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ABSTRACT 

Pneumonia is an important cause of morbidity and hospitalization in children 
worldwide. Since the development of nucleic acid amplification techniques, 
rhinovirus (RV) is frequently detected in community-acquired pneumonia (CAP), 
but the causative role of RV in pneumonia is still questioned. Empyema is a severe 
complication of pneumonia, and the evaluation of its long-term consequences is 
necessary. 

We studied the viral aetiology of childhood CAP by searching for 18 respiratory 
viruses and six bacteria in sputum specimens (n = 76). The clinical characteristics 
and prevalence of RV pneumonia and its risk factors were evaluated by 
retrospectively comparing the medical record data of RV-positive (n = 82) and RV-
negative (n = 231) children hospitalized for CAP. We also prospectively investigated 
viral and bacterial biomarker levels in children hospitalized for CAP (n = 24), 
focusing on RV pneumonia. Finally, we investigated the long-term outcome of 
childhood parapneumonic empyema (n = 26) at 3–19 years’ follow-up by a detailed 
interview, physical examination, lung imaging and lung function tests.  

Viruses were detected in 72%, bacteria in 91%, and both in 66% of children 
hospitalized for CAP. RV, human bocavirus, and human metapneumovirus were the 
most commonly found viruses. Treatment failures were documented in viral-
bacterial co-infections. Young age and a history of preterm birth were associated 
with RV-positive pneumonia, but the clinical features of pneumonia were similar in 
RV-positive and RV-negative children. RV-positive children had elevated levels of 
bacterial biomarkers, but a viral biomarker myxovirus resistance protein A remained 
low. Lung magnetic resonance imaging showed abnormal findings in 92% and 
significant pleural scarring in 25% of the children recovered from empyema, but 
most patients had normal lung function, chest radiograph and clinical recovery. 

Viral-bacterial co-detections are common in childhood CAP and potentially 
associated with treatment failure. RV is commonly detected in young children with 
pneumonia and it is often associated with bacterial co-infection. Making the decision 
to withdraw antibiotics in children with pneumonia is challenging. Further studies 
and strategies are needed to differentiate viral from bacterial or mixed viral-bacterial 
pneumonia. The long-term recovery from parapneumonic empyema seems to be 
good with current treatment strategies. 

KEYWORDS: children, empyema, pneumonia, rhinovirus   
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TIIVISTELMÄ 

Keuhkokuume on maailmanlaajuisesti merkittävä lasten sairastavuuden ja sairaala-
hoidon aiheuttaja. Rinovirus (RV) on yleinen löydös lasten keuhkokuumeessa, mutta 
sen rooli keuhkokuumeen aiheuttajana on edelleen epäselvä. Empyeema on keuhko-
kuumeen vakava komplikaatio, jonka pitkäaikaisvaikutusten selvittäminen on tärkeää. 

Selvitimme lasten avosyntyisen keuhkokuumeen virusetiologiaa tutkimalla 18 
viruksen ja kuuden bakteerin esiintyvyyttä yskösnäytteistä (n = 76). RV-keuhko-
kuumeen taudinkuvaa, esiintyvyyttä ja riskitekijöitä tutkittiin vertailemalla retro-
spektiivisesti keuhkokuumeen vuoksi sairaalahoitoon joutuneiden RV-positiivisten 
(n = 82) ja RV-negatiivisten (n = 231) lasten potilaskertomustietoja. Tutkimme myös 
virus- ja bakteerimerkkiaineiden tasoja lasten sairaalahoitoa vaativassa keuhkokuu-
meessa (n = 24), erityisesti RV-keuhkokuumeessa. Lasten empyeeman pitkäaikais-
vaikutuksia selvitettiin 3–19 vuoden kuluttua sairastamisesta kliinisellä tutkimuksel-
la sekä keuhkojen toimintakokeilla ja kuvantamisella (n = 26). 

Viruksia löydettiin 72 %:lta, bakteereja 91 %:lta ja molempia 66 %:lta lapsista, 
jotka tarvitsivat sairaalahoitoa keuhkokuumeen vuoksi. RV, bokavirus ja metapneu-
movirus olivat yleisimmin löydetyt virukset. Hoidon epäonnistumista havaittiin 
virus-bakteerisekainfektioissa. Lapsen nuori ikä ja keskosuustausta olivat yhtey-
dessä RV-positiiviseen keuhkokuumeeseen, mutta keuhkokuumeen taudinkuva oli 
samankaltainen RV-positiivisilla ja RV-negatiivisilla lapsilla. Bakteeri-infektion 
merkkiaineiden tasot olivat koholla mutta virusmerkkiaineen, myksovirusresis-
tenssiproteiini A:n, pitoisuus veressä oli matala RV-positiivisilla lapsilla. Keuhkojen 
magneettikuvauksella havaittiin poikkeavia löydöksiä 92 %:lla ja merkittävää arpea 
keuhkopussissa 25 %:lla empyeeman sairastaneista lapsista, mutta kliininen para-
neminen, keuhkojen toiminta ja keuhkokuva olivat valtaosalla normaalit. 

Virus-bakteerisekainfektiot ovat yleisiä lasten avosyntyisessä keuhkokuumeessa 
ja ovat mahdollisesti yhteydessä hoidon epäonnistumiseen. RV löytyy usein nuorilta 
keuhkokuumetta sairastavilta lapsilta ja usein yhdessä bakteeri-infektion kanssa. 
Päätös antibioottihoidon aloittamatta jättämisestä on haastava. Lisää tutkimuksia ja 
toimintasuunnitelmia tarvitaan virusinfektion erottamiseksi bakteeri- tai virus-
bakteerisekainfektioista. Pitkäaikaisseurannassa empyeemasta paraneminen vaikut-
taa hyvältä nykyisillä hoitokäytännöillä. 

AVAINSANAT: empyeema, keuhkokuume, lapset, rinovirus  
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Abbreviations 

AdV  Adenovirus 
CAP  Community-acquired pneumonia 
CI  Confidence interval 
CoV  Coronavirus 
COVID-19  Coronavirus disease 2019 
CRP  C-reactive protein 
Ct  Cycle threshold 
EV  Enterovirus 
FEV1  Forced expiration volume in 1 sec 
FVC  Forced vital capacity 
HBoV  Human bocavirus 
ICAM-1  Intercellular adhesion molecule 1 
Ig  Immunoglobulin 
IFN  Interferon 
IL  Interleukin 
IP-10  Interferon gamma-induced protein 10 
IQR  Interquartile range 
HMPV  Human metapneumovirus 
LRTI  Lower respiratory tract infection 
MRI  Magnetic resonance imaging 
MBL  Mannose-binding lectin 
MxA  Myxovirus resistance protein A 
NAAT  Nucleic acid amplification test 
OR  Odds ratio 
PIV  Parainfluenza virus 
PCR  Polymerase chain reaction 
PCT  Procalcitonin 
PCV  Pneumococcal conjugate vaccine 
RSV  Respiratory syncytial virus 
RT-PCR  Reverse transcriptase polymerase chain reaction 
RV  Rhinovirus 
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SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 
SD  Standard deviation 
TLR  Toll-like receptor 
TNF  Tumor necrosis factor 
URTI  Upper respiratory tract infection 
WBC  White blood cell  
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1 Introduction 

Pneumonia is a common cause of hospitalization in children. According to global 
estimates, 120 million episodes of pneumonia in children younger than 5 years of 
age are recorded annually (Rudan et al. 2013, Walker et al. 2013). The introduction 
of penicillin in the 1940s resulted in a significant reduction in pneumonia mortality 
and the implementation of pneumococcal conjugate vaccines (PCVs) since 2000 
resulted in a substantial decrease in the incidence of childhood pneumonia and the 
predominance of respiratory viruses as pneumonia pathogens (Griffin et al. 2013, 
Rudan et al. 2013, Jain et al. 2015, Rhedin et al. 2015, Nascimento-Carvalho et al. 
2018a, Wahl et al. 2018, Eklundh et al. 2021). 

Determining the aetiology of pneumonia is challenging, as obtaining specimens 
from the lungs is not feasible in routine practice. With modern molecular diagnostic 
techniques, especially by the development of nucleic acid amplification tests 
(NAATs), an increasing number of micro-organisms can be detected. Recent 
aetiological studies, most of them using nasopharyngeal samples, have reported 
increasing detection rates for mixed viral–bacterial infections in children with 
community-acquired pneumonia (CAP) (Wang et al. 2015). Rhinovirus (RV) is the 
most common cause of respiratory tract infections in children worldwide, and it is 
frequently detected in CAP (Juvén et al. 2000, Peltola et al. 2009, Don et al. 2010, 
Ruuskanen et al. 2011, Jain et al. 2015, Rhedin et al. 2015, Wang et al. 2015, 
Toivonen et al. 2016, Nascimento-Carvalho et al. 2018a). However, there is a lack 
of published clinical data of RV-associated pneumonia in children. There are even 
controversies whether RV is a causative agent or a bystander in pneumonia.  

C-reactive protein (CRP) and procalcitonin (PCT) are the most widely used 
biomarkers to predict bacterial infection but the usefulness of them in differentiating 
viral and bacterial pneumonia is not explicit (Toikka et al. 2000). Myxovirus 
resistance protein A (MxA) is a new promising biomarker for viral infections (Haller 
et al. 2011, Toivonen et al. 2015). To avoid the overuse of antibiotics, further studies 
are needed to differentiate viral from bacterial or mixed viral-bacterial pneumonia. 

Empyema is a severe complication of childhood CAP, and despite the 
implementation of pneumococcal vaccines, it still causes a significant proportion of 
paediatric intensive care unit admissions (Subhi et al. 2022). During the acute phase 
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of empyema, lung function is disturbed.  It is important to investigate the long-term 
anatomical and functional consequences in the lungs after empyema to optimize 
treatment and follow-up strategies.  
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2 Review of the Literature 

2.1 Definition of pneumonia 
Pneumonia is an acute lower respiratory tract infection (LRTI), an inflammation of 
lung tissue caused by an infectious agent (Ruuskanen and Mertsola 1999). 
Pneumonia and bronchiolitis are the most important LRTIs (GBD 2016 Lower 
Respiratory Infections Collaborators 2018). For the exact diagnosis of pneumonia, 
radiological verification is needed along with symptoms of acute LRTI, most 
commonly fever, cough, and tachypnoea or dyspnoea (British Thoracic Society, 
2002). Radiological facilities are not always available in developing countries. 
Moreover, the utility of chest radiogragh is recently questioned due to its diagnostic 
and technical limitations (Kazi et al. 2022). In 1990, the World Health Organization 
(WHO) produced a guideline for clinical detection of pneumonia including cough or 
breathing difficulties, and tachypnea (>50 breaths/min in children <12 months and 
>40 breaths/min in children ≥12 months of age) or lower chest wall indrawing (WHO 
1990). This broad definition of pneumonia ensures that all severe cases will be 
detected, but it probably leads to overtreatment with antibiotics. Interestingly, in a 
prospective study from US, only 34% of children with radiologically confirmed 
pneumonia met the WHO case definition of pneumonia (Wingerter et al. 2012). In 
the Pneumonia Etiology Research for Child Health (PERCH) project and in the Trial 
of Respiratory infections in children for ENhanced Diagnostics (TREND) study, 
which classificated paediatric pneumonia with an algorithm along with WHO’s 
clinical classification of pneumonia, children whose chest indrawing resolved after 
bronchodilator therapy were excluded (Scott et al. 2012, Rhedin et al. 2019).  

CAP is acquired outside the hospital (British Thoracic Society, 2002). Hospital-
acquired pneumonia, ventilator-associated pneumonia, aspirate pneumonia, and 
neonate pneumonia are distinct entities which are not considered in this review. 

2.2 Epidemiology  
Pneumonia is an important cause of morbidity and mortality in children worldwide, 
accounting for 14–19% of all deaths of children aged <5 years (McIntosh 2002, 
Wardlaw 2006, Rudan et al. 2008, WHO 2022). In 2000, the estimated global 
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incidence of clinical pneumonia in young children (<5 years) was 155.8 million 
cases, and ten years later, it was 122.4 million cases, 95% of which in developing 
countries (Rudan et al. 2004, Rudan et al. 2013). The number of LRTI episodes 
among children of <5 years of age is highest in South Asia (18.76 million cases in 
2016 with the incidence of 122.1 episodes per 1,000 children), and the highest 
incidence is reported in Oceania (171.5 per 1,000 children) (GBD 2016 Lower 
Respiratory Infections Collaborators 2018). In Finland, 3.5–4% of children of <5 
years of age and 1.5% of older children used to have radiologically confirmed 
pneumonia yearly and half of the first group needed hospitalization (Jokinen et al. 
1993, Heiskanen-Kosma 1998), but the incidences have declined substantially after 
the introduction of PCV. Along with the substantial decrease in the incidence of 
childhood pneumonia, the predominance of respiratory viruses as pneumonia 
pathogens is emerging (le Roux and Zar 2017, Eklundh et al. 2021). 

Approximately 1.6 million children younger than 5 years died from pneumonia 
(18% of all deaths in this age group) worldwide in 2008, and 0.92 million (15.5%) 
in 2015, respectively (Black et al. 2010, Liu et al. 2016). The LRTI mortality rates 
of children have reduced substantially between 2007 and 2017 because of the 
implementation of vaccines, appropriate antibiotic therapy, and improvements 
concerning hygienic, nutritional, and educational issues (GBD 2017 Causes of 
Death Collaborators 2018). Regional differences in mortality are still significant, 
and the highest LRTI mortality rates are reported in the Central African Republic 
with 460 deaths per 100,000 children of <5 years of age (GBD 2016 Lower 
Respiratory Infections Collaborators 2018), while in developed countries, 
mortality for CAP with no comorbid conditions is rare (Prayle et al. 2011, Lantto 
et al. 2013).  

Due to improvements in molecular diagnostic methods, antimicrobial therapies, 
and prevention strategies, as well as due to new epidemics and emerging viruses, the 
epidemiology of pneumonia keeps changing. 

2.3 Diagnostics 
Diagnosis of pneumonia is commonly based on the clinical presentation of acute 
symptoms of LRTI and radiological findings. In outpatient care with non-severe 
cases, the clinical diagnosis of pneumonia based on acute symptoms and signs of 
infection, such as crackles in the lung auscultation, is possible (Bradley et al. 2011, 
Harris et al. 2011). The most common symptoms of pneumonia are fever and cough 
(Juvén et al. 2003, Jain et al. 2015). Digital auscultation with automated analysis to 
diagnose pneumonia still requires further evaluation (Ahmed et al. 2022). 
Biomarkers studied from blood sample can assist in the clinical diagnosis of 
pneumonia, and microbial diagnostic tests can aid in predicting the course of illness 
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and guide the treatment. New biomarkers derived from host transcriptional profile 
analysis are promising but not yet validated (Zar et al. 2017). 

2.3.1 White blood cells 
High white blood cell (WBC) count (commonly used threshold >15 × 109/L) is thought 
to be associated with bacterial infection, as well as an absolute neutrophil count >10 × 
109/L, but the accuracy of them is insufficient (Korppi et al. 1993, De et al. 2014). 

2.3.2 C-reactive protein and procalcitonin 
CRP is the most widely used biomarker to predict bacterial infection. CRP is an acute 
phase protein peaking 36-50 h from the onset of infection, and in a meta-analysis of 
eight studies a CRP value over the cutoff varying from 40 to 60 mg/L was suggestive 
of bacterial infection with a positive predictive value of 64% (Flood et al. 2008). 
Serum CRP level is increased by proinflammatory cytokines (IL-6, IL-1β, tumor 
necrosis factor (TNF) α), and it can be increased also by any inflammation or tissue 
damage. In a Finnish study of common paediatric infections, along with bacterial 
infections, 67% of adenovirus cases presented with CRP >80 mg/L and/or WBC >15 
× 109/L (Peltola et al. 2006). Moreover, in septicaemia, 93% of patients with S. 
pneumoniae but only 52% of patients with S. aureus had CRP level over 80 mg/L 
and/or WBC >15 × 109/L (Peltola et al. 2006). Otherwise, IL-6 receptor deficiency 
or IL-6 antibodies, for instance, can extremely rarely impair the elevation of CRP 
(Puel et al. 2008, Bloomfield et al. 2019, Spencer et al. 2019). Combining elevated 
CRP level (a suggested threshold of 72 mg/L) with clinical symptoms, such as the 
presence of fever or the absence of rhinorrhoea, can improve the differentiation of 
bacterial from presumed viral pneumonia in children (Bhuiyan et al. 2019b). 

PCT rises more rapidly (peak in 12-24 h) than CRP and it is induced by the same 
cytokines, but also its usefulness in differentiating viral and bacterial pneumonia is not 
explicit (Gilbert 2010, Kamat et al. 2020). Serum PCT level >0.5 µg/L suggests 
bacterial cause in adults with CAP (Kamat et al. 2020). PCT-guided (cutoff point 0.25 
µg/L) initiation of antibiotic treatment decreased the use of antibiotics, the length of 
antibiotic treatment, and the adverse effects of antibiotics without increasing treatment 
failures in otherwise healthy children with clinically and radiologically diagnosed 
uncomplicated pneumonia (Esposito et al. 2011). In young febrile infants, PCT has 
been shown to be more accurate than CRP to predict invasive bacterial infection 
(Milcent et al. 2016). Similarly, in a recent study by Bashir et al., PCT was associated 
with disease severity in children with CAP more strongly than CRP (Bashir et al. 
2022). In children hospitalized with CAP, the measurement of these non-specific 
inflammatory parameters can be recommended for the estimation of disease severity 
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and response to treatment. In a recent systematic review and meta-analysis, CRP and 
PCT were considered the best diagnostic biomarkers for bacterial pneumonia in 
children, with sensitivity and specificity from 64 to 70%, and the suggested statistically 
optimal cutoff levels being 53 mg/L for CRP and 0.59 µg/L for PCT based on the 
Youden index, with areas under the receiver operating characteristic curve of 0.71 and 
0.70 for CRP and PCT, respectively (Gunaratnam et al. 2021).  

2.3.3 Pro-inflammatory cytokines 
The pro-inflammatory cytokine IL-6, the concentration of which rises within minutes 
with a half-life of about an hour, is a potential biomarker of pneumococcal infection 
among children with CAP, and is also elevated among cases with pleural effusion 
(Vasconcellos et al. 2020). A cutoff point of 12.5 ng/L for serum IL-6 concentration 
was suggested to predict pneumococcal CAP among children under 5 years 
(Vasconcellos et al. 2018). Regarding acute asthma, serum IFN-ɣ-induced protein 
10 (IP-10) level was shown to increase in rhinovirus-induced asthma exacerbations 
(Wark et al. 2007). Viperin, an interferon-regulated antiviral protein, is a potential 
marker of symptomatic viral infection (Proud et al. 2008, Helbig and Beard 2014, 
Yahya et al. 2017). Gene expression patterns in blood leukocytes might assist in the 
discrimination of different viral and bacterial infections (Ramilo et al. 2007). In 
febrile children, a 2-transcript host RNA signature can discriminate bacterial from 
viral infection (Herberg et al. 2016).  

2.3.4 Myxovirus resistance protein A 
MxA is an intracellular, cytoplasmic GTPase that is induced exclusively by type I (α, 
β) and type III (λ) interferons, highly expressed during viral infections but not in 
bacterial infections (Halminen et al. 1997, Haller and Kochs 2011, Toivonen et al. 
2015). As an antiviral protein, MxA adheres to the important parts of the virus to 
disable its function and replication. Blood MxA level rises rapidly in hours (peak in 
about 16 h), and with a half-life of 2–4 days it remains elevated during the acute course 
of infection (Ronni et al. 1993, Haller and Kochs 2011, Toivonen et al. 2015). Several 
different viruses induce MxA expression. In a study by Toivonen et al., the median 
MxA protein level was 695 μg/L in virus-positive children with respiratory symptoms, 
110 μg/L in asymptomatic virus-negative children, and 145 μg/L in asymptomatic 
virus-positive children (Toivonen et al. 2015). MxA level has been shown to be 
elevated in symptomatic viral infections regardless of the concomitant bacterial 
infection, and one suggested cutoff level of MxA was 256 μg/L to differentiate viral 
infections from bacterial or asymptomatic viral infections (Piri et al. 2022). In a recent 
study of Rhedin et al., a cutoff of MxA 430 μg/L discriminated between viral and 
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bacterial pneumonia with 100% specificity and 93% sensitivity, though there were 
only four bacterial pneumonia cases (Rhedin et al. 2022). In that study, the median 
MxA level in LRTI cases caused by RV was about 200 μg/L, whereas the highest 
median levels were seen according to AdV (1961 μg/L), RSV (1226 μg/L), PIV (985 
μg/L), influenza virus (783 μg/L), and HMPV (759 μg/L) (Rhedin et al. 2022). 

2.3.5 Radiology 
Chest radiograph is the mainstay of diagnosing pneumonia, as the symptoms can be 
variable and non-specific. Even though a chest radiograph is the standard imaging 
modality in pneumonia diagnostics, it has limitations concerning its diagnostic 
accuracy, challenges in obtaining high-quality images, and notable interobserver 
variability (Kazi et al. 2022). Chest radiograph is indicated at least in cases of locally 
decreased or absent breath sounds, slow or missing response to antibiotic treatment, 
or hypoxaemia (Bradley et al. 2011, Harris et al. 2011). Lobar alveolar infiltrates on 
the chest radiograph are strongly suggestive of bacterial pneumonia, whereas 
interstitial infiltrates are seen in both viral and bacterial pneumonias (Virkki et al. 
2002). The size of consolidation and the left-sided location of pneumonia are 
considered to predict a more severe course of pneumonia (Grafakou et al. 2004). 
Multilobar or nonlobar infiltrates are also shown to predict a more severe outcome 
of CAP in children (Williams et al. 2016). Follow-up chest radiography is not 
routinely recommended in non-complicated CAP (Virkki et al. 2005). 

Lung ultrasonography is commonly used to evaluate the pleural space and to 
guide catheter placement for drainage, but its introduction into clinical practice in 
the diagnostics of pneumonia has been slow, despite its high sensitivity for 
identification of lung consolidation (Stadler et al. 2017, Kazi et al. 2022). Its absolute 
credits are its bedside availability and the absence of radiation exposure. Moreover, 
doppler ultrasound enables to detect early necrotic changes. In the follow-up, the 
absence of a pleural gliding sign on ultrasound indicates the presence of a 
pleurodesis. However, there is notable interobserver variation in reporting 
ultrasound characteristics (Haggie et al. 2022).  

Computed tomography scans are recommended in complex cases or selected 
patients in case of non-specific radiographic findings, complications, suspicion of an 
underlying lesion, or recurrent or non-resolving pneumonia (Franquet 2018).  

Lung magnetic resonance imaging (MRI), a radiation free modality, has been 
shown to be an accurate and effective technique for evaluating pneumonia and its 
complications in children (Peltola et al. 2008, Yucel et al. 2021). Dynamic MRI has 
the potential for evaluating chest motion and lung volumetry during the breathing 
cycle (Plathow et al. 2004, Swift et al. 2007). In children with complicated 
pneumonia, lung MRI detected pulmonary abscess/necrosis formations and 
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empyema significantly better than chest radiograph (with a prevalence of 72.7% and 
74.1% versus 27.3% and 11.1%, respectively) and slightly better than chest 
radiograph and lung ultrasound together (55.6% and 63.1%, respectively) 
(Konietzke et al. 2020). The admission of contrast media is not mandatory in the 
detection of abscesses or empyema by MRI (Konietzke et al. 2020). 

2.4 Microbial diagnostics 
The development of nucleic acid amplification techniques and the availability of 
rapid molecular diagnostic tests has revolutionised the microbial diagnostics of 
respiratory viral infections. NAAT detects microbial nucleic acids. Comparably, 
culture reflects the replication of a microorganism. Antigen tests are immunoassays 
that can rapidly detect the presence of a specific microbial antigen. NAAT is more 
sensitive than culture, antigen detection, or serologic assays (Jartti et al. 2013). The 
properties of the most common microbiological diagnostic methods in pneumonia 
are compared in Table 1. NAATs include polymerase chain reaction (PCR) and 
reverse transcriptase (RT-) PCR, which amplifies genetic material by thermal 
cycling, but also other amplification techniques, such as transcription mediated 
amplification or loop-mediated isothermal amplification. Qualitative (end-point) 
NAAT only detects microbial nucleic acids and quantitative NAAT, such as qPCR 
or qRT-PCR, also determines the amount of nucleic acid at real time by the use of 
fluorescent probes. In quantitative NAAT, a known amount of a standard molecule 
is added to every sample, and the sample nucleic acid amplification signal is 
compared to the standard curve.  

Nasopharygeal carriage of some potential viral and bacterial pneumonia 
pathogens in healthy children is commonly known and poses a diagnostic challenge 
(Jansen et al. 2011a, Dunne et al. 2018, Bhuiyan et al. 2019a). Serology distinguishes 
acute from chronic infection and thus can be used to confirm the pathogenic role of 
microbes, though it has a limited impact on clinical decision making because of 
requiring paired serum samples (Murdoch et al. 2012, Sawatwong et al. 2012, Feikin 
et al. 2013, Zhang et al. 2016). A high viral load (a low cycle threshold (Ct) value) 
in a NAAT can be considered to indicate the real pathogenicity of a virus (Mardian 
et al. 2021). The Ct value is defined as the amplification cycle number at which the 
fluorescence of a NAAT product exceeds the background signal, and it can be used 
as a semiquantitative measure of viral load in the sample. Simultaneous detection of 
multiple viruses or bacteria from one sample has been enabled by the development 
of multiplex NAAT assays. Multiplex NAAT assays are cost-effective in 
determining the aetiology of respiratory infections in children, as clinical signs and 
symptoms are usually overlapping and co-infections are common, and compared to 
single-target NAATs, specificity and sensitivity are similar with slight virus-specific 
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differences (Jansen et al. 2011b, Jartti et al. 2013, Parker et al. 2015). So far, NAAT 
assays are used mainly in the inpatient settings. Real-time metagenomic sequencing 
to determine all microbiota present is a promising new technique to improve the 
microbial diagnosis of pneumonia (Pendleton et al. 2017, Chiu and Miller 2019, 
Deng et al. 2022, Yang et al. 2022). As a target-independent approach, metagenomic 
sequencing can detect novel, rare and unexpected pathogens as well as co-infections 
and can provide comprehensive information about pathogens, but  interpreting the 
results may be challenging (Chen et al. 2022). 

Table 1.  The most common microbiological diagnostic methods in pneumonia and their pros (+) 
and cons (-). 

Method Target Capacity 

Nucleic acid 
amplification test 

Genetic material of 
microbes 

+ High sensitivity and specificity 
+ Rapid 
+ Can be quantitative 
+ Automated technology 
+ Product can be genotyped or sequenced 
+ Multiplex possibility 
- Detection of colonization (false positives) 
- Expensive 

Serologic test Antibodies 
produced in 
response to an 
infection 

+ Can distinguish acute from chronic infection 
+ Can detect systemic infection 
- Slow 
 

Antigen detection Proteins of 
microbes 

+ Good specificity, variable sensitivity  
+ Rapid 
+ Point of care 
- No assays for routine detection of e.g. RV 

Culture Live microbes - Some viruses do not grow in routine cultures (e.g. 
RV-C) 
- Time-consuming 
- Virus culture is laborious and requires expertise 

 
Numerous different types of specimens are used for the direct detection of LRTI 

pathogens. Blood cultures, pleural fluid samples from thoracentesis, and transthoracic 
needle aspirates are sterile and bronchoalveolar lavages nonsterile samples with 
invasive techniques (Loens et al. 2009). Noninvasive techniques include 
oropharyngeal swab, nasal swab, nasopharyngeal swab or aspirate, and sputum 
samples (Loens et al. 2009). Noninvasive upper respiratory tract specimens are 
commonly used for the identification of respiratory viruses and bacteria, as they are 
easily obtained. Nasal swabs have comparable sensitivity to nasopharyngeal aspirates 
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for the detection of all major respiratory viruses except respiratory syncytial virus 
(RSV) (Heikkinen et al. 2002). In LRTIs, most of the pathogenic microbes detected 
from sputum samples are often identified also in upper respiratory tract specimens, 
though sputum samples often carrying higher amounts of viruses and bacteria in these 
cases (Lahti et al. 2009). The association is not so consistent the other way around, and 
upper airway microbe detection does not necessarily reflect the cause of LRTI. 
However, nasopharyngeal colonization may have proceeded to an invasive infection, 
if the same pathogen is detected simultaneously in sputum and nasopharyngeal 
samples. The induced sputum procedure has been shown to be safe, even among 
severely ill children aged <5 years in low-income-country settings (Grant et al. 2012, 
DeLuca et al. 2017). Discomfort is a common side effect of the sputum procedure, but 
more severe adverse effects, such as a drop in oxygen saturation or a new requirement 
of bronchodilator, are rare (0.3%) (Lahti et al. 2009, DeLuca et al. 2017). Microbial 
contamination from the upper respiratory tract may occur and should be considered 
when analysing induced sputum samples, lessening its superiority over the more easily 
obtained swab samples (Hammitt et al. 2012). Cleaning the nasopharynx of the mucus 
before sputum collection is a way to minimise nasopharyngeal contamination (Lahti 
et al. 2009). The safety and utility of the lung aspirate procedure has been established 
in young children hospitalized with severe pneumonia, but, even though it is the gold 
standard specimen for pneumonia diagnostics, lung aspirates are not widely used in 
clinical practice (Vuori-Holopainen et al. 2002, Ebruke et al. 2021). Adverse events of 
the lung aspirate procedure, including minor bleeding and pneumothorax, are reported 
to be rare (<3%) and transient (Ideh et al. 2011). Nevertheless, even by lung tap, the 
focus of infected lung tissue may be missed. 

2.4.1 Viral aetiology 
Respiratory viruses are commonly detected in children with CAP (Table 2). In both 
developing and developed countries, RSV, RV, human metapneumovirus (HMPV), 
human bocavirus (HBoV), and parainfluenza viruses (PIVs) are the most frequently 
identified respiratory viruses in children with CAP (Ruuskanen et al. 2011, Pratt et 
al. 2022). Viral-viral co-detections are also common and increasingly identified in 
CAP (Table 2). The classifications and structural details of the most common 
respiratory viruses are listed in Table 3. 

RSV continues to be the major viral pathogen in pneumonia globally (Juvén et 
al. 2000, Berkley et al. 2010, Garcia-Garcia et al. 2012, Jain et al. 2015, Rhedin et 
al. 2015, Pneumonia Etiology Research for Child Health (PERCH) Study Group 
2019, Gareca Perales et al. 2021, Rueda et al. 2022). Bronchiolitis and acute otitis 
media are even more common clinical findings in children infected by RSV (Peltola 
et al. 2009). Young children are at a higher risk of having severe pneumonia caused 
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by RSV (Ruuskanen and Ogra 1993, Jonnalagadda et al. 2017, Bunthi et al. 2021). 
The role of RV in the aetiology of CAP is increasingly discussed, and RV was 
recently detected in up to 46% of children with CAP (Nascimento-Carvalho 2018). 
RV is more profoundly elaborated in the next chapter.  

At a tertiary center in Finland, 14% of children with influenza infection had 
radiologically verified pneumonia (Lahti et al. 2006). Similarly, in a more recent 
Finnish study, 16% of hospitalized children with influenza infection had pneumonia, 
regardless of the type (A or B) of influenza virus (Mattila et al. 2020).  

Newly described respiratory viruses, HBoV and HMPV, are also notable viruses 
in the aetiology of childhood CAP (Fry et al. 2007, Cilla et a. 2008, Rhedin et al 2015, 
Nascimento-Carvalho et al. 2018a). HBoVs have been associated with a variety of 
symptoms from rhinitis to gastroenteritis, and species 1 of HBoVs, isolated in 2005, is 
predominantly a respiratory pathogen (Allander et al. 2005, Jartti et al. 2012, 
Christensen et al. 2019). HBoV is frequently detected in viral co-infections (71%) 
(Garcia-Garcia et al. 2012). Unlike most respiratory viruses, HBoV is known to have 
prolonged shedding for months after an acute infection (Martin et al. 2010, Christensen 
et al. 2019). Therefore, quantitative NAAT with serology is a recommended diagnostic 
approach for diagnosing acute HBoV infection, and HBoV mRNA and antigen 
detections are showing promising results (Christensen et al. 2019). Recently in Brazil, 
HBoV was detected by PCR in 21% of children with non-severe CAP, and acute 
HBoV infection was confirmed serologically in 24% of them (Nascimento-Carvalho 
et al. 2018b). HMPV, discovered in 2001, has clinical similarities with RSV, and can 
cause severe pneumonia especially in infants younger than 1 year of age (van den 
Hoogen et al. 2001, Don et al. 2008, Rhedin et al. 2015, Wang et al. 2021b).  

PIVs, of which types 1 and 2 are most often associated with croup and type 3 with 
pneumonia, were recently detected in 21% of children with pneumonia in Brazil, and 
globally, approximately 13% of acute LRTIs in children younger than 5 years are 
estimated to be attributable to PIVs (Nascimento-Carvalho et al. 2018a, Howard et al. 
2021, Wang et al. 2021c). The detection rate of the four endemic human coronaviruses 
(CoVs) 229E, NL63, OC43, and HKU1, which can cause various respiratory 
symptoms, is highest in children aged 1–5 years (Varghese et al. 2018). In childhood 
CAP, CoVs have been detected in up to 7–8% of studied children (Cilla et a. 2008, 
Cevey-Macherel et al. 2009, Nascimento-Carvalho et al. 2018a). Adenoviruses 
(AdVs) cause a wide variety of illnesses, including pneumonia, and were recently 
detected in 38% of children with non-severe CAP in Brazil and in 11% of children 
hospitalized for CAP in United states (Nascimento-Carvalho et al. 2018a, Jain et al. 
2015). Among enteroviruses (EVs), which are structurally closely related to RVs, EV-
D68 usually causes respiratory illness and is an emerging pathogen associated with a 
severe acute respiratory illness (Bosis and Esposito 2017, Savage et al. 2018). Similar 
proportions of common respiratory viruses are seen in both inpatient and outpatient 



Maria Hartiala 

 22 

settings in children with CAP (Yun et al. 2022). More uncommon viruses as causative 
agents for childhood CAP include varicella-zoster virus, hantaviruses, parechoviruses, 
Epstein-Barr virus, human herpesviruses 6 and 7, herpes simplex virus, mimivirus, 
cytomegalovirus, and measles virus (Ruuskanen et al. 2011).  

Pneumonia-related hospitalizations and viral detections are most common among 
children younger than 5 years of age (Jain et al. 2015, Pratt et al. 2022, Rueda et al. 
2022). In a Spanish study of children hospitalized with radiologically confirmed 
pneumonia, viral detection rate was significantly higher in children aged <18 months 
than in older children (83% vs. 67%) (Garcia-Garcia et al. 2012). In addition to an age 
of <5 years, ongoing viral epidemic, slow onset of symptoms, rhinitis, wheezing, sole 
interstitial infiltrates or bilateral chest radiograph findings, and slow or missing 
response to antibiotic treatment are features suggesting a viral aetiology of pneumonia 
(Ruuskanen et al. 2011). Seasonal patterns of activity are typical for many respiratory 
viruses, as RV peaks are seen in autumn and spring, RSV in every other year in late 
autumn but recently with fluctuating seasonality, and influenza and HCoV in winter 
(Monto et al. 2002, Varghese et al. 2018, Li et al. 2019, Moriyama et al. 2020, Renko 
and Tapiainen 2020). Pathogen transmission can occur via direct or indirect contact, 
droplets, or aerosols (Leung et al. 2021, Wang et al. 2021a). 

The importance of respiratory viruses in causing severe pneumonia and new 
epidemics is yet re-emphasised by the Coronavirus disease 2019 (COVID-19) 
pandemic. COVID-19, caused by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), presents often as interstitial pneumonia with common findings in 
chest radiograph being peribronchial thickening, ground-glass opacities, 
consolidation, and pleural effusion (Oterino Serrano et al. 2020). The clinical picture 
of COVID-19 in children varies from asymptomatic or mild to severe or critical 
infection, and  a multisystem inflammatory syndrome may occur after an acute 
infection by immunological mechanisms (Miao et al. 2020, Parisi et al. 2020). In a 
recent study of severe viral pneumonia in children, SARS-CoV-2 was shown to 
cause a milder clinical course than other respiratory viruses, mostly RV/EV or RSV 
(Ng et al. 2022). Due to some uncertain factors, SARS-CoV-2 affects adults more 
severely than children (Lu et al. 2020, Ludvigsson 2020, Parisi et al. 2020, 
Zimmermann et al. 2020). The proposed explanations include the greater potential 
of the innate immune system of children, a cross-reactivity between immune 
response to early childhood vaccines and SARS-CoV-2, and the possible lower 
expression levels and functionality of angiotensin-converting enzyme 2 (ACE2) 
receptor, by which the virus enters respiratory epithelial cells, in children (Parisi et 
al. 2020). As seen in respiratory infections with seasonal CoV, viral and bacterial 
co-infections may complicate the clinical presentation of COVID-19 (Zhu et al. 
2020, de Koff et al. 2021). In addition, empyema has been identified as a rare 
complication of COVID-19 (Abbasi et al. 2021). 
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Table 3.  Characteristics of the most common respiratory viruses. 

Virus Classification Genome type* Diameter (nm) Viral family 

RV Species A, B, and C 
with over 150 types 

+ssRNA 15–30** Picornaviridae 

RSV Groups A and B -ssRNA 150–250 Pneumoviridae 

HBoV  Species 1–4, HBoV2 
divided into strains A 
and B  

+ssDNA 18–26** Parvoviridae 

HMPV Groups A and B -ssRNA 150–600 Pneumoviridae 

AdV 51 serotypes dsDNA 90–100** Adenoviridae 

PIV Types 1, 2, 3, and 4 -ssRNA 150–250 Paramyxoviridae 

Influenza virus Types A, B, and C -ssRNA 80–120 Orthomyxoviridae 

EV Species A–D with up 
to 70 types in each 
species 

+ssRNA 25–30** Picornaviridae 

CoV Types OC43, 229E, 
NL63, HKU1 

+ssRNA 80–220 Coronaviridae 

* ss=single-stranded; ds=double-stranded; +ss=positive-sense single-stranded; -ss=negative-
sense single-stranded 
** non-enveloped viruses 

2.4.1.1 Rhinovirus 

RV, discovered in the 1950s, is a small non-enveloped RNA virus belonging to the 
family of picornaviruses (Jacobs et al. 2013). RV is classified into three species (A, 
B, and C) with approximately 160 different types (Daleno et al. 2013, Jacobs et al. 
2013). RV-C was discovered in 2003. The genome of RV is a positive single-
stranded RNA consisting of a single gene encoding 11 proteins, including viral 
capsid proteins. Genotyping of RVs is usually performed by RT-PCR amplification 
and sequence analysis of gene regions for structural viral protein (VP) 1 or VP4/VP2 
(Jacobs et al. 2013). 

RV replication occurs in the nasal mucosa and posterior nasopharynx, as well as 
in the epithelial cells of lower respiratory tract (Kennedy et al. 2012). RVs have been 
detected even directly from lung tissue in children with LRTI (Imakita et al. 2000). 
It has been shown in vitro that RV can replicate well at lower airway temperatures 
(Papadopoulos et al. 1999, Hayden et al. 2004). For binding and endocytosis, RV-A 
uses intercellular adhesion molecule 1 (ICAM-1) receptor or less frequently low-
density lipoprotein receptors (LDL-R), RV-B uses ICAM-1, and RV-C uses 
cadherin-related family 3 (CDHR3) (Basnet et al. 2019). Toll-like receptors (TLRs) 
are essential in the recognition of viral RNA in the endosome. Inflammatory 
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response for RV is mediated by the nuclear factor (NF) kappa B pathway and 
production of interferon (IFN)-beta, IFN-gamma, interleukin (IL)-8, and IL-1b, 
leading to the increased production of T cells and neutrophil cytokines (Bizot et al. 
2021). Some immunodeficiencies, such as non-functional melanoma differentiation-
associated protein 5 (MDA-5), have been reported to lead to recurrent and severe 
RV infections, because of poor IFN production and a lack of immune responses 
(Lamborn et al. 2017). 

Since the 2000s and the development of new molecular methods, RV is 
increasingly detected by PCR. Antibodies are serotype specific. Thus, simultaneous 
circulation of several RV types in populations year-round explains the high 
frequency of RV infections. Recently, despite the high phylogenetic diversity of RV, 
the development of RV species-specific antibody test has been successful (Megremis 
et al. 2018).  

RV is the most common cause of upper and lower respiratory tract infections in 
children worldwide (Peltola et al. 2009, Vandini et al. 2019). RV infections cause a 
remarkable clinical and socioeconomic burden in the community (Halabi et al. 
2022). High RV transmission rates were documented even during the social 
restrictions of COVID-19 pandemic (Kuitunen et al. 2021, Varela et al. 2022). RV-
A is the most common RV species appearing year-round, RV-C is often associated 
with more severe symptoms and mostly detected in the winter, while RV-B plays a 
minor role concerning the frequency and severity of RV infections (Esposito et al. 
2012, Lee et al. 2012, Ahn et al. 2018, Ai et al. 2022, Esneau et al. 2022). Even fatal 
outcome of RV-C infection has been reported (Lupo et al. 2015). Severe RV (A45) 
infection with central nervous system involvement and multiorgan dysfunction was 
recently reported in a previously healthy 10-year-old girl (Liu et al. 2022). 

In infants hospitalized with viral bronchiolitis, RV has been associated with a 
higher T helper type-2 (Th2) immune response than RSV (Fedele et al. 2018). Th2-
like immune responses are typical in atopic children, and allergic sensitization can 
lead to more severe RV-induced LRTIs (Jackson et al. 2012). RV-induced wheezing 
in the first three years of life involves a higher risk of childhood asthma (Jackson et 
al. 2008, Liu et al. 2017). RV is known to be the major pathogen in wheezing 
illnesses, such as bronchiolitis, recurrent wheezing, or asthma exacerbation (Peltola 
et al. 2008, Peltola et al. 2009, Jacobs et al. 2013, Kennedy et al. 2014, Jartti and 
Gern 2017, Ahn et al. 2018), but the clinical characteristics of RV-associated 
pneumonia in children have not been thoroughly investigated. RV is detected in 14–
46% of children with CAP (Table 2). However, the role of RV as the causative agent 
of pneumonia is unclear, as a substantial proportion of asymptomatic children are 
positive for RV by PCR of upper respiratory tract specimens (Jartti et al. 2008a, van 
der Zalm et al. 2009, Jansen et al. 2011a, Jain et al. 2015, Rhedin et al. 2015, Spichak 
et al. 2016, Zar et al. 2016, Baillie et al. 2018). In adults, the pathogenic role of RV 
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was demonstrated by comparing asymptomatic controls with CAP patients (Self et 
al. 2016). The possibility of prolonged carriage of RV for months and even years 
after the onset of infection is worth noticing in immunosuppressed children, but 
otherwise RV clearance occur in 1–3 weeks after symptomatic infection (Peltola et 
al. 2008, Peltola et al. 2013, Bizot et al. 2021). A feasible cutoff value of viral load 
(≥104.5 copies/ml) for clinical relevance of RV detection has been reported, but high 
RV loads were seen also in some asymptomatic controls (Jansen et al. 2011a). 

Despite active research, no specific antiviral therapy or vaccine for RV exists. 
Among children with allergic asthma, an anti-immunoglobulin (Ig) E therapy 
omalizumab has been studied for the prevention of RV-associated asthma 
exacerbations with promising results (Esquivel et al. 2017). Recently, TLR3 
blockage has been studied as one of the possible options for treatment (Silkoff et al. 
2018). Consideration of an intranasal application of interferons and antibodies for 
ICAM-1 as a RV-specific treatment is worth further investigations (Padayachee et 
al. 2021).  

2.4.2 Bacterial aetiology 
Streptococcus pneumoniae is the most common bacterial pathogen in CAP. It has 
been detected in 37–46% of hospitalized and 18% of non-hospitalized children with 
CAP (Juvén et al. 2000, Michelow et al. 2004, Don et al. 2005, Cevey-Macherel et 
al. 2009). The incidence of CAP along with other invasive pneumococcal infections 
has declined substantially after the introduction of PCVs (Korppi et al. 2013, Palmu 
et al. 2013), which in Finland occurred in autumn 2010. Comparably, Mycoplasma 
pneumoniae is detected in 7–14% of hospitalized and 27% of non-hospitalized 
children with CAP, most commonly in school-age children (Juvén et al. 2000, 
Korppi et al. 2003, Michelow et al. 2004, Don et al. 2005, Don et al. 2010, Jain et al. 
2015, Bhuiyan et al. 2019a, Kutty et al. 2019, Rueda et al. 2022). Tsolia et al. have 
detected M. pneumoniae in 35% of school-age children hospitalized with CAP 
(Tsolia et al. 2004). Seasonal variation and epidemics are common among M. 
pneumoniae infections (Lv et al. 2022). Moraxella catarrhalis and Haemophilus 
influenzae are often detected in respiratory infections including pneumonia but these 
pathogenic bacteria are also often detected from the nasopharynx of healthy children; 
similarly S. pneumoniae is often carried in the nasopharynx of healthy children, in 
as many as 87% of children at least once during their first 2 years of life (Syrjänen 
et al. 2001, (Bhuiyan et al. 2019a). In previously healthy children, M. catarrhalis is 
a rare cause of pneumonia (Sy et al. 2010). H. influenzae type b used to be a common 
cause of LRTIs and other severe infections before the implementation of the H. 
influenzae type b conjugate vaccine (included in the national vaccination programme 
of Finland from 1993). Staphylococcus aureus and Streptococcus pyogenes can 
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rarely cause a severe pneumonia. Chlamydia pneumoniae is rarely found in school-
age children and Chlamydia trachomatis in neonates with pneumonia.  

Bacteraemia is uncommonly (2.5%) associated with CAP in children (Neuman 
et al. 2017). The urine antigen assay for S. pneumoniae is not useful for diagnosing 
bacterial pneumonia in children, as it is non-specific because of the frequency of 
pneumococcal colonisation (Dowell et al. 2001, Bradley et al. 2011). Pneumococcal 
antigen detection from pleural fluid is useful in diagnosing pneumococcal empyema 
(Martinón-Torres et al. 2012). Several multiplex NAAT platforms for bacteria are 
available for clinicians, in addition to traditional methods including gram staining, 
culture, and serology.  

A rapid onset of symptoms, high fever, tachypnoea, lobar alveolar infiltrates in 
chest radiograph, and a rapid response to antibiotic treatment suggest bacterial 
aetiology of pneumonia (Ruuskanen et al. 2011). 

2.5 Risk factors  
Pneumonia occurs most commonly in vulnerable individuals. Children of <5 years 
of age have an increased risk of CAP (McAllister et al. 2019). Other main risk factors 
for CAP in children include prematurity, lack of exclusive breastfeeding, 
malnutrition, indoor and outdoor air pollution, and household crowding (Bradley et 
al. 2011, Jackson et al. 2013). Immunocompromised children are at a higher risk of 
developing pneumonia. Genetic variants of innate immune factors such as mannose-
binding lectin (MBL), TLRs, IL-6, and TNF-α have been associated with a higher 
risk of respiratory infections (Koch et al. 2001, Revai et al. 2009, Toivonen et al. 
2017). In early infancy, the association between RV infection and increased 
nasopharyngeal colonization by S. pneumoniae has been linked to genetic variations 
of MBL (Karppinen et al. 2013). In the first year of life, maternal HIV, maternal 
smoking, male sex, and malnutrition were associated with an increased incidence of 
pneumonia in a South African birth cohort (le Roux et al. 2015). Incomplete 
vaccination, concerning particularly PCV and H. influenzae type b conjugate 
vaccination but also measles vaccination, is an obvious risk factor for childhood 
pneumonia. An association of parental asthma, earlier wheezing, and exposure to 
tobacco smoke with a more severe clinical course of pneumonia has been reported 
(Erdem et al. 2018). Many host and disease characteristics, such as age below two 
months, diagnosis of Pneumocystis jirovecii, chronic underlying disease, HIV/AIDS, 
and severe malnutrition, as well as socio-economic and environmental factors, such 
as young maternal age, low maternal education, low socioeconomic status, second-
hand smoke exposure, and indoor air pollution, are risk factors for mortality of CAP 
(Sonego et al. 2015). Dysbiosis or imbalance in the normal lung microbiome is also 
essential in the pathogenesis of pneumonia (Dickson et al. 2014, Zar et al. 2017).  
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2.6 Treatment and prevention 
Empirical antibiotic therapy is directed at the most likely aetiological pathogens, 
most importantly S. pneumoniae. In general, oral amoxicillin is used for milder 
cases, especially for those who do not require hospitalization (Atkinson et al. 2007a, 
Bradley et al. 2011, Harris et al. 2011), whilst intravenous therapy, usually benzyl 
penicillin or ampicillin, is administered in more severe cases needing hospitalization 
(Nascimento-Carvalho and Nascimento-Carvalho 2019). In a randomised controlled 
equivalence trial by Atkinson et al., oral amoxicillin was shown to be as effective as 
intravenous benzyl penicillin in most children admitted to hospital with pneumonia, 
but most severe cases were excluded in this study (Atkinson et al. 2007b). 
Macrolides are used as monotherapy or combined with beta-lactam antibiotics if M. 
pneumoniae infection is likely (Bradley et al. 2011). Current recommendations for 
the optimal duration (7–10 days) of antibiotic treatment for CAP are based on sparse 
evidence (Bradley et al. 2011, Le Saux and Robinson 2015). In a recent double-
blinded clinical trial, a short-course (5 days) antibiotic therapy with high-dose 
amoxicillin appeared to be comparable to the standard care (10 days) for the 
treatment of previously healthy children with CAP not requiring hospitalization 
(Pernica et al. 2021). Other studies with similar results stand for a shorter (3–5 days) 
antibiotic course, but there are many limitations concerning the definition of 
pneumonia, the lack of chest radiographs, variations in disease severity or the high 
proportion of probable viral pneumonias (Greenberg et al. 2014, Bielicki et al. 2021, 
Pernica et al. 2021, Kuitunen et al. 2022, Li et al. 2022, Williams et al. 2022). 
Withholding antibiotic treatment in LRTIs is increasingly considered, but severe 
pneumonia and empyema remain therapeutic emergencies (Cohen et al. 2017). In 
other LRTIs than pneumonia, antibiotic treatment has not been shown to enhance 
recovery (Little et al. 2021). 

Supporting care includes bed rest, maintenance of cleared upper airways, and 
adequate intake of fluids, electrolytes, and calories. In case of hypoxia, simple 
oxygen administration via nasal cannulae or mask, or ventilatory support with high-
flow nasal oxygen or non-invasive ventilator, such as continuous positive airway 
pressure (CPAP), is necessary. In severe cases, initiation of invasive mechanical 
ventilation should be considered.  

Anti-influenza agents such as oseltamivir are used for influenza pneumonia, but 
otherwise antiviral therapies are not available, even though CAP has a viral aetiology 
in many patients. Adjunctive corticosteroid therapy is not recommended routinely, 
not even in complicated CAP (Tagarro et al. 2017), neither are intravenous 
immunoglobulins for immunocompetent children or monoclonal or polyclonal 
antibodies.  

Vaccines against S. pneumoniae and H. influenzae type b have played an 
important role in pneumonia prevention. Moreover, an annual influenza vaccination 
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reduces risk of pneumonia as a complication of influenza. Palivizumab for certain 
infants and children with increased risk of severe RSV infection is justifiable. 
Overall, non-pharmaceutical preventive methods, including hand hygiene, social 
distancing, and use of respiratory masks, are effective methods in avoiding 
respiratory infections (Jacobs et al. 2013). 

2.7 Outcome and complications 
The great majority of children with uncomplicated pneumonia have no long-term 
sequelae and make a complete recovery (Virkki et al. 2005, Harris et al. 2011). 
However, childhood pneumonia may be associated with asthma, impaired airway 
function and chronic respiratory symptoms and could be a marker for a group of 
children at risk of chronic respiratory disease, both obstructive and restrictive lung 
disease (Gold et al. 1989, Johnston et al 1998, Castro-Rodríguez et al. 1999, Virkki 
et al. 2005, Eastham et al. 2008, Edmond et al. 2012, Chan et al. 2015, Rantala et al. 
2015, Collaro et al. 2021). Severe respiratory infection may impair lung growth when 
occurring at the time of rapid lung development (Johnston et al. 1998). In a study by 
Castro-Rodríguez, 26% of children with radiologically confirmed uncomplicated 
pneumonia during the first three years of life had physician-diagnosed asthma at the 
age of 11 years (Castro-Rodríguez et al. 1999). Similarly, in a recent study by Collaro 
et al., pneumonia before five years of age was associated with an increased risk of 
childhood asthma (Collaro et al. 2021). 

In a recent study creating risk models for severe pneumonia in children (<18 
years), the strongest predictors of severe outcome were extremes of age, vital signs, 
chest indrawing, and radiological infiltration pattern (multilobar or nonlobar 
infiltrates) (Williams et al. 2016). Delayed or inadequate antimicrobial therapy can 
lead to poor outcomes. About 3% of CAP cases in children become complicated 
(Legg and Rampton 2020). Complications of pneumonia should be suspected if there 
is no response to appropriate antibiotic treatment within 48–72 hours (Balfour-Lynn 
et al. 2005, Lahti et al. 2007). Early detection of treatment failure is crucial. 
Complications of CAP can be local/pulmonary, such as parapneumonic effusion, 
empyema, necrotising pneumonia, or lung abscess, or systemic, such as bacteraemia, 
multiorgan failure, acute respiratory distress syndrome, or disseminated 
intravascular coagulation (Pabary and Balfour-Lynn 2013, de Benedictis et al. 2020). 
Death due to complicated pneumonia in children is fortunately rare. S. pneumoniae 
and S. aureus are the most common causative organisms of complicated CAP 
(Azzari et al. 2019, Liese et al. 2019). Extensive destruction and liquefaction of lung 
tissue are characteristics for necrotising pneumonia, the incidence of which is up to 
7% of CAP cases in children (Masters et al. 2017). Despite its severe nature, 
necrotising pneumonia usually has a good long-term recovery (Masters et al. 2017).  
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2.7.1 Empyema 
Pleural effusion can be exudative, fibrinopurulent, or organized with fibroblastic 
activity and peel formation. Empyema, simply described as pus in the pleural space, 
is an advanced stage of parapneumonic effusion. The dysregulation of hydrostatic 
and oncotic pressure balance between the systemic and pulmonary circulations and 
the pleural space, and obstruction of lymphatic drainage contribute to the pleural 
fluid accumulation (Feller-Kopman and Light 2018). Inflammatory markers, 
primarily high systemic immune-inflammation index (SII = peripheral blood platelet 
x neutrophil/lymphocyte counts (cells/L)), low lymphocyte-monocytes ratio, high 
CRP, and high absolute neutrophil count, can be useful in differentiating empyema 
from parapneumonic effusion (Güneylioğlu et a. 2022). 

In the past few decades, the incidence of empyema in children has increased 
worldwide (Byington et al. 2002, Lahti et al. 2007, Byington et al. 2010, Grijalva et 
al. 2011). Moreover, the introduction of the 7-valent PCV (PCV7, which covers 
serotypes 4, 6B, 9V, 14, 18C, 19F, 23F) was still associated with an increased 
incidence of empyema, obviously due to the non-vaccine serotypes, while the 
incidence of CAP declined (de Benedictis et al. 2020). In Utah, after the licensure of 
PCV7 in 2000, empyema was detected in even 36% of children with pneumonia 
treated in a hospital in 2007 (Byington et al. 2010). When the PCV7 was globally 
replaced with the 13-valent PCV (PCV13, which also covers serotypes 1, 3, 5, 6A, 
7F, 19A), the incidence of empyema declined substantially (Wiese et al. 2016, Diaz-
Conradi et al. 2019, Liese et al. 2019). After the 13-valent PCV implementation, 
group A streptococcus became the leading cause of empyema (45%), while 
pneumococcal infections decreased significantly (from 79% to 36%, p<0.001) 
(Madhi et al. 2019). However, as a proportion of all paediatric intensive care unit 
admissions, empyema admissions were noticed to increase in the post-PCV13 era 
(Subhi et al. 2022). In Germany, the incidence of parapneumonic pleural effusion or 
empyema decreased from 2009 to 2013 (general immunization with PCV13 since 
2009) but then subsequently increased until 2018 (Sorg et al. 2021). 

Prolonged fever, tachypnoea, pain on abdominal palpation, and high serum CRP 
levels are clinical predictors for parapneumonic empyema in children (Lahti et al. 
2007). Bacterial pneumonia and preadmission ibuprofen usage have been identified 
as risk factors for the development of parapneumonic empyema in children 
(Elemraid et al. 2015). 

Systemic antimicrobials directed primarily at S. pneumoniae and S. aureus (e.g. 
intravenous penicillin or cefuroxime combined with clindamycin) are the basis of 
the treatment, combined with interventional procedures if needed. In symptomatic 
effusions, pleural drainage should be performed (Balfour-Lynn et al. 2005, Sahn 
2007), and the use of intrapleural fibrinolytics may enhance recovery (Islam et al. 
2012). If these non-operative interventions are insufficient, video-assisted 
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thoracoscopic surgery (VATS) might be necessary to advance the resolution of 
empyema (Pacilli and Nataraja 2019), and thoracotomy, or a mini-thoracotomy from 
a smaller incision, is rarely indicated. The need of supportive therapy with oxygen, 
mechanical ventilator, or nutrition must be actively assessed. 

Only few studies have investigated the long-term anatomical and functional 
consequences in the lungs after empyema (McLaughlin et al. 1984, Redding et al. 
1990, Kohn et al. 2002, Satish et al. 2003, Cohen et al 2012, de Benedictis et al. 
2019, Maffey et al. 2019). Previously reported complications of empyema include 
chest wall shape abnormality, pleural thickening, and abnormalities in lung function 
(McLaughlin et al. 1984, Redding et al. 1990, Kohn et al. 2002, Bradley et al. 2011, 
Harris et al. 2011). Long-term clinical outcome of paediatric pleural empyema is 
good in most cases, although pleural thickening was found in chest radiograph in 
85% of patients 1–6 months after discharge from hospital (Cohen et al 2012). Pleural 
thickening detected by chest radiograph has been observed to resolve over a period 
of 2–16 months (Satish et al. 2003). British Thoracic Society guidelines recommend 
that children with empyema should be followed-up after discharge until they have 
recovered completely and their chest radiograph has returned to near normal 
(Balfour-Lynn et al. 2005, Harris et al. 2011).  
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3 Aims 

The main purpose of this thesis was to evaluate the microbial diagnostics of 
pneumonia, to assess the role of RV in CAP and biomarker levels in RV-pneumonia, 
and to study the recovery of children after complicated CAP. 
 
The specific aims of the study were:  

1. to evaluate thoroughly the roles of all of the most common respiratory 
micro-organisms in the aetiology of CAP, and to determine the prevalence 
of mixed viral-bacterial infections. (I) 

2. to assess the risk factors for, clinical characteristics and prevalence of RV-
associated pneumonia in children. (II) 

3. to establish the levels of viral and bacterial biomarkers in RV-associated 
pneumonia in children. (III) 

4. to investigate the recovery of children hospitalized with severe CAP 
complicated by empyema. (IV) 
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4 Materials and Methods 

4.1 Subjects and study design 
The thesis consists of four studies carried out at the Department of Paediatrics and 
Adolescent Medicine, Turku University Hospital, Turku, Finland. The number of 
patients in each study and the study periods are listed in Table 4. In all studies, 
pneumonia was defined as the presence of alveolar or interstitial pneumonic 
infiltrates on the chest radiograph with simultaneous signs and/or symptoms of an 
acute infection. In study IV, the criteria for parapneumonic empyema were the signs 
and symptoms of acute infection, radiological evidence of pneumonia and pleural 
fluid, and the detection of purulent pleural fluid by pleural puncture. Tachypnoea 
was defined (in study II) as respiratory rate >60/min in infants younger than 2 months 
of age, >50/min in infants from 2 to 12 months, >40/min in children from 1 to 5 years 
and >30/min in children 6 years of age or older. 

Table 4.  Study populations. 

 Population Age criteria Time of admission 

Study I 76 children with CAP 6 months – 15 years Jan 2006 – Apr 2007* 

Study II 313 children with CAP <18 years 2003–2014 

Study III 24 children with CAP** <16 years May 2014 – Dec 2015 

Study IV 26 children with parapneumonic 
empyema*** 

<16 years Jan 1991 – Feb 2007 

* The Paediatric Infectious Disease Ward of Turku University Hospital 
** Patients with any severe underlying condition were excluded. 
*** Of the 37 empyema patients eligible for the study, 2 had died due to causes unrelated to 
empyema, 2 were too young to undertake spirometry and MRI, 2 had a chronic neurological illness 
and 5 were not reached, resulting in a study population of 26 persons. 

 
In study II, we searched the Electronic Registry of the Turku University Hospital 

for International Classification of Diseases (ICD-10) codes related to pneumonia 
(J12–18, J10.0, J11.0, J85, J86, J90) to identify children who were hospitalized with 
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CAP. Of this patient population, we identified those with a diagnostic PCR test for 
RV performed during the hospitalization for CAP.  

In study III, we added a comparison group of children with a RV-positive upper 
respiratory tract infection (URTI) from the study by Toivonen et al. to evaluate the 
role of MxA (Toivonen et al. 2015). From that study population, we included all RV-
positive children who had respiratory symptoms, no other viral findings, and no signs 
of bacterial co-infection (CRP <20 mg/L and normal WBC count [5.0–15.0 × 
109/L]), resulting in a comparison group of 13 children. Children with RV-positive 
pneumonia were separately compared to children with pneumonia positive for 
another respiratory virus, excluding a child positive for RV and another virus, and to 
the comparison group of children with RV-positive URTI.   

4.2 Data collection (I–IV) 
The medical records of the study children were reviewed to collect the clinical and 
background data. In addition, in study III, enrolled children with their caregivers 
were interviewed with the use of a structured questionnaire, and in study IV, patients 
underwent a detailed interview with a standardized respiratory questionnaire and a 
complete physical examination at the control visit.  

4.3 Sputum samples (I) 
Sputum production was induced by inhalation of 5.0% hypertonic saline solution. 
The sputum sample was obtained by aspirating through the nostrils in 69 (91%) 
children and by expectoration in 7 (9%) children who were old enough to produce 
an adequate sputum sample. A good-quality sputum sample with 25 leukocytes per 
low-power field was obtained from 76 of 133 children otherwise eligible for the 
study. The details of the sputum collection method have been described previously 
by Lahti et al. (Lahti et al. 2009).  

4.4 Viral detection (I–III) 
Different viral detection methods were conducted as listed in Table 5, using sputum 
samples in study I, nasal swabs in study III, and variable samples in study II. In study 
II, viral detection methods were used in accordance with the clinical practices at the 
time of admission. In study III, nasal swab (Copan, Brescia, Italy) samples for viral 
detection were collected on admittance, and RV-positive patients were followed 
weekly by nasal swabs until negative for RV. RV PCR Ct values, which are inversely 
proportional to the viral loads, were determined in study III and compared between 
children with pneumonia and URTI. 
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Table 5.  Viral detection methods. 

Method Viruses studied Performed as 
described previously 

Study 

In-house end-point RT-
PCR 

RV, EV Lönnrot et al. 1999 II 

Multiplex RT-PCR for 12 
viruses* 

AdV, influenza A and B viruses, 
RSV A and B, HMPV, PIV types 
1, 2 and 3, RV A and B, CoV 
229E/NL63 and OC43/HKU1 

 I, II 

Multiplex RT-PCR for 16 
viruses** 

Those listed in multiplex RT-
PCR for 12 viruses, and PIV 
type 4, RV C, EV, HBoV 

 II, III 

Real-time PCR AdV Supporting Information 
of study I 

I 

Real-time PCR HBoV Lahti et al. 2009 I 

Real-time RT-PCR EV, RV, RSV Peltola et al. 2008, 
Österback et al. 2013 

I–III 

Real-time RT-PCR HMPV Lahti et al. 2009 I 

Real-time RT-PCR Human parechoviruses Benschop K et al. 2008 I 

Real-time RT-PCR PIV4, influenza C virus Supporting Information 
of study I 

I 

Sequence analysis RV species determination Peltola et al. 2008 I, III 

Viral antigen detection 
by time-resolved 
fluoroimmunoassay 

Influenza A and B viruses, PIV 
types 1, 2 and 3, RSV, AdV 

Lahti et al. 2009 I 

* Seeplex RV12 ACE Detection; Seegene, Seoul, Korea 
** Anyplex RV16 Detection; Seegene, Seoul, Korea 

4.5 Bacterial detection (I, III) 
In study I, gram staining (standard method), semiquantitative bacterial culture 
(standard method), quantitative S. pneumoniae PCR on S. pneumoniae culture 
positive samples, and M. pneumoniae PCR on sputum specimens and the IgM 
immunoassay test for M. pneumoniae were previously performed as described by 
Lahti et al. (Lahti et al., 2009). We completed these bacterial studies by multiplex 
PCR (Prove-It Sepsis) searching for respiratory bacteria (S. pneumoniae, H. 
influenzae, S. aureus and S. pyogenes), performed by the manufacturer at Mobidiag 
(Helsinki, Finland) for 14 samples with negative results or only normal/mixed flora 
found in previous bacterial studies. All of the patients were previously immunized 
against H. influenzae type b, and therefore only non-typeable serogroups of H. 
influenzae were studied.  
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In study III, S. pneumoniae, H. influenzae, M. catarrhalis, and S. aureus were 
cultured from nasopharyngeal swab (Copan) samples. Bacterial blood culture, S. 
pneumoniae antigen test from urine, and serum M. pneumoniae antibodies were also 
studied. 

4.6 Other laboratory tests (III, IV) 
In study III, the concentration of MxA was determined in a whole blood sample 
collected on the first morning after admittance. Blood was diluted 1:20 in hypotonic 
buffer and stored at -70 ◦C until measurement of the MxA level by an enzyme 
immunoassay as described earlier (Toivonen et al. 2015). WBC, plasma CRP levels, 
and plasma PCT levels were determined by routine laboratory methods on 
admittance, on the following morning, and again if clinically needed. 

In study IV, complete blood count, serum IgG, IgA, and IgM levels, IgG subclass 
levels, and IgG antibody responses to tetanus immunization were studied at the 
Laboratory of Turku University Hospital, and the results were compared to standard 
age-related values. The complement function was measured using standard protocols 
for the classical pathway, the alternative pathway, and the lectin pathway (COMPL 
300 Wielisa kit, Wieslab, Lund, Sweden). The cutoff levels for the decreased activity 
of the complement were 60% for the classical pathway, 40% for the alternative 
pathway, and 10% for the lectin pathway. Serum MBL concentration and MBL 
genotyping were studied at the Department of Medical Microbiology, University of 
Turku. The wild type of MBL2, the gene for human MBL, was referred to as A, and 
the MBL2-coding region variants were referred to as B, C, or D, based on the 
location of the gene variation. Serum MBL levels less than 0.8 mg/L were considered 
abnormally low. 

4.7 Radiology (IV) 
Contrast medium-enhanced lung MRIs were obtained with a Siemens 1.5-T MR 
imager (Magnetom Avanto, Siemens, Erlangen, Germany) without general 
anaesthesia as described earlier (Peltola et al. 2008). All MRIs were reviewed by one 
paediatric radiologist (E.S.) using Kodak Carestream 5.0 software (Eastman Kodak, 
Rochester, NY) and standard soft-copy reading techniques. Images were evaluated 
particularly for pleural scarring/thickening, nodules, micronodules (<5 mm), 
peribronchovascular changes, linear consolidation, mediastinal shift, and 
mediastinal organs. According to their importance and extent, MRI findings were 
classified into three groups: (0) no findings, (1) moderate findings, and (2) 
significant findings. Pleural scarring was considered significant if it extended over 
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10 mm. Contraindications for MRI were implanted devices or foreign bodies, the 
possibility of being pregnant, an age of less than 5 years and the lack of co-operation. 

Chest radiographs and computed tomography scans of the study patients during 
empyema were re-reviewed by one paediatric radiologist (R.V.) to see how many 
patients had necrotizing pneumonia or lung abscess in addition to empyema. 
Radiographic findings of necrotizing pneumonia included the destruction of lung 
parenchyma, loss of contrast enhancement (indicating devitalized tissue), and the 
development of multiple thin-walled (<2 mm) fluid- or air-filled cavities lacking an 
enhancing border (Donnelly and Klosterman 1998). Lung abscess was defined as a 
thick-walled (>2 cm) cavity with an enhancing border and loss of normal architecture 
in the surrounding parenchyma (Donnelly and Klosterman 1998).  

The follow-up chest radiographs included in this study were obtained using 
Canon DR imaging systems (Canon CXDI-40C and CXDI-31; Canon, Medical 
Equipment Group, Tochigi, Japan), and each follow-up chest radiograph was 
reviewed by a paediatric radiologist at the Department of Paediatric Radiology, 
Turku University Hospital. 

4.8 Lung function tests (IV) 
Forced expiration volume in 1 sec (FEV1) and forced vital capacity (FVC) were 
obtained with a Jaeger Masterlab spirometre (Jaeger AG, Würzburg, Germany) using 
the best three efforts. A bronchodilator challenge was carried out after determination 
of the baseline. Three doses of salbutamol (0.2 mg/dose) were administered by an 
inhaler (Buventol Easyhaler; Orion Corporation, Espoo, Finland). After 15 min, a 
re-measurement of pulmonary function was carried out in the same manner as above. 
After the bronchodilator challenge, any changes in FEV1 and FVC of >12% or >200 
ml were considered clinically significant. The results were compared to the age-, 
height-, and weight-related standard values of the Finnish people (Koillinen et al. 
1998). 

4.9 Statistical analysis 
Descriptive statistics are given as proportions, medians, or means with ranges, 
interquartile ranges (IQR), or standard deviations (SD). The statistical analyses were 
performed with SAS version 9.2 and 9.4 (SAS Institute Inc., Cary, NC, USA) or 
SPSS version 23.0 (IBM SPSS Statistics, IBM Corp., Armonk, NY, USA). 

In study I, univariate associations between age and the frequency distribution of 
viral and bacterial pathogens were analysed with logistic regression. Univariate 
associations between the distributions of viral, bacterial, and mixed viral–bacterial 
detections and the clinical picture of illness were studied with multinomial logistic 
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regression analysis. A multiple multinomial logistic regression analysis was 
performed with all of the predictor variables (age, a WBC count and a serum CRP 
level on admission, and the highest fever during stay at hospital) simultaneously. 
Associations between viral, bacterial, and mixed viral–bacterial detections and the 
chest radiograph were studied with Fisher’s exact tests. For children with at least one 
virus, the univariate association between predictor variables and number of viruses 
was studied with logistic regression analysis. Thereafter, a multiple logistic 
regression analysis was performed with all of the predictor variables simultaneously. 
The clinical pictures of the most commonly found combinations of viruses and 
bacteria (the three most common viruses (RV, HBoV and HMPV) with one or more 
bacteria, and the three most common bacteria (S. pneumoniae, H. influenzae and M. 
catarrhalis) with one or more viruses) were compared by using one-way analysis of 
variance for continuous variables and Fisher’s exact tests for chest radiographs. M. 
pneumoniae serology results were excluded from our statistics, as they were 
available in only 47% of the study population. 

In study II, the χ2 test or Fisher’s exact test were performed to compare 
proportions between the groups, and the Wilcoxon rank sum test was used to 
compare continuous data. A multivariate logistic regression analysis was conducted 
to examine the independent risk factors (age, sex, asthma or reactive airway disease, 
premature birth, neurological condition, cardiovascular disease, and atopic eczema 
or sensitization to aeroallergen) for RV-positive CAP.  

In study III, for continuous data, comparisons between two groups were 
performed by use of the t test. For categorical data, comparisons were performed by 
use of Fisher’s exact test.  

In study IV, basic descriptive values were calculated but no statistical tests were 
performed.  

4.10 Ethics 
The prospective studies (I, III, IV) were approved by the Ethics Committee of the 
Hospital District of South-West Finland. Signed, informed consent was obtained 
from the participant (in study IV, if ≥18 years of age) or the parent or guardian of 
each participating child before enrolment. 
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5 Results 

5.1 Viruses and bacteria in sputum samples of 
children with community-acquired pneumonia 

Respiratory microbes were detected in the sputum samples of 74 (97%) of the 76 
children studied. Viruses were identified by antigen detection and PCR, and bacteria 
by culture and PCR. Viruses were found in 55 (72%) and bacteria in 69 (91%). Both 
viral and bacterial pathogens were found in 50 (66%), and altogether 64 children 
(84%) had any co-detections (viral-viral, viral-bacterial, or bacterial-bacterial). 
Proportions of microbiological findings are shown in Figure 1. Two viruses were 
detected in 17 (22%) and three viruses in six (8%). One child had six microorganisms 
(H. influenzae, M. catarrhalis, S. pneumoniae, EV, HBoV, and RV) simultaneously 
detected, and altogether, seven children (9%) had two or three bacteria with two or 
three viruses co-detected. The detailed microbiological findings are listed in Table 2 
of original publication I. The mean age of the 76 study children was 4.7 years (SD 
±3.9 years). 

 
Figure 1.  Proportions of microbiological findings in induced sputum in children with community-

acquired pneumonia.  
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The most commonly detected viruses were RV (in 30% of the children), HBoV 
(in 18%), HMPV (in 14%), AdV (in 11%), PIV3 (in 8%), CoV (in 7%), and RSV (in 
7%) (Figure 2). Sequence analysis of 14 RV-positive samples revealed nine 
belonging to RV A species and five to RV C species. A few cases of influenza A 
virus (n = 3), EV (n = 2), human parechovirus (n = 2), PIV1 (n = 2), influenza B 
virus (n = 1), PIV2 (n = 1), and PIV4 (n = 1) were detected. The most common 
combination of viruses was HBoV–RV (n = 6), and as much as 79% of HBoV-
positive samples (vs. 57% of RV-positive samples) were also positive for other 
viruses, whereas HMPV and RSV were most commonly found as sole viral agents 
(64% and 60%, respectively). Viruses were detected in 80% of children <5 years of 
age.   

Bacterial detections were common, even though sputum samples were collected 
after the onset of intravenous antibiotic treatment in 34 (45%) of the studied children. 
The most commonly detected pathogen was S. pneumoniae (in 50% of the children), 
and 66% of S. pneumoniae -positive children had a concomitant viral detection. RV–
S. pneumoniae was the most commonly found combination of viruses and bacteria 
(n = 12). H. influenzae (in 38%), M. catarrhalis (in 28%) and S. aureus (in 13%) 
were other frequently detected bacteria (Figure 2). The most common combination 
of co-detected bacteria was S. pneumoniae with M. catarrhalis (n = 12). The 
multiplex PCR detected bacteria in 71% (10/14) of patients with negative bacterial 
culture results.  

5.1.1 Clinical, laboratory and radiological findings 
Significant differences in the clinical picture of pneumonia were not found between 
different aetiological groups (Table 6). Furthermore, the presence of a single versus 
multiple viruses as the aetiology was not associated with the clinical presentation. 
Interstitial infiltration (14%) on the chest radiograph indicated a sole viral or mixed 
viral–bacterial infection, whereas those with a sole bacterial infection had only 
alveolar infiltrations on the chest radiograph (Table 6). Of the 19 children with a sole 
bacterial detection, 89% had a CRP level ≥60 mg/L and 68% had a WBC count ≥15.0 
× 109/L on admission, whereas the same values of children with evidence of both 
viruses and bacteria were 64% and 50%, respectively. The only significant clinical 
distinction between different concomitantly detected micro-organisms was the 
higher WBC count of those with S. pneumoniae and one or more viruses compared 
to those with H. influenzae and one or more viruses (p=0.001) (Table 6). Treatment 
failure (fever ≥38ºC lasting for ≥48 h regardless of antibiotic treatment) occurred in 
six children (8%), and all of them had evidence of mixed viral-bacterial infection. 
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Figure 2. Frequencies of the most common viral (A), bacterial (B), and viral-bacterial (C) 

detections in children with community-acquired pneumonia. Total 76 patients. *M. 
pneumoniae was found altogether in 22% of those 36 patients who were studied both 
serologically and by PCR.  
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5.2 Characteristics of hospitalized rhinovirus-
associated community-acquired pneumonia in 
children 

During the years 2003–2014, 81–143 children per year needed hospitalization for 
CAP in Turku University Hospital (Turku, Finland) (Figure 3).  

 
Figure 3.  The number of pneumonia inpatients stratified by RV status during the years 2003–

2014. The percentage over the bar indicates the proportion of RV-positive patients 
among those who where studied for RV. Modified from original publication II. 

The collection of the final study population is shown in Figure 4. Of 1270 
inpatients, 25% had PCR diagnostics for RV done during the hospitalization, and in 
26% of them, RV was detected. RV pneumonia was shown to have a peak of 
occurrence in October (Figure 5). Other viruses were detected by PCR in 13 (16%) 
of 82 children positive for RV and in 45 (19%) of 231 children negative for RV. 
Pathogenic bacteria were detected in the blood culture of five children: 1 RV-
positive and 3 RV-negative children had S. pneumoniae and 1 RV-negative child had 
S. pyogenes bacteraemia. 
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Figure 4.  The enrolment of children with RV-associated community-acquired pneumonia. 

 
Figure 5.  The total number of pneumonia inpatients studied for RV per month from 2003 to 2014, 

and numbers of RV-positive and RV-negative patients.  

The median age of the final study population (n = 313) was 3.1 (IQR 1.5–7.4) 
years (Table 7). RV-positive children were younger than RV-negative children 

Children with CAP, n = 2484 

Inpatients, n = 1270 (51%) • Outpatients, n = 1214 (49%)

RV diagnostics done, 
n = 313 (25% of 1270) • = The final study population

RV positive, n = 82 
(26% of 313)

• RV negative, n = 
231 (74% of 313)
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(median age 2.6 [IQR 1.1–4.6] years vs. 3.5 [IQR 1.7–8.3] years, p = 0.002). A total 
of 171 (55%) were males and 142 (45%) females. 

RV-positive children had a history of preterm birth more frequently than RV-
negative children (16% vs. 5%, p = 0.002 in the univariate analysis; odds ratio (OR) 
2.89, 95% confidence interval (CI) 1.21–6.92, p = 0.017 in the multivariate logistic 
regression analysis) (Table 7). At the time of admission, asthma was diagnosed in 
15% and atopic eczema or sensitization to aeroallergen in 27% of RV-positive 
children, while the occurrence in RV-negative children was 12% and 19%, 
respectively (no statistically significant differences, Table 7). 

The clinical features and laboratory findings of pneumonia in RV-positive and 
RV-negative children are compared in Table 8. Although fever and cough were 
certainly the most common symptoms in all children, fever was documented less 
frequently in RV-positive than in RV-negative children (84% vs. 97%, p < 0.001). 
RV-positive children had a shorter duration of symptoms before referral than RV-
negative children (median 3 [IQR 1–7] days vs. 5 [IQR 2–8] days, p = 0.006). The 
WBC count determined on admission was higher in RV-positive than in RV-negative 
children (median 16.4 [IQR 12.2–25.0] × 109/L vs. 14.1 [8.5–20.4] × 109/L, p = 
0.002), whereas CRP concentrations did not differ significantly (Table 8). The 
above-mentioned findings (significant differences associated with age, a history of 
preterm birth, the duration of symptoms before referral, the frequency of fever, and 
the median WBC count) remained similar when compared sole RV-positive children 
(no other viruses detected) (n = 69) with virus-negative children (n = 186). 

The outcomes of pneumonia were similar in children with or without RV (Table 
8). The median duration of hospitalization was 2 days. Compared to RV-negative 
children, RV-positive children more often needed intensive care unit admission 
(20% vs. 15%), oxygen supplementation (34% vs. 27%), and invasive mechanical 
ventilation (10% vs. 5%), but the differences were not statistically significant. All 
patients were treated with antibiotics during hospitalization, and 13% of RV-positive 
and 21% of RV-negative children had antimicrobial therapy initiated before referral 
to the hospital. Complicated pneumonia was documented in 6% of RV-positive and 
in 9% of RV-negative patients. The total mortality rate was 0.3% with one death in 
the RV-negative group; a 1-year-old boy with no underlying conditions, positive for 
influenza B and adenovirus, died of pneumonia after 5 days of hospital treatment. 
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Table 8.  Clinical features, laboratory results and outcomes of children with community-acquired 
pneumonia requiring hospitalization; RV-positive patients compared to RV-negative 
patients. Modified from original publication II. 

Clinical features, laboratory results and outcomes RV-positive, 
N = 82 

RV-negative, 
N = 231 

P-value 

Clinical features – no. (%)    

   Cough 58 (71) 185 (80) 0.081a 

   Fever 69 (84) 223 (97) <0.001a 

   Tachypnoea 25 (30) 67 (29) 0.800a 

   Dyspnea or shortness of breath 29 (35) 65 (28) 0.220a 

   Rhinitis or nasal congestion 36 (44) 83 (36) 0.201a 

   Sore throat or hoarse voice 7 (9) 13 (6) 0.355a 

   Headache 7 (9) 23 (10) 0.708a 

   Muscle pain 5 (6) 10 (4) 0.550b 

   Chest pain or abdominal pain 12 (15) 42 (18) 0.465a 

   Vomiting 24 (29) 69 (30) 0.918a 

   Otitis media 17 (21) 67 (29) 0.146a 

   Abnormal breath sounds 52 (63) 151 (65) 0.750a 

   Crackles 37 (45) 99 (43) 0.722a 

   Decreased breath sounds 17 (21) 58 (25) 0.425a 

   Wheezing 10 (12) 26 (11) 0.819a 

   Duration of symptoms before referral, days – median (IQR) 3.0 (1.0–7.0) 5.0 (2.0–8.0) 0.006c 

   Antibiotic treatment received before referral – no. (%) 11 (13) 49 (21) 0.123a 

Laboratory results    

   WBC count on admission, ×109/L – median (IQR)d 16.4 (12.2–25.0) 14.1 (8.5–20.4) 0.002c 

   Highest WBC count, ×109/L – median (IQR)e 17.4 (13.4–25.1) 14.8 (9.5–20.6) 0.003c 

      0–3.9 ×109/L – no. (%) 1 (1) 4 (2)  

      4–14.9 ×109/L – no. (%) 28 (35) 112 (49)  

      ≥15 ×109/L – no. (%) 52 (64) 113 (49)  

   CRP on admission, mg/L – median (IQR)f 79 (20–192) 87 (25–181) 0.998c 

   Highest CRP, mg/L – median (IQR)g 86 (28–192) 100 (30–214) 0.582c 

      <20 mg/L – no. (%) 18 (22) 44 (19)  

      20–39 mg/L – no. (%) 8 (10) 25 (11)  

      40–79 mg/L – no. (%) 13 (16) 30 (13)  

      ≥80 mg/L – no. (%) 42 (52) 131 (57)  
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Outcomes    

   Length of stay, days – median (IQR) 2.0 (1.0–4.0) 2.0 (1.0–3.0) 0.802c 

   Intensive care unit admission – no. (%) 16 (20) 35 (15) 0.358a 

   Oxygen supplementation – no. (%) 28 (34) 63 (27) 0.239a 

   Invasive mechanical ventilation – no. (%) 8 (10) 11 (5) 0.112b 

   Lung abscess, necrotising pneumonia or empyema – no. (%) 5 (6) 20 (9) 0.473a 

   Death in the hospital – no. (%) 0 (0) 1 (0.4)  
a χ2 test. 
b Fisher’s exact test. 
c Wilcoxon rank-sum test. 
d Data available on 80 RV-positive and 228 RV-negative children. 
e Data available on 81 RV-positive and 229 RV-negative children. 
f Data available on 79 RV-positive and 228 RV-negative children. 
g Data available on 81 RV-positive and 230 RV-negative children. 

5.3 Biomarkers of viral and bacterial infection in 
rhinovirus pneumonia 

RV was detected in 29% and any viruses in 71% of the 24 study children (12 females 
and 12 males) hospitalized for CAP. The median age was 3.3 years (IQR 2.3–6.6 
years). One patient had two concomitant viruses (RV and AdV). The rapid virus 
antigen detection test showed only one viral finding (RSV), which was also detected 
by viral multiplex-PCR and RT-PCR for EV, RV, and RSV. Of 7 RV-positive cases, 
4 had RV-A and 2 had RV-C (Table 9). In the follow-up of RV-positive patients, 4 
of 7 were negative for RV one week after the first sample, and after two weeks all 
were negative for RV.  

Blood MxA concentration was measured from 6 children with RV pneumonia 
and no other viral findings (median age 1.6 years). It was detectable in all cases but 
concentrations were low varying from 70 ug/L to 450 ug/L (median 100 ug/L). The 
levels were lower than in those 10 with another virus (median 495 μg/L, range 70–
1620 μg/L, p = 0.034) (Table 10). The median MxA level in children without any 
viral detections was 120 ug/L (range 110–230 ug/L). Children with RV-positive 
pneumonia had also lower MxA levels than children with RV-positive URTI 
(median 620 μg/L, range 200–3120 μg/L, p = 0.011) (Table 11). The median Ct value 
for RV was lower (23.2) in children with RV pneumonia compared to children with 
RV URTI (28.7), suggesting higher viral load in children with pneumonia, but the 
difference was not statistically significant. The median age of the RV-positive URTI 
comparison group was 0.8 years. 

Biomarkers for bacterial infection were markedly increased in all 7 children with 
RV pneumonia: the median (range) of highest values for WBC count was 18.0 (10.3–
25.7) × 109/L, for CRP 290 (190–345) mg/L, and for PCT 6.61 (1.99–25.73) μg/L. 
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One RV-positive child had a blood culture positive for S. pneumoniae (Figure 6). In 
addition, the S. pneumoniae antigen test from urine was positive in 4, and potentially 
pathogenic bacteria (S. pneumoniae and/or M. catarrhalis) were detected from 
nasopharyngeal samples in 4 of 7 RV-positive children. Chest radiographs revealed 
alveolar changes (as shown in Figure 6) in 6 of 7 children with RV pneumonia. All 
RV-positive children were treated with antibiotics with rapid recovery (Table 9). 

The clinical characteristics of pneumonia were similar in RV-positive and other 
virus-positive children (Table 12). The most common symptoms were cough 
(100%), fever (96%), rhinitis (75%), and vomiting (71%). The median duration of 
symptoms before hospitalization and diagnosis of RV pneumonia was 2.5 days (IQR 
1.0–4.8 days) vs. 4.0 days (IQR 3.0–10.0) in children with other virus-positive 
pneumonia (p = 0.150). The median length of hospitalization was 2.0 days (IQR 1.8–
2.0 days) among RV-positive children and 1.0 day (IQR 1.0–2.0 days) among other 
virus-positive children (p = 0.041). 
 
 

Figure 6. A chest radiograph of a boy aged 5 
years and 9 months with CAP. Preceding 
symptoms were fever for 3 days, fatigue, poor 
appetite, abdominal pain, right-sided chest pain, 
and tachypnoea. On admission, CRP was 345 
mg/L, PCT 13.67 µg/L, WBC count 10.3 × 109/L, 
and MxA 70 µg/L. RV was positive from nasal 
swab, and S. pneumoniae was detected in blood 
and nasopharyngeal sample. The initial chest 
radiograph shows alveolar consolidation in the 
right lung and a small amount of pleural fluid. 
The boy was treated with intravenous penicillin 
G. After 2 days of treatment, the boy was 
discharged from hospital with a course of oral 
amoxycillin for 7 days. After hospitalization, the 
first follow-up nasal swab sample was negative 
for RV. Cough, hoarse voice, rhinitis, and nasal 
congestion lasted for 8 days. 
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Table 10.  The median (IQR) of the highest values for MxA, WCB, CRP, and PCT in RV-positive 
and other virus-positive children hospitalized for pneumonia (viral co-infections were not 
included). 

 RV positive (n = 6) Another virus positive (n = 10)* P-value** 

MxA (µg/L) 100 (93–218) 495 (108–855) 0.034 

WBC (×109/L) 17.9 (13.4–20.6) 13.7 (10.0–27.0) 0.724 

CRP (mg/L) 294 (239–335) 223 (112–284) 0.084 

PCT (µg/L) 6.61 (4.74–16.69) 2.29 (0.61–6.85) 0.058 

* RSV n = 3, HMPV n = 2, AdV n = 1, CoV n = 1, EV n = 1, HBoV n = 1, influenza A virus n = 1 
** t test 

Table 11.  Comparison of children with RV-positive pneumonia and children with RV-positive upper 
respiratory tract infection (URTI). Modified from original publication III. 

 RV-positive pneumonia, n = 6 RV-positive URTI, n = 13 P-value* 

Age, yr – median (IQR) 1.64 (1.06–3.77) 0.79 (0.64–1.09) 0.095 

Cycle threshold (Ct) 
value – median (IQR) 

23.2 (21.5–26.1) 28.7 (25.8–31.7) 0.135 

MxA, µg/L – median 
(IQR) 

100 (93–218) 620 (310–1120) 0.011 

* t test  

Table 12.  Symptoms of RV-positive and other virus-positive children with community-acquired 
pneumonia (viral co-infections were not included). 

Symptoms – no. (%) RV positive, n = 6 Another virus positive, n = 10 P-value* 

Cough 6 (100) 10 (100)  

Fever 6 (100) 9 (90) 1.000 

Rhinitis 6 (100) 8 (80) 0.500 

Vomiting 5 (83) 6 (60) 0.588 

Nasal congestion 5 (83) 6 (60) 0.588 

Dyspnea 3 (50) 3 (30) 0.607 

Hoarse voice 3 (50) 8 (80) 0.299 
* Fisher’s exact test  
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5.4 Long-term recovery after parapneumonic 
empyema in children 

The mean age of the 26 study patients (15 females and 11 males) was 4.4 years (SD 
±3.5 years) at the time of empyema, and 12.6 years (SD ±5.9 years) at the time of 
the follow-up visit. One child had empyema in both lungs, 14 only in the right lung, 
and 11 only in the left lung. In addition to pleural empyema, a lung abscess was 
found in one and necrotising pneumonia in six children. The mean duration of fever 
before hospitalization was 5.6 days (SD ±2.3 days), and the mean duration of 
hospitalization was 15 days (SD ±6.0 days). In addition to antibiotic treatment, all 
26 children were initially treated with at least one pleural puncture (n = 3) or pleural 
drainage (n = 23). Nine children (35%) were treated with fibrinolytics, ten (38%) 
underwent a thoracotomy, and ten (38%) required ventilator treatment. Detailed 
information on the treatments and microbial aetiology (most commonly S. 
pneumoniae [in 69%]) of our empyema study population is listed in Table 13. All 
children recovered uneventfully after hospitalization.  

All the 26 participants had normal findings in the physical examination at follow-
up 3–19 years (mean 8.2 years) later. In the interim, four of them had suffered from 
a second pneumonia but without empyema, and none had suffered from other severe 
infections or recurrent sinusitis. Six participants had the common cold at least five 
times per year. Three participants had atopic eczema at the time of follow-up visit. 

Subtle defects in immunity were detected in eight participants (31%) (Table 14). 
A mutation in the MBL gene was detected in seven, a low serum MBL level in four, 
and a decreased activity of the lectin pathway in five participants. One participant 
had a low level of IgG2 subclass (0.66 g/L). Six participants (23%) had elevated 
blood eosinophils (0.68–1.21 × 109/L), and two had mild neutropenia with otherwise 
normal laboratory test results. All the participants had serum IgG antibodies against 
tetanus. 

The chest radiograph showed abnormal findings in 36% (9/25) of study 
population, and all of them had findings also in the lung MRI (Table 14). The MRI 
revealed pleural scarring in 92% (22/24) of the children, six of which had significant 
pleural scarring (extension longer than 1 cm) and 16 had moderate pleural scarring. 
Four of the six subjects with significant findings in the MRI 4–11 years after 
empyema were treated with a thoracotomy during the acute phase of empyema. In 
addition to pleural scarring, abnormal findings in the lung tissue including 
micronodules <5 mm (n = 4), nodules (n = 1), linear consolidation (n = 2), and minor 
mediastinal shift (n = 1) were revealed by the MRI. Bronchiectasis was not seen in 
any participant. Of the six participants with a history of necrotising pneumonia and 
empyema, one had a subpleural micronodule and significant pleural scarring in the 
follow-up MRI, four had moderate pleural scarring, and one had no findings. 
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At the follow-up visit, spirometry was normal in 80% (20/25) of the study 
population; two participants had previously diagnosed asthma, two more participants 
had lung function values referring to asthma, and one had decreased lung volume as 
a result of lung resection. The mean FVC was 96% (range 78–121%) of the standard 
values before the bronchodilator challenge, and 96% (range 79–125%) after the 
bronchodilator challenge. The mean FEV1 before and after the bronchodilator 
challenge was 93% (range 80–117%), and 96% (range 84–112%), respectively. Of 
the six participants with significant pleural scarring, only one presented with 
abnormal spirometry test results. Continuous or recurrent respiratory symptoms were 
reported by 13 participants (50%); 11 of them (12 had MRI obtained) had moderate 
or significant scarring in the pleura, and 3 of them had an abnormal spirometry. 
Sixty-seven percent of those with significant scarring in the pleura reported 
persistent respiratory symptoms. 

Table 14.  The follow-up results of 26 empyema patients. 

Age at 
follow-
up 
(years) 

Time from 
empyema 
(years) 

Lung MRI 
finding 
(0=normal, 
1=moderate, 
2=significant) 

Chest 
radiograph 
finding 
(0=normal, 
1=abnormal) 

Lung function 
in spirometry 
(0=normal, 
1=abnormal) 

Persistent 
respiratory 
symptomsa 
(0=no, 1=yes) 

Abnormality in 
immunology 
testsb 
(0=normal) 

10,7 10,1 0 0 1 0 MBL-A/B, LP↓ 

8,8 8,1 0 0 0 1c 0 

6,3 5,4 1 0 0 1 (atopic 
eczema) 

0 

6,7 5,6 1 0 0 0 0 

8,2 7,1 1 1 0 0c 0 

9,0 7,6 2 1 0 0 0 (neut↓) 

10,7 9,3 1 0 0 1 0 (eos↑) 

7,1 5,4 1 0 0 0 0 

12,3 10,6 1 1 0 1 MBL-A/B, 
MBL↓, LP↓ 

12,7 10,9 2 1 0 0 0 (eos↑) 

8,9 6,5 2 1 0 1 MBL-A/B, 
MBL↓, LP↓ 

8,7 6,1 1 0 0 1 0 

6,2 3,2 1 0  0 IgG2↓  

20,1 17,0 1 0 0 1 (atopic 
eczema) 

0 
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Age at 
follow-
up 
(years) 

Time from 
empyema 
(years) 

Lung MRI 
finding 
(0=normal, 
1=moderate, 
2=significant) 

Chest 
radiograph 
finding 
(0=normal, 
1=abnormal) 

Lung function 
in spirometry 
(0=normal, 
1=abnormal) 

Persistent 
respiratory 
symptomsa 
(0=no, 1=yes) 

Abnormality in 
immunology 
testsb 
(0=normal) 

7,0 3,7 2 1 0 1 0 (eos↑) 

12,1 6,9 2 1 0 1 (atopic 
eczema) 

0 (eos↑) 

13,5 8,2 1 0 0 0 MBL-A/B, 
MBL↓, LP↓ 

11,5 6,1 1 0 0 0 MBL-A/B 

10,5 4,6 1 0 0 0 0 

15,2 9,0 1 0 0 1 0 

13,0 5,7 2 0 1  1 (asthma)c 0 (neut↓, eos↑) 

15,8 7,8 1 1 1 0 MBL-A/D 

18,7 9,1 1 0 1  1 (asthma)c 0 (eos↑) 

29,2 19,2   1 1d 1 MBL-B/D, 
MBL↓, LP↓ 

17,2 6,4 1 0 0 0 0 

27,0 14,5    0 0 0 
a such as impaired tolerance of physical distress or prolonged cough after a common cold 
b eos = eosinophils; IgG2 = immunoglobulin G2 subclass; LP = lectin pathway; MBL = mannose-
binding lectin, variants A/B/D; neut = neutrophils; ↑ = increased; ↓ = decreased 
c had suffered from a second pneumonia 
d decreased lung volume as a result of lung resection, other abnormalities of lung function were 
obstructive 
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6 Discussion 

6.1 Microbial aetiology of childhood community-
acquired pneumonia 

We showed that a potential pneumonia pathogen was detected from induced sputum 
in almost all (97%) children hospitalized for CAP, when comprehensively tested by 
PCR. Moreover, 84% of the cases were found to be associated with viral–viral, viral–
bacterial, or bacterial–bacterial co-detections. Similar results were reported in a South 
African study with both viral and bacterial pathogens detected in 87% of children with 
pneumonia, tested by PCR from nasopharyngeal swabs (Zar et al. 2016).  

Quantitative PCR is the most sensitive method for detecting respiratory 
pathogens, and it has displaced the conventional methods in pneumonia aetiology 
studies (Jartti et al. 2013). However, the interpretation of viral and bacterial 
detections is not straightforward and establishing causality is difficult. Viruses may 
be detected due to a concomitant URTI. Furthermore, RV and other respiratory 
viruses have often been detected in asymptomatic children (up to 60% in children 
<1 year of age) (van Gageldonk-Lafeber et al. 2005, Jartti et al. 2008b). However, 
prolonged shedding of RV does not occur in immunocompetent children, contrary 
to some other respiratory viruses, most typically, HBoV, which may show prolonged 
shedding for months after acute infection (Fry et al. 2007). The detection of some 
respiratory DNA viruses such as AdV, may not be indicative of a symptomatic 
infection as they can be found by PCR due to latency. Moreover, the virulence of 
certain bacteria, such as M. catarrhalis, is low and they are therefore less likely 
causes of pneumonia (Sy et al. 2010). 

Half of all children evaluated at the emergency department for CAP required 
hospitalization in our study (II), similarly as earlier reported in Finland (Jokinen et al. 
1993, Heiskanen-Kosma et al. 1998). However, a decreasing trend was observed from 
2008 to 2014 in the yearly number of children hospitalized for CAP. Worldwide, 
children´s hospitalizations for all-cause pneumonia as well as viral pneumonia has 
declined markedly after the introduction of PCVs (Fathima et al. 2018). A 10-valent 
PCV was included in the Finnish national immunization program for all children in 
2010. Viruses will probably become even more substantial causes of pneumonia in the 
future as pneumococcal pneumonia becomes less common due to vaccinations. 
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In recent years, increased attention has focused on viral pneumonia, and SARS-
CoV-2 and influenza virus pandemics have re-emphasised the importance of 
respiratory viruses as causes of severe pneumonia. In our study (I), viruses were 
identified in 72% of children hospitalized for CAP, which was the highest detection 
rate of viral aetiology reported theretofore (Juvén et al. 2000, Tsolia et al. 2004, Cilla 
et al. 2008, Nascimento-Carvalho et al. 2008, Cevey-Macherel et al. 2009). In 
subsequent studies, the viral detection rate has varied from 72 to 91% (Jain et al. 
2015, Rhedin et al. 2015, Nascimento-Carvalho et al. 2018a, Rueda et al. 2022). We 
detected two viruses in 22% of the cases and three viruses in 8%, and the mean age 
of children with multiple viral findings was 2.6 years. Previously, Cilla et al. have 
reported two viruses in 15% of studied children with pneumonia and three viruses in 
3%, and recently, Nascimento-Carvalho et al. reported two or more viruses 
simultaneously identified in 63% of 774 pneumonia patients, with the median age 
being 2.4 years (Cilla et al. 2008, Nascimento-Carvalho et al. 2018a). The most 
common viral-viral co-detection included HBoV and RV in our study. Of those with 
HBoV in the sputum, in nearly 80% of cases other viruses were also detected, which 
is in concordance with previous studies (Allander et al. 2007, Fry et al. 2007, 
Esposito et al. 2008, Garcia-Garcia et al. 2012).  

The most frequently detected viruses in our study (I) were RV, HBoV and 
HMPV, accounting for up to 57% of all viral detections. RV was detected in 26–
30% of childhood CAP cases in our three studies (I, II, III), which is in line with 
other studies of childhood CAP reporting the detection rate of RV from 14 to 45% 
(Juvén et al. 2000, Tsolia et al. 2004, Cilla et al. 2008, Hamano-Hasegawa et al. 
2008, Nascimento-Carvalho et al. 2008, Cevey-Macherel et al. 2009, O’Callaghan-
Gordo et al. 2011, Jain et al. 2015, Rhedin et al. 2015, Mancino et al. 2020, Pratt et 
al. 2022). Recently, RV has been identified in up to 46% of children with non-severe 
CAP (Nascimento-Carvalho et al. 2018a). The predominance of RV A species 
followed by RV C in our studies (I, III) is in concordance with other pneumonia 
studies in children (Esposito et al. 2012, Ahn et al. 2018, Ai et al. 2022). Our 
detection rates for HBoV (18%) and HMPV (14%) were also in line with earlier 
studies (3–14% and 7–13%, respectively), but RSV was detected at lower rates (7%) 
than reported by other studies (9–29%), as our study period was between two RSV 
epidemics (Juvén et al. 2000, Cilla et al. 2008, Hamano-Hasegawa et al. 2008, 
Nascimento-Carvalho et al. 2008, Samransamruajkit et al. 2008, Cevey-Macherel et 
al. 2009, Wolf et al. 2010, O’Callaghan-Gordo et al. 2011). In more recent studies, 
RSV, HMPV, and HBoV have been detected in up to 32%, 23%, and 22% of children 
with pneumonia, respectively (Rhedin et al. 2015, Nascimento-Carvalho et al. 
2018a). 

Thorough diagnosing of specific viral aetiology of pneumonia in the absence of 
effective antiviral drugs and vaccines against most respiratory viruses may seem 
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unnecessary. However, potential benefits of virus detection include at least: 1) the 
surveillance of local epidemiology of seasonal and emerging viruses, 2) better 
prediction of the clinical course of illness, 3) prevention of transmission by isolation 
or other methods, and finally, 4) identification of crucial targets for future 
investigations. Viral testing has been shown to have only a minimal impact on 
reducing antibiotic use in CAP (Schulert et al. 2014, Blatt et al. 2017, Rao et al. 
2021, Mattila et al. 2022). 

In addition to viral findings, PCR substantially broadened the detection rate of 
bacteria in sputum samples from children with CAP, resulting in the bacterial 
detection rate of 91%, and 41% of them included more than one bacterium. Negative 
results in the bacterial culture in the presence of a positive bacterial PCR result is 
most probably explained by the fact that nearly half of our study population had 
intravenous antibiotic treatment started before the collection of sputum samples. 

6.2 Mixed viral-bacterial pneumonia 
Two-thirds (66%) of our patients had viral–bacterial co-detections. Previous 
aetiological studies of childhood CAP have reported viral–bacterial co-detection 
rates between 15% and 33% (Juvén et al. 2000, Michelow et al. 2004, Tsolia et al. 
2004, Hamano-Hasegawa et al. 2008, Nascimento-Carvalho et al. 2008, Cevey-
Macherel et al. 2009, Lahti et al. 2009). Viral-bacterial co-infections are increasingly 
recognized and possibly associated with a more severe course of pneumonia or 
treatment failure, as in our study, particularly the combination of RV and S. 
pneumoniae (Juvén et al. 2000, Juvén et al. 2004, Jennings et al. 2008, Costa et al. 
2014, Brealey et al. 2015, Jain et al. 2015, Cawcutt and Kalil 2017, Nolan et al. 2018, 
Nathan et al. 2020, Yan et al. 2022). Concomitant viral and bacterial detections 
complicate the investigation of the role of each microorganism in the pathogenesis 
and clinical features of illness. 

A preceding viral infection can facilitate bacterial colonization to proceed to 
secondary bacterial infection. Several mechanisms as to how RV increases bacterial 
susceptibility have been presented, such as an increased permeability of the airway 
epithelium, and the release of inflammatory cytokines (Jacobs et al. 2013). In vitro, 
Ishizuka et al. found that the adhesion of S. pneumoniae to airway epithelial cells is 
stimulated by RV infection via increases in the platelet-activating factor receptors 
(Ishizuka et al. 2003). In a study by Passariello et al., over-expression of ICAM-1 
was one suggested mechanism by which RV infection increases the ability of S. 
aureus to internalize into pneumocytes (Passariello et al. 2006). It has been shown 
that RV exposure leads to the impairment of immune response to bacterial products 
and phagocytosis of bacteria in human macrophages (Oliver et al. 2008, Finney et 
al. 2019). In a recent ex vivo study by Wronski et al., RV was shown to replicate in 
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airway epithelial cells and genomic analyses revealed the induction of a type I IFN-
driven antiviral immune response and epithelial cell-associated pathways in response 
to RV infection (Wronski et al. 2021). A temporal association between RV 
circulation in the community and invasive S. pneumoniae infections has been 
reported in children (Peltola et al. 2011), and a seasonal peak in pneumonia incidence 
in winter coinciding with viral LRTIs has been reported (Ben-Shimol et al. 2015). 
Karppinen et al. have demonstrated that a symptomatic RV infection facilitates the 
acquisition of S. pneumoniae from the community and within-family pneumococcal 
transmission (Karppinen et al. 2017). In febrile infants, bacterial infection has been 
found more commonly in those with RV than those with other viruses detected 
(Blaschke et al. 2018). Viral co-infections are common in children with invasive 
pneumococcal disease and are possibly associated with higher mortality 
(Techasaensiri et al. 2010). Mixed influenza virus–S. aureus infection can cause 
severe, fatal pneumonia in children (Connor and Powell 1985, Thomas et al. 2003, 
Finelli et al. 2008, Reed et al. 2009). In a recent Malaysian study by Nathan et al., 
viral-bacterial co-detection in induced sputum of children hospitalized with 
pneumonia was associated with a higher CRP but no other markers of clinical 
severity (Nathan et al. 2020). Noteworthy in our study is the finding that all children 
with treatment failure (8% of the study population) had evidence of mixed viral-
bacterial infection. 

More severe clinical illness has been associated with viral-viral co-infections in 
some studies. Children with viral co-infections were hospitalized more frequently 
compared with those with a single virus in a Spanish study of more than 300 children 
with CAP (Cilla et al. 2008). Esposito et al. also found that HBoV co-infections with 
other viruses were associated with greater disease burden leading to more 
hospitalizations and absence from school in children with respiratory tract infection 
than in those with HBoV infection alone (Esposito et al. 2008). This fits with the fact 
that prolonged shedding of HBoV is common and the detection of HBoV does not 
necessarily signify HBoV infection. On the contrary, in a systemic review by Goka 
et al., multiple respiratory virus detection was not associated with disease severity or 
risk of pneumonia (Goka et al. 2014). Interestingly, a primary RV infection may 
even have a protective effect against other respiratory viruses, including SARS-CoV-
2, via stimulation of innate anti-viral immunity, potentially depending on RV 
subtypes (Esneau et al. 2022). 

6.3 Rhinovirus pneumonia 
We found that RV-positive pneumonia patients were younger than RV-negative 
patients. A recent multicenter case-control study from developing countries also 
showed the high frequency of RV detections in children <5 years of age hospitalized 
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with CAP (Bénet et al. 2017). In our study, RV-positive patients were considerably 
more often prematurely born than others. This is in agreement with the findings of 
Miller et al. (Miller et al. 2012). Prematurely born children may also be tested more 
actively for RV which may affect the generalizability of the results in study II. 
Several pathophysiological mechanisms have been proposed to explain the observed 
increased risk of respiratory disorders, including RV infections, following preterm 
birth. These include diminished immune responses, impaired lung fuction as well as 
virally activated inflammatory and airway re-modeling pathways (Townsi et al. 
2018). Interestingly, among preterm infants, gut microbiota modification with 
specific prebiotics and probiotics during the first months of life has been noticed to 
reduce the risk of RV infections (Luoto et al. 2014). The symptom profile is 
determined largely by the nature and extent of the immune response to the virus 
(Kennedy et al. 2012). 

In our study, RV pneumonias occurred year-round with peaks in autumn and 
spring, similar to earlier reports (Monto et al. 2002). Clinical features of pneumonia 
were similar in RV-positive and RV-negative children in our study. The most 
common symptoms were fever and cough in both groups. Interestingly, wheezing 
was not more prevalent among RV-positive children, though they had asthma 
slightly more often than RV-negative children. Most cases had high CRP and WBC 
levels and all were treated with antibiotics because of suspected bacterial pneumonia. 
The median WBC counts were even higher in the RV-positive than in the RV-
negative group (study II). Similarly, increased WBC levels have been earlier 
observed in RV-related LRTIs (Berce et al. 2015). RV-positive children in study III 
with one exception had alveolar changes in chest radiograph strongly supporting 
bacterial infections, and the clinical response to antibiotic treatment was rapid in all 
of them. One RV-positive child with interstitial infiltrates and remarkable respiratory 
symptoms might have had viral pneumonia with a systemic secondary bacterial 
infection like sepsis, though the bacterial blood culture of this child was negative. In 
our retrospective data (study II), the severity of pneumonia and the response to 
treatment were largely similar between RV-positive and RV-negative children. RV-
infected children slightly more often needed oxygen supplementation, treatment at 
the intensive care unit, and invasive mechanical ventilation, but the differences were 
not significant. Similar to our findings, Louie et al. found RV to be associated with 
a severe course of pneumonia in children (Louie et al. 2009). However, only few 
studies have investigated the clinical characteristics of RV pneumonia in children. 
In a study of Annamalay et al., no significant between-group differences were found 
considering the clinical, laboratory and microbial findings of RV-positive and RV-
negative children hospitalized with pneumonia (Annamalay et al. 2016). In a study 
of Ahn et al., younger age, shorter duration of fever, and higher frequencies of chest 
retraction and wheezing were associated with RV detections in children hospitalized 
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for acute LRTIs (Ahn et al. 2018). Baillie et al. have also reported wheezing to be 
more prevalent among RV-positive versus RV-negative children with pneumonia, 
and moreover, those with RV-C were more likely to present with wheezing 
compared to those with RV-A (Baillie et al. 2019, Baillie et al. 2021). Otherwise, 
only marginal differences have been reported in studies comparing children with 
LRTI (CAP or an unspecified LRTI) caused by different RV types (Xiang et al. 2008, 
Iwane et al. 2011, Esposito et al. 2012, Annamalay et al. 2016, Ahn et al. 2018, 
Baillie et al. 2019).  

The role of RV as a true pneumonia pathogen is debatable and sometimes 
considered to be overestimated (Hayden et al. 2004, Fry et al. 2011, Iwane et al. 
2011, Ruuskanen and Järvinen 2014, Shi et al. 2015, Spichak et al. 2016, Drysdale 
et al. 2017, Korppi 2017, Baillie et al. 2018). In common clinical settings, the 
identification of RV directly from the lungs is not feasible, and upper respiratory 
tract specimens are mainly used in pneumonia aetiology studies in children. 
However, a life-threatening case of pneumonia with RV as the only detected 
pathogen from specimens including bronchoalveolar lavage has been reported 
(Broberg et al. 2011), and, in post-mortem studies from children with pneumonia, 
RV has been isolated directly from the lung tissue (Las Heras and Swanson 1983, 
Imakita et al. 2000). In a recent case report of a 20-month-old child with 
parapneumonic empyema, RV was the only detected pathogen (Mann et al. 2020). 
RV has been detected from bronchoalveolar lavage from adults with severe CAP 
(Karhu et al. 2014, Wang et al. 2017, Ishiguro et al. 2019, Zhang et al. 2020, 
Morimoto et al. 2021). RV viremia has been observed particularly among CAP 
patients with RV-C (Fuji et al. 2011, Lu et al. 2017, Baillie et al. 2020). In a Swedish 
study comprising 121 CAP cases and 240 healthy controls, there were no significant 
differences in the RV findings between the cases and controls (23% vs 27%) (Rhedin 
et al. 2015). Of note, controls with respiratory symptoms reported within the last 7 
days were not excluded, and moreover, CAP cases had lower Ct values than controls 
indicating a higher viral load. In a recent Colombian study, 21% of 525 CAP cases 
and 10% of 61 healthy controls had RV detections (Rueda et al. 2022). Still, RV 
detection in an asymptomatic subject is not proof of its nonpathogenicity. 
Asymptomatic infections are recognised for many respiratory viruses. This is well 
documented recently in children with SARS-CoV-2 infections. Asymptomatic RV 
detection may reflect previous infection or precede the onset of symptoms, but 
persistent shedding of RV after an acute infection is not known to occur in otherwise 
healthy subjects. In immunocompetent children, the mean virus shedding time after 
RV infection is as short as 11 days (Peltola et al. 2013). In our prospective 
pneumonia study (III), all children with RV-induced CAP were negative for RV two 
weeks after it was first detected, suggesting an acute RV-associated pneumonia in 
these children.  
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Controversy remains regarding the correlation of viral loads in upper respiratory 
tract specimens to the clinical course of the infection. In some studies, high RV loads 
have been associated with more severe respiratory symptoms and LRTIs 
(Utokaparch et al. 2011, Bruning et al. 2015, Ng et al. 2018). On the contrary, 
Kennedy et al. found that children with wheezing had similar RV loads compared to 
those with only rhinitis (Kennedy et al. 2014). In a recent study by Baillie et al., a 
similar distribution of RV species and comparable RV loads were observed among 
all subjects but RV-viremia was significantly more prevalent among children 
hospitalized for pneumonia compared to controls (Baillie et al. 2020). Serologic 
assays that could confirm acute RV infection are not in routine use. The development 
of effective vaccines and/or drug treatments for RV could reveal its true impact on 
childhood pneumonia. More pathophysiological studies and knowledge of possible 
biomarkers of RV infection are needed. 

6.4 Viral and bacterial biomarkers and antibiotic 
treatment of community-acquired pneumonia 

Several different viruses induce MxA expression. Surprisingly, RV-positive children 
of our pneumonia study (III) had significantly lower levels of blood MxA protein 
(median 100 μg/l) than those with other virus pneumonias (495 μg/L) and those with 
RV-positive URTI (620 μg/L). Except for one RV-positive case with high MxA, the 
levels were similar to those reported in asymptomatic virus-negative children 
(Toivonen et al. 2015). It is previously shown that in children with a symptomatic 
non-pneumonic RV infection the mean MxA level is 500–600 μg/L (Toivonen et al. 
2015). Young age might contribute to an elevated MxA level, but not as much as the 
difference seen in MxA levels between our RV-positive pneumonia patients and the 
comparison group of RV-positive URTI. In pneumonia, the bacterial co-infection 
may dominate the inflammation cascade and downregulate MxA expression. 
However, it is tempting to speculate that in our cases, a relative interferon system 
deficiency could have resulted in uncontrolled RV replication and more severe 
clinical illness, as seen in COVID-19 (Stertz and Hale 2021), though opposite 
findings have also been presented concerning the association of MxA with severity 
of COVID-19 (Lehtinen et al. 2022). The hypothesis is supported by our observation 
that in 6 of 7 children Ct values of RV were < 27 indicating high viral loads and 
furthermore supporting the pathogenic role of RV. Contrary to this suggestion, low 
MxA could suggest that RV infection occurred before the onset of pneumonia and 
the interferon response to virus infection had diminished before patient enrolment. 
Interestingly, in a recent study by Rubió et al., higher abundance of Picornaviruses, 
mostly RVs, in the respiratory virome profile was associated with lower innate 
immune responses (Rubió et al. 2022). 
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The biomarkers for bacterial infections (WBC, CRP, and PCT) were increased 
in children with bacterial and mixed viral-bacterial pneumonia, but also in children 
with viral pneumonia in our study (I). They were also markedly increased in children 
with RV-positive CAP (study III). More specific biomarkers are needed to exclude 
or confirm bacterial co-infection in RV-associated and other viral pneumonias as the 
specificity of CRP and WBC is insufficient in differentiation between viral and 
bacterial infections.  

The necessity of antibiotic treatment is the major question in pneumonia 
management. Along with the concern of antibiotic resistance, antibiotics have 
several adverse effects and long-term consequences in individuals (Duong et al. 
2022). Clinicians need accurate and rapid tools to guide the use of antibiotics and to 
help decide in which children antibiotics could be withheld safely. The British 
Thoracic Society guidelines recommended already two decades ago that antiobiotic 
therapy can be withheld in young, mildly ill children in whom viral infection is likely 
(British Thoracic Society 2002). Mixed viral-bacterial detections are very common, 
but there is a need to recognize which of these cases are self-limiting and do not 
require antibiotic treatment. The detection of a virus by PCR can not distinguish 
between an asymptomatic viral carriage and a symptomatic viral infection, and also 
detected bacteria can be contaminants from the nasopharynx. In our studies, 
identification of RV did not result in the withholding of antibiotic treatment, but the 
matter could be different in milder pneumonia cases not needing hospitalization. 
Commonly used bacterial biomarkers CRP and PCT have notable limitations in 
differentiating causes of pneumonia (Rhedin et al. 2021). The capacity of a single 
biomarker is limited. The use of both viral and bacterial biomarkers is supported by 
the high prevalence of viral-bacterial co-infections. The blood MxA/CRP ratio (with 
a proposed cutoff level of 18.6) is suggested to be more comprehensive in 
differentiating between viral and bacterial infections than MxA measurement alone 
(Piri et al. 2022). The combination of CRP and/or PCT, MxA, and multiplex PCR 
could be sufficient to diagnose a viral pneumonia. New approaches and emerging 
technologies are still needed. One promising novel diagnostic assay integrates the 
concentrations of three host proteins: CRP, IP-10, and TNF-related apoptosis-
inducing ligand (TRAIL) (Oved et al. 2015, van Houten et al. 2017, Papan et al. 
2022). TRAIL concentrations increase in viral infection and decrease in bacterial 
infection. Integrating studies of host response, microbe detection, and airway 
microbiome is a modern approach in pneumonia diagnostics (Langelier et al. 2018). 
Antigen detection and PCR point-of-care tests for respiratory pathogens are already 
widely used, and a novel recombinase polymerase amplification-based point-of-care 
test is a promising innovation with a high sensitivity but still a short turnaround time 
as it does not require thermal cycling (Rhedin et al. 2019). Metabolomic analysis, 
which means characterizing of metabolites in biofluids, is a potential tool to improve 
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pneumonia diagnosis (Laiakis et al. 2010). A new promising method is the detection 
of virus-specific inflammatory reaction by a host gene expression analysis, which is 
able to discriminate between symptomatic viral infection and asymptomatic viral 
detection by transcriptional profiling (Ramilo et al. 2007, Popper et al. 2009, Hu et 
al. 2013, Heinonen et al. 2016, Herberg et al. 2016, Lydon et al. 2019). Metagenomic 
new-generation sequencing from bronchoalveolar lavage fluid has recently been 
shown to be highly efficient in the pathogen diagnosis of childhood pneumonia, and 
it is suggested to be used in combination with convential microbiological tests (Deng 
et al. 2022, Yang et al. 2022). Novel methods, especially the use of transcriptomic 
methods will probably revolutionize the diagnostics of viral pneumonia. 

6.5 Recovery from parapneumonic empyema 
Even though pleural scarring can be seen in lung MRI in the majority of children 
many years after empyema, our study shows that the long-term functional outcome 
of paediatric parapneumonic empyema is good. In addition, patients with necrotizing 
pneumonia and empyema recovered well. Other studies have reported similar 
findings, also after the decortication of empyema (Satish et al. 2003, Grotenhuis et 
al. 2008, Casali et al. 2009, Cohen et al. 2012, de Benedictis et al. 2019, Maffey et 
al. 2019). Persistent respiratory symptoms were nevertheless reported by many 
subjects, but the possible association of persistent respiratory symptoms and 
empyema remains undefined.  

Lung MRI was expectedly much more sensitive than a chest radiograph in 
assessing the anatomical sequelae of empyema. The MRI revealed pleural scarring 
in 92%, while only one third of the patients had findings also in the follow-up chest 
radiograph. Even with MRI, abnormalities of lung parenchyma were infrequently 
found, and radiological signs of chronic lung disease, such as bronchiectasis or 
pulmonary fibrosis, were not detected. Significant (>1 cm) pleural scarring was seen 
in 27% in the follow-up MRI. Most of those with significant pleural scarring had 
undergone thoracotomy or had pleural drainage for at least 3 days. Significant pleural 
scars could be hypothesized to have an influence on lung function, for example, 
during heavy exercise, infection, or anaesthesia. Cohen et al. described an excellent 
1-year outcome of childhood empyema, though most patients showed minor pleural 
thickening (mean 1.5 mm) in the follow-up chest radiograph (Cohen et al. 2012). 
The clinical significance of extensive pleural scarring and parenchymal 
abnormalities is not known. 

Normal pulmonary function was a common finding in our study, as only 16% of 
subjects had evidence of reversible airway obstruction and only one had a restrictive 
defect. Some longitudinal studies have looked into the pulmonary function in 
children with empyema, but the outcome results in these studies have been 
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inconsistent due to small sample sizes, different subgroups of empyema patients, and 
the improved quality of care in the course of time (McLaughlin et al. 1984, Redding 
et al. 1990, Kohn et al. 2002, Satish et al. 2003, Cohen et al. 2012). In a study by 
McLaughlin et al. almost four decades ago, five of eight children had evidence of a 
mild restrictive defect and one patient had airway obstruction consistent with asthma 
(McLaughlin et al. 1984). Similarly, in a study by Redding et al., 47% of 15 children 
had evidence of mild airway obstruction (Redding et al. 1990). Kohn et al. reported 
19% of 36 children having a mild restrictive pattern and 16% having mild obstructive 
changes (Kohn et al. 2002). In contrast, in a study by Satish et al., a full recovery of 
pulmonary function was reported among all 13 patients 3–24 months after empyema 
(Satish et al. 2003). Comparably, Cohen et al. reported only 2 of 34 patients having 
abnormal spirometry results 12 months after empyema (Cohen et al. 2012). 
According to most recent studies, pulmonary function returns to normal within a few 
months after empyema (de Benedictis et al. 2019, Maffey et al. 2019). It might be 
that children with pre-existing small airways are over-represented among children 
developing pneumonia or empyema, rather than pneumonia or empyema leading to 
the development of obstructive airway disease. Despite a normal spirometry in most 
subjects, continuous or recurrent respiratory symptoms, such as a reduced ability to 
perform vigorous exercise and a prolonged cough after a common cold, were 
commonly reported in our study. This finding is in line with earlier studies reporting 
that pneumonia is an independent risk factor for chronic respiratory symptoms and 
persistent cough (Gold et al. 1989, Eastham et al. 2008).  

Minor immunological abnormalities, mostly MBL deficiencies, were found in 
one-third of our study subjects, and four subjects without MBL deficiencies 
suffered from a second pneumonia, which is considered as a warning sign for 
immunodeficiency. Increased susceptibility to other severe infections was not 
recorded. The clinical significance of the subtle immunological abnormalities has 
been questioned (Pan and Hammarström 2000, Verdu et al. 2006). An increased 
risk of death among MBL-deficient patients with severe pneumococcal infection 
has been reported, as well as severe or recurrent respiratory infections in children 
with a low level of serum MBL (Summerfield et al. 1997, Eisen et al. 2008). 
However, MBL deficiency has not been reported to be associated to the 
susceptibility to thoracic empyema (Chapman et al. 2010). The MBL B variant was 
detected in 23% and the D variant in 8% of our study subjects, as compared to 
previously reported percentages of European populations with the B variant 
occurring in 22–28% and the D variant in 14% (Turner 2003). Thus, even though 
empyema is a severe complication of pneumonia, immunodeficiency does not 
seem to be overrepresented among children with empyema and should not be 
routinely searched for.  
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6.6 Limitations 
The modest number of patients is an obvious limitation of our study, especially in 
studies III and IV. The diversity of findings in relation to the size of our study 
population limits the conclusions that can be drawn. As well, the lack of a control 
group of healthy children (I, II, IV) is recognized.  

Our study population was from a single center which may affect the 
generalizability of the results. Our study included only hospitalized CAP patients. In 
the empyema study, we had a severe cohort given the 40% ventilated rate.  

In study I, the duration of the study period was short and did not comprise RSV 
epidemics at all. On the contrary, in study II, during the 12-year study period the 
diagnostic methods and clinical practices have varied, as in study IV, in which a 
cohort of empyema patients was collected over many years and treatment patterns as 
well as the natural history of the underlying disease may have varied.  

The retrospective setting in study II causes some limitations. The clinical data 
was collected from the medical records, which might be incomplete. The study 
population was somewhat selected as RV tests were not routinely performed for all 
CAP patients. However, our study population can be considered to be a 
representative sample of overall CAP inpatients as key figures in patients undergoing 
RV detection in this study and in CAP inpatients in our prospective aetiology study 
(I) are comparable.  

Our study was mostly PCR-defined. The use of serology could have established 
infections caused by some viruses; also RVs can induce serologic response but it is 
virus type-specific (Jacobs et al. 2013, Saarinen et al. 2020). Serology has been 
shown to increase the diagnostic yield over NAAT for some virus infections, e.g. 
PIV by up to 49% and by 12% for RSV (Zhang et al. 2016). Combining NAAT and 
serologic assays can provide a more complete picture of respiratory viral infections 
and can separate co-infection from co-detection (Jartti et al. 2013, Zhang et al. 2016). 
Detection of viruses by culture, which reflects virus replication, would have 
strengthened our conclusions by detecting live, contagious viruses, though the 
sensitivity is low. Moreover, the roles of bacterial culture from nasopharyngeal swab 
and S. pneumoniae antigen test from urine are debatable, since both methodologies 
can detect bacterial colonization in children. The microbial results need cautious 
interpretation. 

In study II, other viruses than RV and bacteria were not comprehensively 
analysed, and data on the types of RV was not available. However, the patient 
population of this study was overlapping with our aetiology study, in which 64% of 
RV findings belonged to RV A species and 36% to RV C species, and viral-bacterial 
co-infections were frequent (study I). Viral loads were available only in study III. 

The challenge of good specimen collection is worth noticing. For the viral 
detection, sputum samples were used in study I, nasal swabs were used in study III, 
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and variable samples were used in study II. In study I, only the sputum samples with 
a high leukocyte count were included, which may have influenced the results 
especially in terms of viruses which may not induce leukocytes to the sputum. 
Sputum samples may also include contaminants from the nasopharynx. On the other 
hand, respiratory viruses can be detected also in lower airway samples of 
asymptomatic children (Thavagnanam et al. 2010). Nasopharyngeal swabs are more 
feasible in clinical practice. However, especially in study III, a minimally invasive 
procedure like bronchoalveolar lavage, which is not routinely done, would have 
supported the role of RV or another virus as a cause of pneumonia.  

In study IV, there are limitations related to lung function tests, including the 
inexperience of especially young patients in the spirometry, the lack of data on lung 
function before the episode of empyema, and the lack of plethysmography data. 
Moreover, exercise testing with dynamic values could have revealed more 
information on the respiratory function (Tsubota et al. 1994). 

6.7 Prospects for the future 
A better understanding of the pathogenesis of pneumonia is still needed. The 
establishment of causal factors in the microbiome and integration of multi-omics 
data are future steps. Moreover, in future pneumonia aetiology studies, explicit case 
definitions based on radiological evidence, formal evaluation and potentially wider 
use of lung aspirates, and emphasizing of comprehensive post-mortem evaluations 
are suggested (Feikin et al. 2017). 

More studies would be needed to further elucidate the role of RV in pneumonia. 
For instance, interesting targets of studies related to RV pneumonia might be serum 
cytokine profiles, gene expression patterns in WBCs, neutrophil surface protein 
markers, and serum metabolomics. Further studies are needed to establish the clinical 
characteristics of RV pneumonia in outpatients. The development of diagnostic 
biomarkers able to confirm RV as a true cause of the disease would be highly 
beneficial because of the high global burden of pneumonia and high prevalence of 
RV in children with pneumonia. Furthermore, drugs or vaccines against RV could 
possibly have a significant effect on the treatment and prevention of childhood 
pneumonia. 

An important issue is the necessity of antibiotic treatment in CAP, especially in 
outpatients with milder disease. Would viral detections, particularly when combined 
with near-normal CRP level and potentially increased MxA level, or the use of other 
novel diagnostic assays, result in the withholding of antibiotic treatment? Overall, 
advanced viral diagnostics is important for surveillance of local epidemiology and 
detection of new viruses. 
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7 Summary 

In study I, using modern molecular diagnostic techniques, high rates of both viruses 
and bacteria could be identified in childhood CAP. The clinical significance of mixed 
viral-bacterial infections remains unclear, although we found a potential association 
between mixed viral-bacterial infections and treatment failure. These findings 
support the view that all children with severe pneumonia should be treated with 
antibiotics, as the detection of a virus does not allow a concomitant bacterial 
infection to be ruled out. Still, in the post-pneumococcal conjugate vaccine era, viral 
pneumonia should receive greater attention in future treatment and prevention 
studies. 

In study II, RV was frequently detected in young children hospitalized for CAP, 
and a history of premature birth was identified as a factor associated with RV-
positive pneumonia. RV-associated pneumonia seemed to be a rather severe disease 
with high levels of inflammatory biomarkers and a clinical course often requiring 
intensive care. The clinical features of pneumonia did not clearly differ between RV-
positive and RV-negative children. Further studies are needed to clarify the clinical 
significance of RV detection in children with pneumonia. 

In study III, a high RV load followed by rapid clearance of RV suggested a 
pathogenic role of RV in CAP. Increased levels of bacterial biomarkers and the 
predominance of alveolar changes in chest radiograph supported the conception of a 
viral-bacterial co-infection in RV-positive pneumonia. Low MxA levels in children 
with RV-positive CAP suggest an aberrant interferon response to RV in children 
with viral-bacterial pneumonia but more studies on this topic are needed. 

In study IV, the long-term recovery of children with parapneumonic empyema 
was good. Though many children had pleural scarring in the MRI several years after 
empyema, parenchymal abnormalities were rarely found, and radiological findings 
of chronic lung disease were not detected. Considering the normal lung function, 
chest radiograph and clinical recovery of most patients, more intensive follow-up of 
all empyema patients does not seem necessary.
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