In patients with PPE, a likely causative pathogen was detected in 61/112 (54.5%) patients: virus 12/61 (19.7%), AB 23/61 (37.7%), and TyB 26/61 (42.6%). Virus and AB were associated essentially with ucPPE, and most cPPE (16/20 [80%]) were caused by TyB (E-Figure 1). Up to 13/138 (16.6%) patients with CAP of viral etiology, 23/84 (27.3%) patients with AB, and 25/40 (62.5%) patients with TyB had PPE. The most frequent single microorganism associated with PPE was S. pneumoniae (22/61, 36.1%; complicated 16/22, 72.7%) and M. pneumoniae (21/61, 34.4%; uncomplicated 20/21, 95.2%). All the agents related to PPE are shown in Figure 1.
A total of 480/495 (97%) patients received antibiotics, mainly beta-lactams (440/495, 88.9%) and/or macrolides (113/495, 22.8%).
Viral etiology was significantly more frequent in younger patients (p<0.001), those with lower basal tcSatO2 (P=0.001), higher lymphocyte counts (p<0.001), in patients with wheezing (p<0.001) and with “other infiltrates” in CXR (p<0.001) (Table 4 and E-Figure 2).
The multinomial univariable logistic regression showed that patients with AB pneumonia were more likely to have more days of fever prior to admission (OR: 1.22 [1.09-1.36], p=0.0004) and a lower maximum temperature (OR: 0.74 [0.57-0.96], p=0.026) than patients with viral pneumonia. Patients with AB pneumonia had almost a three times higher risk of presenting chest pain (OR: 2.71 [1.06-6.92], p=0.040), 85% less risk of presenting dyspnea (OR: 0.15 [0.08-0.28], p=1.87·10-9) and were more likely to have received antibiotics prior to admission (OR: 2.60 [1.40-5.01], p=0.003) than patients with viral pneumonia. Patients with AB pneumonia were more likely to present higher values of hemoglobin (OR: 1.61 [1.29-2.0], p=2.4·10-5) than viral pneumonia patients. (Figure 2).
Patients with AB or TyB were more likely to have higher basal tcSatO2 (ORatypical: 1.14 (1.05-1.23), p=0.002 and ORtypical:1.17 (1.04-1.3), p=0.007), less risk of presenting wheezing (ORatypical: 0.29 (0.16-0.52), p=4.34·10-5 and ORtypical:0.12 (0.04-0.34), p=3.8·10-5), higher leukocyte (ORatypical: 1.00003 (1.00001-1.0001), p=1.7·10-13 and ORtypical: 1.0001 (1.0001-1.0001), p=1.7·10-18), higher neutrophils (ORatypical: 1.0001 (1.0001-1.0001), p=1.2·10-7 and ORtypical: 1.0001 (1.0001-1.0001), p=1.7·10-18), and lower lymphocyte counts (ORatypical: 0.99 (0.99-0.99), p=4.56·10-6 and ORtypical: 0.99 (0.99-0.99), p=1.75·10-4) than patients with viral pneumonia (Figure 2).
Similarly, patients with bacterial pneumonia, both atypical and typical, presented more frequently pulmonary complications (ORatypical: 4.97 (2.35-10.5), p=2.7·10-5 and ORtypical: 21.8 (8.97-52.99), p=1.02·10-11), PPE (ORatypical: 3.96 (1.84-8.49), p=3.99·10-4 and ORtypical: 19.5 (8.09-46.97), p=3.52·10-11), and were more likely to be admitted to PICU units (ORatypical: 2.66 (1.2-5.91), p=0.020 and ORtypical: 6.3 (2.63-15.10), p=3.52·10-5) (Figure 2) than patients with viral CAP.


DISCUSSION
This study shows that viruses are the main microbiological agents associated with CAP in hospitalized pediatric patients in Spain. RSV was the virus most frequently found. Atypical bacteria are the second group in frequency, and, as a single agent, M. pneumoniae was the most frequent etiological agent.
The use of sensitive PCR assays for testing nasopharyngeal specimens led to a high prevalence of CAP attributed to respiratory viruses and M. pneumoniae. Although the accuracy of samples from the upper respiratory tract to infer causality has been questioned, in the case of M. pneumoniae, several reports show a high correlation between detection by means of PCR and serology4,9,18-20. In the case of viruses, there are no reports showing such a correlation, but other ways to infer causality are currently unavailable for most clinical practitioners.
Viruses are thought to be the main agents causing pediatric CAP all around the world. The reported rate of viral etiology ranges from 34% to 82% and results of our cohort are within this range even though we used a very restricted definition of viral CAP4,8,11,18,21-25. We considered as a likely cause only the viruses mostly recognized as etiological agents of CAP: RSV, hMPV, IV, and PIV. RSV is the viral agent most commonly detected in etiological studies of pediatric CAP, and so it has been in ours4,8,11,18,22-24. PIV, hMPV, and influenza are also agents of CAP but to a lesser extent8,13.
We excluded hRV, ADV, EV, hBoV, and hCoV based on reports that found very similar rates of those viruses in both pediatric patients with CAP and healthy controls11,12,14. The detection rate of all those viruses in NPA was similar to the rate described elsewhere4,11,18,21,26. The causal role of hRV is controversial. The authors of the PERCH study suggested a probable causality, but they recognized the limitations of the studies carried out to date to attribute this causal role4. In our study, hRV was present in 25% of patients with CAP, so if causality were attributed to hRV, this agent would be the most frequent.
In our cohort, coinfections are not always of viruses with bacteria. Dual viral infections (especially PIV with another virus) and dual bacterial infections (S. pneumoniae with M. pneumoniae) also occurred. The virus-virus coinfection rate was lower than reported, which is usually around 20-35%. This can be explained by the restrictive selection of pathogenic agents in our study8,11,21,26,27.
In our cohort, M. pneumoniae was the most frequent causal agent of pediatric CAP and caused nearly 30% of CAPs. In other series, the prevalence of M. pneumoniae rated from 1 to 38%4,7,22,26,28-30. The difference with some large series may depend on geographic variations4-26. M. pneumoniae was associated with more days of fever and a prescription of ambulatory beta-lactams. Therefore, pediatricians should consider M. pneumoniae as a likely etiological agent in children with CAP not responsive to beta-lactams, rather than considering the failure of oral treatment as the first option. This is of special importance since M. pneumoniae infection is often self-limited31. A better rapid diagnosis system for differentiating M pneumoniae from TyB is required.
In this cohort, S. pneumoniae was only found in 15% of patients, in line with other reports (5 to 17.5%)23,26. The diagnosis of pneumococcal CAP usually relies on the culture or the presence of DNA in blood and PF. We included the detection of S. pneumoniae antigen in PF into the workup32. Better performance in diagnosis could be accomplished with bronchoalveolar lavage or lung aspiration, but these procedures are considered too invasive in children without a severe infection. The GABRIEL and PERCH studies suggested that some cases of patients with a high density of S. pneumoniae in nasopharynx could be considered infected by this microorganism. These studies reported a frequency of pneumococcal etiology of 27% and 42%, respectively4,18. Some authors suggest testing the humoral response to S. pneumoniae. Antibody response to S. pneumoniae can be subsequently detected in 12% to 53% of children25,28,30,33. However, specificity is low due to the potential detection of antibodies against colonizing pneumococci. Neither density, nor serology is widely available in clinical practice. Again, the accurate diagnosis of pneumonia associated with S. pneumoniae and other TyB without invasive diagnostic methods is a challenging issue that still needs better solutions.
Detection of PCR of S. pneumoniae and other bacteria in blood deserves special attention. This detection has been usually considered as demonstrative of etiology. However, the PERCH findings are at odds with this, since a similar proportion of S. pneumoniae using PCR was found in cases and controls4. We preferred to stick to the usual interpretation of PCR of a TyB in the context of pneumonia as the most likely pathogen32. The same happened to 2 patients with H. influenzae non-typeable detection in blood with PCR. We included them in the TyB group, but this finding should be interpreted cautiously.
TyB are usually linked with such features as consolidations, PPE and other pulmonary complications. Our study partially challenges some of these conceptions. We found a significant proportion of patients with CAP with PPE associated with viruses and particularly AB. Currently, the most frequent cause of PPE was M. pneumoniae. The PPE associated with viruses and atypical bacteria were usually ucPPE as in other studies34-37. Complicated PPE, however, was linked to TyB.
Another common simplification challenged by this study is the association of consolidation with TyB. In our study, consolidation in the CXR was observed in all the etiological groups, not only TyB. In contrast, “other infiltrates” were almost exclusively associated with viruses. Other features associated with viruses were lower tcSatO2 and wheezing, similar to other studies20,38.
The high proportion of viral etiology supports the idea that pediatric CAP not necessarily need antibiotics. Up to 97% of our patients received antibiotics, similar to other studies25,26,33.
In 2011, the British Thoracic Society guidelines for the management of CAP in children recommended the use of beta-lactams antibiotics in all children with a diagnosis of pneumonia as bacterial and viral pneumonia cannot reliably be distinguished from each other39. A recent trial showed that the outcome at day 14 was similar for patients with WHO-defined pneumonia on amoxicillin or placebo40. Universal treatment with beta-lactams might not be justified with the current proportions of viral and AB pneumonia. We should consider clinical, radiographic, and biomarker data to attempt an adequate use of antibiotic therapy in pediatric CAP.
Our study has several limitations. TyB etiology could be underdiagnosed because of the low sensitivity of conventional cultures and molecular tests in blood, as happens in other studies. Because of the restrictive definition of likely viral etiology used, viral etiology could be underrepresented too. Molecular techniques in blood were only performed for TyB. The population of the study was only hospitalized patients, so the results can be unrepresentative for ambulatory CAP. Nowadays, a pandemic coronavirus disease 19 (COVID-19) caused by severe acute respiratory syndrome-CoV-2 (SARS-CoV-2) is affecting millions of people worldwide, including children and adolescents41. Pneumonia is one of the main manifestations of COVID-19, but with distinctive clinical and inflammatory data. Our study was carried out prior to the pandemics. In the near future, SARS-CoV-2 pneumonia will have to be excluded using microbiological diagnosis. Our data will keep the same validity in the rest of patients with CAP.
In summary, in our study of hospitalized Spanish children and adolescents, CAP was mainly associated with viruses and AB. M. pneumoniae was the most frequent agent. Viruses and AB can also cause PPE, but complicated PPE is mainly caused by TyB. Children and adolescents hospitalized with CAP do not always need antibiotics. The need for antibiotic treatment in children admitted with CAP has to be individualized. Wheezing and “other infiltrates” in the CXR, among others, causes a suspicion of the viral etiology of CAP and helps the clinician improve the antibiotic stewardship.
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FIGURE LEGENDS

Figure 1. Etiological agents in patients with documented para-pneumonic pleural effusion (n=61). uPPE: uncomplicated para-pneumonic pleural effusion (n=41). cPPE: complicated para-pneumonic pleural effusion (n=20). RSV: respiratory syncytial virus.

[bookmark: _Hlk40615977]Figure 2. Multinomial analysis of basal features of pediatric patients with CAP, according to etiology. Blue represents atypical bacteria as main agent, and green represents typical bacterial as main agent (reference: isolated viral etiology).

E-Figure 1. Incidence of complicated and uncomplicated pleural para-pneumonic effusion (cPPE and ucPPE) and association with etiological groups.

E-Figure 2. Distribution of age, days of fever, and blood tests of pediatric patients with CAP associated with viral, atypical bacterial and typical bacterial etiology.
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