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Abstract

Background: Childhood pneumonia remains the leading infectious cause of death in
children with highest mortality figures in sub-Saharan Africa and Southeast Asia. The
primary aetiologies are bacterial and viral; however, challenges in distinguishing bacterial
and non-bacterial causes have culminated in antimicrobial overuse which has partly
contributed to the rise in antimicrobial resistance, most notably among children in low-

and middle-income countries.

Areas covered: Existing literature was reviewed regarding modalities available, including
emerging radiological and laboratory techniques, to diagnose childhood pneumonia. We
evaluated their strengths and limitations, and their ability to distinguish between bacterial

and viral aetiologies.

Expert Opinion: The optimal modality to diagnose childhood pneumonia continues to be
a challenge. This is a concern given its high disease burden and the importance of
diagnostics for clinical care and antimicrobial stewardship, in the setting of rising
antimicrobial resistance. Lung ultrasonography is a promising radiologic diagnostic
modality. Combined serum biomarkers, micro-array-based whole genome expression
arrays and metabolomic analysis are also emerging biochemical modalities for childhood
pneumonia diagnosis. More research and further validation are required to evaluate the
diagnostic strengths of these new and emerging modalities as well as their ability to

discriminate between the major aetiologies of the disease.
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Article highlights:

1. The optimal modality to diagnose childhood pneumonia and the ideal test to
discriminate between the major aetiologic groups remains a conundrum.

2. Radiological imaging like lung ultrasonography shows promise as a non-invasive
sensitive bedside modality for the diagnosis of childhood pneumonia.

3. Several microbiological tests have high sensitivity for detecting potential aetiologic
agent, but their ability to attribute causality is limited, particularly when examining
upper respiratory tract samples like nasopharyngeal and oropharyngeal
specimens.

4. The use of combined serum biomarkers, micro-array-based whole genome
expression arrays and metabolomic analysis are emerging biochemical modalities

for childhood pneumonia diagnosis.



Introduction

Pneumonia remains a major cause of morbidity and mortality in children [1], with about
100 million cases of the disease worldwide in 2017 [2]. It is also the single largest cause
of mortality in children, causing approximately 15% of deaths among children less than 5
years of age in 2017 [1]. A child dies from the condition every 39 seconds [3]. The burden
of the disease in children is particularly enormous in low- and middle-income countries
(LMICs) in sub-Saharan Africa and southeast Asia [4]. Indeed, the global burden of

childhood pneumonia is concentrated in 15 countries in these same regions of the world
[5].

In clinical practice, the appropriate treatment for pneumonia is guided by clinical
evaluation, assessment of disease severity, and rapid identification of the potential
aetiologic agent [6]. While the gold standard for diagnosis of childhood pneumonia is
chest x-ray, and lung aspirate for microbiological diagnosis, these can be a challenge in
low resource settings. In most cases, the symptoms and physical signs, together with
radiological evidence if available, have been the most utilised methods for diagnosing the
disease [7]. However, over the past decade, new and emerging blood and radiological

modalities have been studied to enhance prompt and accurate diagnosis [8].

This literature review aims to evaluate and provide a summary on the various modalities
employed in current childhood pneumonia diagnosis based on clinical, laboratory, and
radiological techniques, including a review of new and emerging approaches and
assessment of their diagnostic strengths and limitations. In addition, the review also

assesses the ability of these diagnostic modalities to discriminate between bacterial and



viral aetiology of disease given its implication on antimicrobial stewardship and prevention

of antimicrobial resistance.

Clinical features

Children with pneumonia can present with fever, shortness of breath, cough, chest pain,
and wheeze, however, these clinical features are nonspecific and vary with the age of the
child [9,10]. In fact, a systematic review showed that no single clinical feature was
sufficient to definitively diagnose pneumonia [11]. Although there was significant
heterogeneity in the 18 studies reviewed, the features with the highest diagnostic
accuracy included a respiratory rate greater than 50 breaths per minute (positive
likelihood ratio of 1-90, 95% CI 1-45-2-48), grunting (1-78, 95% CI 1-10-2-88), lower
chest wall indrawing (1-76, 95% CI 0-86-3-58), and nasal flaring (1-75, 95% CI 1-20—
2:56). However, most of the surveys reported the symptoms and signs of the disease as
being insensitive and nonspecific with cough and fever having low negative likelihood
ratios of 0.30 (95% CI 0.09-0.96) and 0.53 (95% CI 0.41 -0.69) respectively [11]. Some
reports have observed that the presence of crackles on lung auscultation increases the
likelihood of radiographic pneumonia [12,13], but a review of 23 prospective cohort
studies revealed that temperature >37.5°C and respiratory rate greater than 40 breaths
per minute were not strongly associated with a childhood pneumonia diagnosis [14]. In
addition, clinical symptoms and signs of pneumonia do not reliably discriminate between

bacterial and viral childhood pneumonia [15,16].

Pulse oximetry during clinical examination has potential usefulness in diagnosing
childhood pneumonia. A review of 147 children in three rural hospitals in Rwanda

revealed that low oxygen saturations below 90% was a better clinical predictor of
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radiologically diagnosed pneumonia when compared to increased respiratory rates (AUC

of 0.67 versus 0.53) [17].

Based on these reports, the presence of respiratory symptoms and signs have limited

diagnostic value in detecting childhood pneumonia, and do not differentiate aetiology.

Serum studies

C- reactive protein (CRP)

CRP is an acute-phase plasma protein synthesised by hepatocytes and adipocytes in
response to inflammatory cytokines and is an indicator of acute inflammation (Table 1)
[18]. A rise in serum levels of this protein is commonly associated with bacterial infections

and non-infectious inflammatory conditions [18].

This biomarker which first identified in patients diagnosed with pneumonia in the 1930s
and has yielded different results when evaluated as a potential biomarker to differentiate
between bacterial and viral infections [18]. Available data regarding the usefulness of
CRP are contradictory and frequently difficult to interpret. A review of the usefulness of
CRP as a biomarker of childhood pneumonia revealed that it does not provide significant
diagnostic value in many studies, whereas, in others, it has been found to be an extremely
useful tool to aid diagnosis and potentially predict the aetiology of the disease [19].
Although the mean CRP values of bacterial community acquired pneumonia (CAP) are
generally higher than those of viral cases, a significant overlap has been found to occur

which reduces its diagnostic strength [19]. Furthermore, there are different threshold



values for CRP in the identification of bacterial CAP, and in some cases, the thresholds

are so high that they could only be quantified in a very small number of patients [19].

A study in Finland evaluated the usefulness of CRP as a potential biomarker in
discriminating between bacterial and viral childhood pneumonia in 215 children with
microbiologically- confirmed disease. A significant association was identified between
CRP levels above 80mg/L and bacterial aetiology of childhood pneumonia (52%).
Notably, CRP levels >80 mg/L were still found in 28% of children with viral disease
(p=0.001) [20]. The CRP specificity was 72% with a lower sensitivity of 52%, indicating

suboptimal levels for clinical use [20].

A meta-analysis of 8 studies that had significant heterogeneity and involved 1,230
children in the United States of America revealed that CRP levels >40-60 mg/L was a
weak predictor of bacterial childhood pneumonia [21]. They also reported that with a
pooled odds ratio of 2.58, the positive predictive value of CRP levels >40-60 mg/L in
predicting bacterial aetiology was only 64%; further indicating its limited ability to predict
childhood pneumonia of bacterial origin [21]. Furthermore, a more recent study in the
United Kingdom found that in comparison to viral childhood pneumonia, bacterial
infections had a higher median CRP level (165.5mg/L vs 40mg/L; p<0.001) [22]. Children
with bacterial pneumonia were associated with higher CRP levels (>80 mg/L) when
compared to viral infections (p=0.001), but levels <20 mg/L were not found to be

discriminatory (p=0.254) [22].

Overall, there is a dearth of studies conducted in LMICs on the usefulness of CRP in the
diagnosis of childhood pneumonia and its potential use in discriminating bacterial and

non-bacterial aetiologies of the disease.



Procalcitonin (PCT)

PCT is a 116- amino acid peptide precursor of the hormone calcitonin produced by the
C-cells in the thyroid gland as well as the neuroendocrine cells in the lung and intestine
[23]. Usually, serum PCT concentrations are low or undetectable (<0.1 ng/mL) in healthy
individuals but are usually markedly raised in patients with confirmed bacterial infection
including those with pneumonia [23,24], compared to those with viral infections. However,
PCT levels are also raised in severe trauma, burns, severe renal insufficiency as well as

other bacterial infections like urinary tract infections [23].

The usefulness of the biomarker in discriminating between bacterial and viral childhood
pneumonia has been evaluated in previous studies with conflicting reports. An initial study
by Korppi et al identified no difference between pneumococcal, atypical bacterial
pathogens (Mycoplasma and Chlamydophila), viral and infections of unknown etiology
[25]. Another study by the same authors evaluating 101 children with radiologically
confirmed pneumonia observed that PCT levels above 1ng/mL in those with WHO-
defined mild to moderate disease was a reliable marker for CAP [16]; a finding which was
in tandem with earlier research involving 126 children in Finland which found that PCT

levels above 2ng/mL could correctly predict bacterial childhood pneumonia [26].

In comparison to CRP, PCT has been identified as a better predictor of bacterial CAP [27,
28] but findings are not consistent across studies [16, 25]. A more recent report in Italy
demonstrated a marginal superiority of PCT in comparison to CRP in a study involving
433 otherwise healthy children with CAP [29]. It concluded that both biomarkers were

suboptimal predictors of childhood pneumonia with the area under the curve (AUC) of



PCT and CRP being 0.69 (95% CI 0.63-0.75) and 0.66 (95% CI 0.61-0.71), respectively

[29].

Lipocalin 2 (LIP -2)

LIP-2 is a protein found in human neutrophils granules. It is an acute-phase protein that
rises in response to infection and is also a component of the innate immune system [30-
32]. The biomarker also contributes to innate defence by interfering with bacterial iron
uptake [32]. LIP-2 expression is significantly increased in bronchial epithelial cells and

alveolar type 2 pneumocytes of animals following exposure to bacterial pathogens [30].

Serum LIP-2 was found to have a sensitivity of 77% (95% CI, 65.6%—-89.9%) and higher
specificity of 94.4% (95% ClI, 86.8%—100%) for identifying children with probable bacterial
pneumonia in a study in the Gambia evaluating 390 children with pneumonia who had
malaria, acquired immunodeficiency infection and malnutrition [33]. The researchers
concluded that serum LIP-2 had a superior diagnostic ability for bacterial pneumonia
when compared with CRP and von Willebrand factor demonstrating a sensitivity of 77%

(95% CI 0.65 -0.89) and specificity of 94.4% (95% Cl 0.86 -1.00) [33].

Syndecan 4 (SYN4)

SYN4 is a heparin sulphate proteoglycan found on the surfaces of many cells, including
epithelial cells, endothelial cells, macrophages, and fibroblasts [34]. The protein binds to

and mediates the biological activity of several cytokines, chemokines, and growth factors.



SYN4 expression increases rapidly in response to bacterial infection but not in response
to viral infection [34]. Although, significantly higher mean levels of SYN-4 were found in
30 adult patients with bacterial pneumonia when compared to 11 healthy volunteers
(20.5ng/ml vs.15.1ng/ml; p=0.006) [35], no studies have yet been conducted in the

paediatric population.

Myxoma Resistance Protein A (MxA)

The levels of MxA, a 662 amino acid peptide have been observed to be raised in viral
infections: playing an important antiviral role against a wide variety of viruses such as
influenza, parainfluenza, and measles virus [36]. This potential biomarker had an AUC
of 0.89 with a 96.4% sensitivity and a lower specificity of 66.7% for differentiating bacterial
and viral pneumonia in less than 16 years old children at a threshold of 200ng/ml [36].
The AUC for distinguishing 44 uninfected individuals from 77 virus-infected patients was
0.98, with a sensitivity of 96.4% and specificity of 85.4% [36]. However, additional studies

are required before this marker can be validated and routinely used.

Soluble triggering receptor expressed on myeloid cells-1 (STREM -1)

STREM-1 is a transmembrane glycoprotein expressed on neutrophils, macrophages, and
monocytes with increased levels in bacterial infections [37]. A multicentre study by
Esposito et al in Italy found that this biomarker had very limited value in discriminating
between bacterial and viral childhood pneumonia with an AUC of 0.50 and sensitivity of

31.8% and specificity of 73.7% in detecting cases of bacterial childhood pneumonia [29].
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Mid regional pro-atrial natriuretic peptide (MR-proANP), and mid regional pro-

adrenomedullin (MR-proADM)

MR-proANP and MR-proADM are peptides with primary biological effects on the
cardiovascular system but their usefulness has also been evaluated in the setting of
systemic infections given that levels increase in response to systemic inflammation and
metabolic changes associated with critical illnesses [38][ Yagmur, E., Sckaer, J.H., Koek,
G.H. et al Elevated MR-proANP plasma concentrations are associated with sepsis and predict
mortality in critically ill patients. J Transl Med 17, 415 (2019)]. The predictive value of these
biomarkers has been observed to be limited in distinguishing between bacterial and viral
childhood pneumonia in a multicentre study involving 433 children with radiologically
confirmed pneumonia in Italy [29]. MR-proANP and MR-proADM had AUCs of 0.52 and

0.58 respectively with accompanying sensitivities of 76.1% and 78% [29].

High mobility group box one (HMGB1) protein

HMGB1 protein is a DNA-binding protein that promotes the transcription of several
inflammatory markers [39]. The protein, which has been evaluated to be high in bacterial
as well as bacterial-viral co-infections, has some extracellular functions, such as
promoting migration and increasing the production of pro-inflammatory markers and

cytokines like interleukin 6 (IL-6) and tumour necrosis factor (TNF) [39].

A study involving 78 patients and 34 healthy controls found that co-infection with viruses

and bacteria can be concluded when HMGB1 protein expression is greater than 1.03 [40].
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Furthermore, in the same study, HMGBL1 protein expression of less than 1.03 and a WBC
count of greater than13 x 10°%L had a positive predictive value of 92.3% for single
bacterial pneumonia [40]. However, the need to isolate specific blood cells (monocytes)
and the use of PCR potentially makes this method time-consuming and costly, particularly

in LMICs [19].

Chitinase-3-like protein 1 (YKL-40)

YKL-40 is a 40 kilodalton glycoprotein secreted by macrophages, neutrophils, fibroblast-
like synovial cells, chondrocytes, and vascular smooth muscles [41]. Although the
biological function of YKL-40 remains unclear, its pattern of expression is related to tissue
inflammation and extracellular tissue remodeling, with a rise in serum levels in response

to inflammation in virtually all organs of the body [41].

Interestingly, this biomarker has also shown some promise in terms of potentially
distinguishing between viral and bacterial childhood pneumonia. A prospective cohort
study of 73 children in China revealed that YKL-40 levels in the bronchoalveolar lavage
fluid specimens compared with serum levels of patients with bacterial pneumonia were
significantly higher than in children with viral pneumonia (34.87+5.42 vs.

26.45 +3.65ng/ml; p=0.02) 42].

Combination of biomarkers
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Attempts have also been made by previous researchers to evaluate a combination of
biomarkers in discriminating between bacterial and viral childhood pneumonia with
varying reports. A double-blind multicentre study involving 577 preschool children aged
2-60 months with childhood pneumonia or an unexplained febrile illness (71 identified as
bacterial infection, 435 viral and 71 inconclusive) in Israel and the Netherlands tested the
assay, ‘ImmunoXpert’ which had a combination of CRP, TNF-related apoptosis-inducing
ligand (TRAIL), and plasma interferon-y protein-10 (IP-10) in distinguishing between
bacterial and viral infection [43]. The combination assay was able to discriminate
bacterial from viral pneumonia at a sensitivity of 86.7% and higher specificity of 91.1%

[43].

Another study revealed that combining haptoglobin (Hap), tissue inhibitor of
metalloproteinases-1, Interleukin 19 (IL-19), or TNF receptor 2 resulted in a sensitivity of
96% and specificity of 86% in the diagnosis of bacterial childhood pneumonia [44]. A
combination of age, CRP, and WCC together with neutrophils count had a 91.4% positive
predictive value and 71.2% negative predictive value for bacterial childhood pneumonia
in a study involving 401 children in the United Kingdom discriminating between bacterial
and viral aetiologies [22]. A study evaluating the usefulness of a combination of
biomarkers (CRP with lipopolysaccharide binding protein (LBP), PCT, IL-6, IL-18, or
STREM-1) found that the combined assay did not improve discrimination between

patients with bacterial or viral childhood pneumonia, when compared with CRP alone [45].
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Paired Serology

Rising titers in antibody complement fixation tests remain very useful diagnostic methods
for identifying atypical bacterial pathogens like Mycoplasma pneumoniae, Chlamydophila
pneumoniae, and Legionella pneumophilia [9,46]. The serologic diagnosis of acute
infection is made by detection of antibody conversion or a four-fold increase in
immunoglobulin G levels in two consecutive serum samples collected a fortnight apart
[47]. The length of time required to make this serologic diagnosis precludes clinicians
from making management decisions in real time [47,48]. In addition, immunoglobulin M
assays may take several days before antibody levels are detectable for a diagnosis to be
made. These constraints have resulted in the use of alternative methods like PCR in well-

resourced settings [47].

Newer innovations

Newer innovations, such as micro-array-based whole genome expression arrays and
proteomics, are being investigated as potential biomarkers to determine the aetiology of
pneumonia [19]. This is based on the fact that bacteria induce specific host responses
that can be identified using blood leukocyte microarray analyses. The accuracy of RNA
biosignatures in febrile infants within the age range of 0-60 days has been assessed, with
66 classifier genes identified to have a sensitivity of 94% and a specificity of 95% in

differentiating children with bacteremia from those without bacterial infections [49].
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In addition, metabolomics involves a comprehensive analysis of metabolites and
biomarker discovery in body fluids, and has been explored in diagnosing diseases and
monitoring therapeutic interventions [50,51]. The presence of metabolites such as L-
histidine, L-tryptophan, and glutamic acid can indicate host response to an ongoing
infection in the body [50]. A study of metabolites in urine samples (metabolomic studies)
was carried out among 11 Gambian children and the authors reported that metabolites
such as uric acid, hypoxanthine, and glutamic acid were higher in the plasma of children
with pneumonia when compared to a control group [50]. Although there is relatively quick
processing of samples; this technique is limited by the expertise required to analyse the

complex data produced [52].

Radiology

Plain chest radiograph

Plain chest radiograph, commonly termed chest x-ray (CXR), is extremely important in
pneumonia diagnosis as it not only provides structural evidence of disease but also
reflects the extent of disease based on the number of lung lobes involved [48]. It is also
very useful in the detection of complications like pleural effusions or lung abscesses [48].
In clinical practice, alveolar infiltration is commonly attributed to a bacterial cause, while
bilateral diffuse interstitial infiltrates are deemed to occur due to atypical bacterial or viral

infections. However, these approaches at not adequately sensitive [9].
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CXRs are generally not advocated in children with pneumonia who are well enough to be
treated as outpatients. This is based on the recommended guidelines of various national
and international organisations like the Pediatrics Infectious Disease Society, British
Thoracic Society, and the Infectious Disease Society of America [9,53]. However, they
are generally required in cases of severe disease requiring hospitalisation, hypoxic
children, or those suspected to have complications such as pleural effusions or lung

abscesses [54].

Abnormal CXRs in the Pneumonia Etiology Research in Child Health (PERCH) project
were reported to be significantly associated with high respiratory rates, as well as the
presence of hypoxaemia and crackles on lung auscultation [13]. In addition, the presence
of lung consolidations was associated with a higher 30 — day case fatality when compared

to normal chest radiograph findings [13].

However, it is important to emphasise that the use of CXRs in pneumonia diagnostics has
its drawbacks. This is because findings may lag behind clinical symptoms and signs,
radiological findings can be masked by anatomical structures such as the heart and other
mediastinal structures as well as the presence of inter-reader variability during
interpretation or reporting [54,55]. Also, there is also a risk of tissue damage from
exposure to low dose ionizing radiation from standardised chest radiographs particularly

in children who have more rapidly dividing cells [56]. In addition, many primary healthcare
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facilities in LMICs still lack access to basic plain chest radiograph facilities with an

associated paucity of trained staff and irregular electricity supply [54].

Courtoy et al in 1989 evaluated 36 chest films from patients with pneumonia who had a
laboratory-proven etiologic diagnosis. The sensitivity of plain chest radiographs in
diagnosing bacterial pneumonia ranged from 42-58% [57]. When clinical and laboratory
data were provided, the sensitivity range widened to 42-92%. The study concluded that
plain chest radiograph was insensitive in distinguishing patients with bacterial and non-
bacterial pneumonia [57]. Toikka et al reviewed 126 patients with childhood pneumonia
all of whom had plain chest radiographs. It was concluded that changes on CXRs failed
to discriminate between confirmed bacterial and viral pneumonia [26]. Another study by
Virkki et al revealed that in children with alveolar infiltrates on chest X-ray, the sensitivity
for bacterial infection was 72%, and the specificity was 51% [20]. The sensitivity and
specificity for viral pneumonia with interstitial infiltrates were 49% and 72%, respectively
[20]. Other surveys have also shown that plain chest radiographs are not accurate in

discriminating between bacterial and viral childhood pneumonia [58,59].

Lung Ultrasound (LUS)

An attractive alternative approach for pneumonia diagnosis is LUS, which is well suited
for use in resource-limited settings. When compared to plain chest radiography, LUS can
be performed at the patient’s bedside, is less affected by crying or movements, and does

not require expensive radiation-proof facilities [54, 60,61]. In addition, portable, battery-
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powered devices suitable for use in community health facilities in LMICs with intermittent
electrical power supplies are becoming more affordable [62]. With skilled operators,
thoracic ultrasound has comparable specificity (94.0 vs. 90.4%) and superior sensitivity

(81.4% vs.64.3%) to chest radiography to detect lung consolidations [62].

The sonographic signs of pneumonia include the presence of hyperechoic spots of
variable size (air bronchograms) with a subpleural hypoechoic region, confluent B-lines,
superficial fluid alveologram, a vascular tree-shaped pattern, and irregular borders of the
pleural line [63,64]. Anechoic or hypoechoic fluid in the pleural space may also indicate a

pleural effusion with a significant degree of accuracy [64].

Some previous studies have demonstrated considerable accuracy using LUS with
superior sensitivity (94 - 96.4%) and specificity (95.6% -96%) when compared to plain
chest radiographs in diagnosing childhood pneumonia [65,66]. LUS has been
demonstrated to have a pooled sensitivity and specificity of 96% and 93% respectively
in diagnosing childhood pneumonia when compared to plain chest radiograph alone or

chest radiograph in combination with clinical and laboratory parameters [67].

LUS is easily repeatable in the context of monitoring of disease and can be performed by
non-radiology clinicians who have had focused training. However, the fact that it is not
widely available, the whole of the lungs cannot be visualised at once and the suboptimal

technical know-how regarding its use in poor resource settings serve as major drawbacks
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for its use [48,68]. Also, despite recognised sonographic signs of pneumonia, there is a
need to develop a standardised interpretation method, similar to the WHO standard, to
ensure consistent case definitions in studies evaluating the role of lung ultrasound in the

diagnosis and management of childhood pneumonia [68].

Computed tomography (CT)

CT of the chest is not recommended as a first-line diagnostic tool for pneumonia.
However, in facilities where it is readily available, it can be considered for detecting
complications of pneumonia in the acute or subacute phase (for diagnosing a suppurative
complication such as necrotising pneumonia, abscess, or empyema) and in the chronic
phase (for diagnosing bronchopleural fistula or detecting and localising bronchiectasis)

[48].

Magnetic Resonance Imaging (MRI)

Rapid sequence MRI of the lung can be considered when cross-sectional imaging is
required for severe or complicated pneumonia in the context of reducing radiation risks
from chest radiographs or computed tomography scans. However, the imaging of the lung
by MRl is limited by low proton density in the organ as well as the fact that motion artefacts
are produced by breathing movements [69,70]. It is also always a big challenge to get
younger children to cooperate and stay still in the MRI scanner; hence bringing forth the

need for sedation or anaesthesia [69].
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Pneumonic changes appear as high-intensity signals that stand out against the low signal
of the normally aerated lung [69]. Some studies have demonstrated good diagnostic
performance when comparing the ability to detect pneumonic changes on MRI when

compared to CT scan with sensitivities and specificities of over 90% [71,72].

Microbiology

Blood Cultures

Approximately 5-10% of blood cultures of suspected bacterial pneumonia cases are
positive with a higher yield in children with severe pneumonia disease [73,74] and those
living with HIV/AIDS [75]. The merit of using blood culture techniques is that it not only
provides a cause but also enables antibiotic resistance testing and, in the case of
pneumococcus and Hib, for serotyping, which is crucial for vaccination programmes [76].
It has also been observed that when blood samples of more than 4 mL are utilized for

blood culture, there is a greater possibility of bacterial yield [77].

The major drawback of using blood culture as a tool to determine bacterial aetiology for
childhood pneumonia is that results are available only 24 to 72 hours after presentation.
In addition, its established low yield is further reduced by pre-treatment with antibiotics

which is common practice prior to health facility presentation in LMICs [6,76].
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Viral PCR

The advent of viral polymerase chain reaction techniques (PCR) on nasal or
nasopharyngeal swabs has provided more information in the last two decades regarding
the significant role of viral pathogens in the aetiology of childhood pneumonia globally;
indicating their contribution beyond causing bronchiolitis or reactive airway disease
[78,79]. The most commonly identified viruses include influenza virus, respiratory
syncytial virus, adenovirus, parainfluenza virus, and human metapneumovirus [80]. In
addition to detecting these known viral pathogens, PCR techniques have permitted
increased identification of other viruses such as rhinovirus, bocavirus, and the HKU1 virus

[81].

It is however very important to note that the isolation of adenovirus, human
metapneumovirus or rhinovirus, even though associated with pneumonia, should be
interpreted with caution, as healthy children, or those with upper respiratory tract infection
(URTI) may also have a positive test result [82], and therefore detection may reflect
carriage and not disease. A study by Cevey-Macherel et al found viral PCR of
nasopharyngeal aspirates to be quite sensitive as two-thirds of the children evaluated had
a viral isolate [73]. PCR has also been shown to be more sensitive than virus isolation in
cell culture, viral antigen detection, and immunofluorescence testing, and it is now

regarded as a standard technique for detecting respiratory viruses [83].

21


https://www.sciencedirect.com/topics/medicine-and-dentistry/human-respiratory-syncytial-virus
https://www.sciencedirect.com/topics/medicine-and-dentistry/human-respiratory-syncytial-virus
https://www.sciencedirect.com/topics/medicine-and-dentistry/adenoviridae
https://www.sciencedirect.com/topics/medicine-and-dentistry/paramyxovirinae
https://www.sciencedirect.com/topics/medicine-and-dentistry/human-metapneumovirus
https://www.sciencedirect.com/topics/medicine-and-dentistry/rhinovirus
https://www.sciencedirect.com/topics/medicine-and-dentistry/bocaparvovirus

Multiplex PCR approaches is associated with increased diagnostic yield, can detect
numerous pathogens simultaneously and the results are potentially available within a few
hours [83,84]. A major drawback for its use in developing settings remains the high cost

of the procedure and the fact that nonpathogenic colonisers may also be detected [34].

Sputum analysis

Expectorated or induced sputum samples in children can be utilised for bacterial culture
as well as antigen or molecular detection of bacterial pathogens. It may however detect
organisms that constitute normal flora colonizing the respiratory tract [48]. Murdoch et al
[85] evaluated the diagnostic usefulness of induced sputum microscopy and culture in
patients enrolled in the PERCH study, a large multinational study of severe and very
severe community-acquired pneumonia in children aged 1-59 months. They reported that
induced sputum microscopy and culture results were not associated with radiographic
pneumonia, regardless of prior antibiotic use, stratification by specific bacteria, or the

interpretative criteria used [85].

Urinary antigen detection

The most used urinary antigen tests which have been validated for use in pneumonia
diagnostics are those for detection of S. pneumoniae and Legionella pneumophilia [86].
Although serotype-specific pneumococcal antigens in urine samples of adults have
shown some diagnostic promise with a sensitivity of 70-97%, the

immunochromatographic method has not demonstrated good diagnostic accuracy in
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children due to their high pneumococcal carriage rate [9,87]. However, in detecting
childhood pneumococcal pneumonia when compared with blood culture from previous
studies [88,89], the sensitivity and specificity of the pneumococcal urine antigen test were
96-100% and 62-92%, respectively. Concomitant with a decrease in nasopharyngeal
carriage of pneumococcus as children get older, so too does the negative predictive value

of urinary antigen detection increase with age [9].

Pleural fluid analysis

Pleural fluid can be assessed for microscopy, culture, pneumococcal antigen by latex
agglutination [48]. Bacterial growth in pleural fluid cultures is poor, with only 9% in a UK
study evaluating 47 cultures in a UK study giving a bacterial yield. This can be explained
by the fact that many children will have had antibiotics before pleural fluid aspiration [90].
However, when PCR was performed, 32 of the 47 cultures tested positive for
pneumococcal DNA, while 12 tested positive for pneumococcal latex agglutination
antigen. This demonstrated the superiority of PCR techniques on pleural fluid samples

when compared to conventional bacterial culture techniques.

Additionally, in a study of 29 empyema samples, pneumococcal antigen detection gave
a 90% positive yield with about 70% being serotype 1 [91]. This highlights the clinical
usefulness of pneumococcal antigen detection in the diagnosis of pneumococcal

childhood particularly as culture positive results from pleural fluid remain uncommon [91].
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Lung aspirate fluid (LAF) culture

For several years, the isolation of a pathogen organism from lung aspirates served as the
ideal diagnostic method for determining the aetiologic agent for childhood pneumonia.
This was because the lungs were deemed to be a sterile organ and the identification of
any organism was termed to be pathogenic [92]. However, it is now clear that the lung
has a dynamic microbiome that can be affected by several factors [92]. A review of lung
aspirates in childhood pneumonia before the year 2000 revealed that the procedure was
still quite common up till the mid-nineties in LMICs. However, the use of the modality
seemed to have reduced significantly by the 1970s in developed nations due to

advancements in less invasive and more sophisticated diagnostic options [93].

A recent study of 95 children with radiologic evidence of pneumonia in Malawi revealed
that while LAF culture yielded a bacterial pathogen in only 2 cases, LAF PCR detected

bacteria in 36 cases with viruses also isolated singly or in combination in 24 cases [94].

Bronchoalveolar lavage (BAL) cultures

In settings where noninvasive samples from the lower respiratory tract are unavailable,
flexible bronchoscopy with BAL is a viable alternative to obtaining sputum [95]. Itinvolves
introducing a measured amount of sterile fluid (up to 100millilitres) through the
bronchoscope into the lower respiratory tract. The introduced fluid is then suctioned back
into a sterile container and sent for analysis [95]. The procedure is safe even in very
unwell children and can be utilised in improving the diagnostic yield of pathogens in
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patients who are not responding to treatment [96]. A study in Taiwan of 90 children who
were not responding to empirical antibiotic therapy for pneumonia revealed that in 55%
of children with positive aerobic cultures, BAL results improved diagnostic yield and

prompted a shift in antimicrobials, resulting in a high rate of effective therapy [95].

Although less likely to be contaminated by upper airway bacterial flora and more
representative of the lower respiratory tract, BAL is invasive, expensive, and requires

expertise to carry out [48].

Haematology

White blood cells (WBC) and neutrophil count

Total WBC and neutrophil counts have been evaluated in the past as potential
discriminatory modalities in differentiating bacterial and viral pneumonia. However, it must
be considered that the normal reference range for WBC count in children varies in the
paediatric population based on age though levels more than 11x 10°%/L are generally
considered abnormal [97]. A study in the United Kingdom found that total WBC and the
neutrophil counts did not accurately discriminate between bacterial and viral childhood
pneumonia [22]. They reported that a significant number of patients with viral disease had
WBC counts > 15x 10%L which is normally expected in bacterial disease. In addition, 4

out of every 5 patients with viral pneumonia had neutrophils less than 10 x 10°/L [22].
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In addition, Zhu et al reported that the percentage of neutrophils was slightly more
accurate than WBC at distinguishing between bacterial and viral childhood pneumonia
[98]. This was linked to the fact that a reduction in neutrophil count of less than 1.5 x 10°/L
(passing neutropenia) tends to occur between the third and eighth days of viral infections;

especially with respiratory syncytial and influenza viruses [99,100].

Conclusion

Identifying the optimal modality to diagnose childhood pneumonia continues to be a
challenge. The use of combined serum biomarkers, micro-array-based whole genome
expression arrays and metabolomic analysis are emerging biochemical modalities for
childhood pneumonia diagnosis. Radiologic diagnostic modalities such as lung
ultrasonography hold promise, despite concerns regarding its general availability,
expertise to perform at the bedside and its impact on clinical outcomes. Despite advances
in radiological techniques and laboratory testing, there is a need for improved methods
for diagnosing and identifying the aetiological pathogen, for which current tests still do not
discriminate well. There is a need for more research and further validation to evaluate the
diagnostic strengths and accuracy of these new and emerging modalities. Particularly in
LMICs, diagnostics that can distinguish between bacterial and viral pneumonia are
increasingly important given the impact of antimicrobial prescribing on the emergence of

antimicrobial resistance.

Expert Opinion:
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Pneumonia remains a significant cause of morbidity and mortality globally with enormous
impact in LMICs. The effective management of the disease hinges on prompt and
accurate diagnosis and identification of the aetiological agent. However, despite several

radiological and laboratory modalities, the search for an optimal test remains a challenge.

Although the presence of opacities or infiltrates on plain chest radiographs have been
commonly adopted for diagnosis of the disease for several years, the use of lung
ultrasonography appears to be a promising noninvasive bedside radiologic modality for
diagnosis with demonstrated sensitivities and specificities of over 90%. Also, lung MRI
appears to be equally sensitive especially in complicated disease. However, the
complexities involved, and the cost effectiveness of the test poses a challenge for its

utilisation.

Furthermore, several microbiological tests including the use of PCR have high sensitivity
for detecting potential aetiologic agent, but their ability to attribute causality is limited,
particularly when examining upper respiratory tract samples like nasopharyngeal and

oropharyngeal specimen.

In terms of biochemical tests, the use of combined serum biomarkers, micro-array-based
whole genome expression arrays and metabolomic analysis appear to be useful emerging
tests for childhood pneumonia diagnosis. However, further research and validation are
needed to assess their diagnostic capabilities and accuracy of these new and developing

modalities, as well as their capacity to distinguish between bacterial and viral aetiologies.
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Table 1: Summary of the diagnostic strengths of current investigatory modalities for

childhood pneumonia

Investigatory modality

Diagnosis of childhood pneumonia

Diagnosis of bacterial vs. viral
childhood pneumonia

Clinical features

Clinical features?

Serum investigations

White blood count

C-reactive protein

Procalcitonin

Serum Lipocalin -2

Sensitivity of 77% and specificity of
95% [33].

Serum Myxoma Resistance
Protein

96.4% sensitivity and 66.7%
specificity at threshold of 200ng/mi
[36].

Soluble triggering receptor
expressed on myeloid cells

AUC of 0.50 with a sensitivity of
31.8% and specificity of 73.7%.

Serum mid regional pro- AUC of 0.52 with sensitivity of
atrial  natriuretic  peptide 76.1% [29].

(MR-proANP)

Serum mid regional pro- AUC of 0.58 with sensitivity of 78%
adrenomedullin (MR- [29].

proADM)

Combination ImmunoXpert
(CRP, TRAIL, interferon
gamma protein 10)

Sensitivity of 86.7% and specificity
of 91% [43].

Combination biomarkers
(haptoglobin, TIMPS, 1L-19)

Sensitivity 96% and specificity 86%
[44].

Micro array-based genome
expression (RNA
biosignatures)

Sensitivity of 94% and specificity of
95% in differentiating bacterial and
non-bacterial infections [49].

Plasma metabolomics

Uric acid, hypoxanthine and glutamic
acid levels were higher in children
with pneumonia compared to controls
[50].

Radiological investigations
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Lung Ultrasonography

Pooled sensitivity of 96% and
specificity of 93% when compared to
CXR, or CXR with clinical/laboratory
parameters [67].

MRI

Sensitivity of 97% using CT as gold
standard in diagnosing pneumonic
changes [71].

Microbiological investigatio

ns

Urinary pneumococcal
antigen

Sensitivity of 96-100% and specificity
of 62-92% in detecting childhood
pneumococcal pneumonia when
compared to blood cultures [88,89].
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