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Lung ultrasound for diagnosing
etiology of respiratory illnesses in
hospitalized children
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Lung ultrasound (LUS) is an emerging radiation-free diagnostic tool with significant promise for
identifying the causes of respiratory symptoms in hospitalized children. We conducted a prospective
cohort study of 65 pediatric patients to evaluate the accuracy of LUS in determining the etiology of
acute respiratory illness compared to an expert panel’s final clinical diagnosis, and secondarily to chest
X-ray (CXR). LUS examinations were performed within 24 h of admission by an investigator blinded

to CXR results, and the final diagnoses were established by a committee blinded to LUS findings. LUS
demonstrated high diagnostic accuracy, correctly identifying the respiratory illness etiology in 92.3%
of cases, with near-perfect agreement (k=0.86) with the final diagnosis. Sensitivity and specificity were
high across etiologies, including bacterial pneumonia, viral infections, and asthma exacerbations. LUS
also outperformed CXR in determining the cause of iliness. Integrating LUS findings with clinical and
laboratory data allowed effective differentiation between bacterial and viral infections, highlighting
LUS as a safer and more accurate alternative to CXR. Our findings support the integration of LUS into
pediatric respiratory care and warrant further research to validate its utility on a larger scale.

Keywords Pediatric lung ultrasound, Accuracy of LUS, Bacterial and viral etiology, Radiation-Free
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Background

As global child mortality declines, lower respiratory tract infections (LRTIs) remain a leading cause of
preventable death in young children, especially in low- and middle-income countries'. Childhood pneumonia
mortality has fallen thanks to vaccines (against Streptococcus pneumoniae and Haemophilus influenzae type b)
and better diagnostics, antibiotics, and supportive care!~>. However, disparities in healthcare access and overuse
of antibiotics continue to exacerbate pediatric LRTI burdens, particularly in resource-limited regions*. Rising
antimicrobial resistance tied to inappropriate antibiotic use underscores the need for accurate diagnosis of
pediatric respiratory infections®.

Rapidly identifying the etiology of pediatric LRTIs is crucial for guiding appropriate treatment. Common
pathogens include respiratory viruses (such as Respiratory Syncytial Virus (RSV) and influenza) and bacteria
like S. pneumoniae and H. influenzae®. Distinguishing between bacterial and viral pneumonia remains
challenging with current methods. Invasive lung sampling (e.g., bronchoscopy) is rarely feasible in children,
so clinicians rely on indirect tests (nasopharyngeal swabs, blood cultures, sputum) with limited diagnostic
accuracy®. For example, a large pneumonia etiology study found 66% of pediatric cases were viral and only 8%
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bacterial (with 7% mixed infections), illustrating the predominance of viral causes’. Current guidelines advise
against antibiotic use for presumed viral pneumonia absent evidence of bacterial co-infection, underscoring the
importance of an accurate diagnosis®. Yet many children with viral LRTIS still receive unnecessary antibiotics,
fuelling antimicrobial resistance®!.

Imaging is central in pediatric pneumonia diagnosis, but chest X-ray (CXR) has significant limitations'!. CXR
exposes children to ionizing radiation (raising lifetime cancer risk) and may not reliably distinguish pneumonia
etiology or detect early lung changes'?. Lung ultrasound (LUS) has emerged as a valuable alternative without
these downsides. LUS is radiation-free, portable, and cost-effective; it allows bedside repeat exams to monitor
illness or treatment response and is well-tolerated by children'®. Over the past decade, LUS has been widely
studied in children with pneumonia, demonstrating excellent diagnostic performance and safety!*. Pediatricians
are increasingly trained in LUS techniques; for example, the American Academy of Pediatrics and international
critical care groups now advocate pediatric LUS use!®.

Growing evidence supports LUS as an effective tool for evaluating pediatric respiratory conditions
(bronchiolitis, pneumonia, pleural effusions)!'®!7. Multiple studies show LUS often outperforms CXR in
diagnosing pneumonia'>!®17. A systematic review of 1,510 children reported LUS sensitivity ~ 95.5% and
specificity ~ 98.2%, versus 86.8% and 95.3% for CXR'. Similarly, a meta-analysis found LUS ~ 96% sensitive and
93% specific for pediatric pneumonia, prompting calls for broader LUS use in pediatrics'. Additionally, LUS can
track disease course; one case series demonstrated that serial LUS effectively monitored antibiotic response in
children with community acquired pneumonia, underscoring its clinical utility'*.

LUS also shows promise in differentiating bacterial vs. viral LRTTs, which is critical for selecting appropriate
therapy. Different studies found that pediatric bacterial pneumonias tend to appear on LUS as solitary, larger,
often unilateral consolidations, whereas viral pneumonias show smaller, multifocal or bilateral lesions'®1?. A
prospective study of 85 children identified distinct LUS patterns for viral, bacterial, and even SARS-CoV-2
pneumonias, highlighting LUS’s potential to distinguish infection etiologies®. LUS may also help predict disease
severity; certain ultrasound features correlate with complicated (e.g., effusive) vs. uncomplicated pneumonia
in children®!. More recently, a detailed prospective analysis of pediatric LRTIs showed specific LUS findings
tied to bacterial, viral, or atypical causes, aiding targeted management??. Nonetheless, an earlier PICU study
reported that LUS alone had lower accuracy in determining pneumonia etiology when sonographers were
blinded to clinical information, emphasizing the need to interpret LUS alongside clinical and lab data for
optimal accuracy®. Overall, evidence remains limited on how well integrating LUS with clinical assessment
and laboratory results can definitively pinpoint the cause of respiratory symptoms in hospitalized children,
highlighting a gap for further research.

Methodology

The Institutional Review Board (IRB) at the American University of Beirut (AUB) granted approval for this study
(IRB ID: BIO-2022-0022). All methods were conducted in compliance with relevant guidelines and regulations.
This single-center, prospective observational cohort study was carried out at the American University of Beirut
Medical Center (AUBMC) in Lebanon between September 2022 and January 2023. In our study, the sample size
was determined using a sample size calculator (https://wnarifin.github.io/ssc/sssnsp.html). We hypothesized that
LUS accuracy would achieve a sensitivity of 95% and specificity of 95%, values consistent with those reported
in the literature for diagnosing pneumonia with LUS. Given that the prevalence of LRTIs among hospitalized
pediatric patients at our institution in the previous year was approximately 30%, and accounting for a 5% drop-
out rate, a power of 90%, and an alpha value of 0.05, the estimated required sample size was 65 patients.

Inclusion criteria

Eligible patients were children aged 0 to 19 years who presented with respiratory symptoms, including any
combination of cough, rhinorrhea, nasal congestion, shortness of breath, wheezing, tachypnea, or increased
work of breathing — and were within 24 h of admission to the Pediatric Ward or Pediatric Intensive Care Unit
or had admission orders but were boarding in the Emergency Department (ED). To identify eligible patients,
the investigative team—excluding the principal investigator—routinely accessed the EPIC electronic health
record system. Following approval by the patient’s primary physician, the study was explained to the parents or
guardians, and written informed consent was obtained.

Exclusion criteria

Patients were excluded from the study if they had a pre-existing chronic lung disease, as these underlying
abnormalities could significantly alter lung ultrasound interpretation, limiting the generalizability of findings
to the healthy pediatric population. Patients were also excluded if the LUS was not performed within 24 h of
admission to ensure alignment with the initial clinical presentation minimizing temporal bias, if they were
admitted under the PI’s care to avoid potential bias, or if the PI was not blinded to the CXR findings to maintain
blinding and minimize interpretation bias.

Data collection

In our study, patients were recruited after being admitted to the hospital, making it unfeasible to perform LUS
before CXR to ensure blinding of the investigator. As part of their initial workup, patients underwent CXR in the
ED upon admission. Patients were excluded if they were admitted under the PI’s care or if the PI was not blinded
to the CXR findings — as shown in Fig. 4. The PI was informed about the clinical presentation and laboratory
findings of the patients but was not provided with CXR findings by the treating team. The PI performed the
LUS and then submitted the data collection form to the research assistant. The PI could access EPIC only after
completing the LUS and submitting the data collection form. Additionally, LUS images were stored in separate
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software, distinct from EPIC. The expert committee, responsible for the final clinical diagnosis, had no access to
LUS images or reports (Supplementary Figure S1). The LUS etiology diagnosis was subsequently compared to
the final diagnosis established by this committee, whose members were blinded to the LUS findings.

Although the study algorithm (Fig. 3) recommended repeating LUS within 48 h in cases of diagnostic
uncertainty, follow-up scans were not systematically performed or recorded as part of the study protocol. In
most cases, a repeat LUS was not requested by the clinical team. As such, any follow-up LUS performed was used
solely for clinical management purposes and was not included in the data collection.

Lung ultrasound procedure

The principal investigator, credentialed in lung ultrasound with over three years of experience, performed the
LUS within 24 h of the admission order. Ultrasound scans were performed using the portable CX50 ultrasound
system (Philips, Bothell, WA, USA), equipped with a linear transducer (L: 12 — 3 MHz) and a convex transducer
(C: 8 = 5 MHz). Due to the small body size of the participants, all participants were tested using the L: 12 — 3
MHz linear transducer at a 5 cm depth or less. Each lung was scanned in both longitudinal and transverse views,
covering the midclavicular line anteriorly, the paraspinal line posteriorly, and the mid-axillary line (Fig. 1). Each
view included both the upper and lower zones, resulting in a total of 12 scanning zones. This protocol was based
on the method described by Copetti and Catarossi**.

LUS findings

- A-lines: Horizontal artifacts appearing as a series of echogenic lines parallel and equidistant from the pleural
line, indicating normal lung tissue (Fig. 2A).

- B-lines: Vertical comet-tail artifacts originating from the pleural line. According to Lichtenstein’s classifica-
tion, B-lines indicate fluid-filled interlobular septae surrounded by air, associated with various pathological
conditions (Fig. 2B)?.

- Subpleural Consolidation (sub-centimetric): Localized beneath the pleura, typically less than 1 cm in size
(Fig. 2C).

- Consolidation: Refers to lung tissue becoming firm due to the accumulation of fluid or cellular material,
typically measuring equal to or greater than 1 cm in size (Fig. 2D and E).

LUS etiology diagnosis

In our study, the initial classification of patients into infectious versus non-infectious etiologies was based on
clinical judgment, as this distinction was essential for applying our diagnostic algorithm (Fig. 3). Specifically,
patients classified with infectious etiology were evaluated using the pathway outlined in Fig. 3 A, while those
with a non-infectious etiology were assessed using Fig. 3B to guide the interpretation of LUS findings.

For instance, patients presenting with cough, chest pain, or shortness of breath along with fever and/or a
positive respiratory viral test were considered to have an infectious etiology. In contrast, patients with a known
history of asthma who exhibited acute respiratory deterioration, clinical wheezing, and improvement with
bronchodilators—regardless of the presence of fever—were classified as having asthma exacerbations, which we
considered a non-infectious etiology.

Importantly, we did not rely on laboratory markers such as complete blood count, C-reactive protein (CRP),
or absolute neutrophil counts (ANC) to differentiate between viral and bacterial infections. Instead, lung
ultrasound findings were central to differentiating between viral and bacterial lower respiratory tract infections.
In our study, we classified Mycoplasma pneumoniae under the bacterial infection category. Recent literature
supports that Mycoplasma pneumoniae can present with LUS features similar to typical bacterial pneumonia,
including lobar consolidations, dynamic air bronchograms, and pleural effusions. For instance, Buonsenso et
al. reported that children with bacterial and atypical acute lower respiratory tract infections exhibited larger
consolidations, often exceeding 1.5 cm, with dynamic air bronchograms and pleural effusions. These findings
suggest that M. pneumoniae infections may share sonographic characteristics with bacterial pneumonia’®.

Infectious etiology

For suspected infectious etiology, further classification was based on the clinical stability. Clinically unstable
patients were typically treated in the PICU and were more likely to receive antibiotics presumptively for bacterial
pneumonia. For stable patients with suspected LRTTs, the first LUS assessment involved checking for the presence
of B-lines (Fig. 3).

Absent B-lines
In cases where B-lines were absent and no consolidations were detected, the diagnosis was consistent with upper
respiratory tract infection (URTI).

Unilateral B-lines

Unilateral, focal B-lines with a consolidation > 1 cm, whether accompanied by pleural effusion and dynamic
air bronchograms, pointed to bacterial pneumonia. When the air bronchograms were static or absent (lung
hepatization), the cause was likely either bacterial pneumonia or atelectasis?»?**-28, In cases of unilateral, focal
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B-lines without consolidation or with small consolidations (< 1 cm), the condition was typically classified as
either a mild viral infection or an early-stage bacterial infection. A follow-up LUS was recommended after
48 h. If the follow-up showed progression to bilateral B-lines or improvement without antibiotic treatment,
a viral etiology was presumed. Conversely, if the consolidation expanded to > 1 c¢m, bacterial pneumonia
was diagnosed. Clinically unstable patients or those diagnosed with bacterial, complicated, or superimposed
bacterial pneumonia were evaluated for antibiotic therapy (Fig. 3 A).

Bilateral B-lines

The presence of bilateral B-lines, with or without consolidation measuring less than 1 cm, was interpreted as
indicative of viral changes, suggesting a diagnosis of either bronchiolitis for patients under 2 years old or viral
bronchitis for those aged 2 and older'*?223, While consolidation measuring 1 cm or larger typically indicates
bacterial pneumonia, the simultaneous presence of bilateral B-lines raised the possibility of viral pneumonia.
In these patients, clinical deterioration or complications such as pleural effusion or abscess formation, were
suggestive of a bacterial pneumonia. Conversely, in the absence of these signs, a diagnosis of viral pneumonia
was made, with a follow-up lung ultrasound recommended within 48 h if deemed necessary. Should the repeat
LUS show worsening, bacterial pneumonia was suspected. If there was no change or improvement without
antibiotics, the diagnosis remained viral pneumonia (Fig. 3 A).

Non-infectious etiology

Patients with suspected non-infectious etiology were evaluated for conditions such as atelectasis, lung contusion,
cardiogenic pulmonary edema, pulmonary embolism, chronic lung disease, or lung masses. However, our study
specifically focused on individuals with LRTTs. Among these, we included patients who clinically presented with
asthma exacerbations, whether triggered by infections or allergens, as suggested by their medical histories or
clinical signs such as a sudden onset of shortness of breath and wheezing observed during physical examinations.
In such instances, LUS findings could display a wide range of abnormalities, from normal results to various
forms of consolidation, B-lines, or pleural effusion®!.

If the consolidation measured less than 1 cm, the etiology diagnosis was considered asthma exacerbation.
This diagnosis was also applicable in cases of consolidation equal to or larger than 1 cm, with or without static
air bronchograms; however, a repeat ultrasound was advised within 48 h if clinically indicated. Should the
repeat ultrasound show that the consolidation improved without antibiotic treatment, the diagnosis of asthma
exacerbation was considered. Conversely, if the LUS findings showed worsening, it was interpreted as a possible
superimposed infection.

In patients with a clinical diagnosis of asthma exacerbation, a large or moderate effusion was considered
indicative of bacterial infection and treated accordingly. For small pleural effusion a follow-up LUS within 48 h
was recommended. If the subsequent ultrasound demonstrated no change or improvement without antibiotics,
the diagnosis of asthma exacerbation was supported. Conversely, if the pleural effusion worsened, a superimposed
bacterial pneumonia was suspected and antibiotic therapy initiated (Fig. 3B).

Final clinical diagnosis

A committee of pediatric specialists, comprising a pulmonologist and a critical care physician, independently
reviewed each patient’s complete clinical course post-discharge, remaining blinded to lung ultrasound findings.
They determined the etiology—viral, bacterial, or asthma—through a comprehensive assessment that included
the patient’s history, clinical presentation, physical examination, laboratory tests (such as complete blood count,
C-reactive protein, viral panels via Polymerase Chain Reaction (PCR) or antigen detection, and available
cultures, and chest X-ray findings. This rigorous process facilitated consensus on the final clinical diagnosis.

Statistical analysis

Data were collected using a standardized form. Data management and analyses were done using IBM-SPSS
software (version 28.0, Armonk, NY, USA) by a designated member of the research team who was not involved
in data collection in order to minimize bias in data entry.

Descriptive statistics

Demographic and other baseline characteristics were summarized using descriptive statistics. Continuous
variables were presented as means and standard deviations (SD) if normally distributed or medians and
interquartile ranges (IQR) for skewed distributions. Categorical variables were reported as frequencies and
percentages.

Diagnostic accuracy analysis

The diagnostic accuracy of LUS in identifying the etiology of respiratory symptoms was assessed using the
final clinical diagnosis as the reference gold standard and served as the primary outcome of the study. The
secondary outcome was the comparison of LUS accuracy versus CXR accuracy, both against the final clinical
diagnosis as the gold standard. This analysis was conducted both for overall and for specific etiological
subgroups, including viral, bacterial, and asthma exacerbation. Sensitivity and specificity for each modality were
calculated along with 95% confidence intervals to assess the precision of these estimates. The overall agreement
between each diagnostic tool and the final clinical diagnosis was quantified using Cohen’s kappa coeflicient
(k), with 95% confidence intervals provided to evaluate the consistency of the agreement. The interpretation of
Kk followed Cohen’s guidelines: values < 0 indicating no agreement, 0.01-0.20 slight agreement, 0.21-0.40 fair
agreement, 0.41-0.60 moderate agreement, 0.61-0.80 substantial agreement, and 0.81-1.00.81.00 almost perfect
agreement™.
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Comparative analysis

In our study, 11 out of the 65 patients included in the statistical analysis underwent only LUS because CXRs were
not requested. To compare the accuracy of LUS and CXR, we employed the McNemar test specifically on the
subset of patients (n =54) who underwent both diagnostic procedures. This test assessed whether the proportion
of correct diagnoses differed significantly between the two methods. A two-tailed p-value of less than 0.05 was
considered statistically significant.

Results

The study enrolled 99 patients who were admitted with respiratory symptoms between September 2022 and
January 2023. Out of these, 65 patients met the inclusion criteria and were included in the final analysis (Fig. 4).
The median age of these patients was 2 years (IQR, 0.46-2.46 years), with 37 patients being males (57%) (Table 1).

The mean duration for the lung ultrasound procedure was 8.4 min (SD=2.5 min). Among the included
patients, 62 were diagnosed with lower respiratory tract disease (LRTD), accounting for 95.4% of cases, while
the remaining 3 patients (4.6%) had upper respiratory tract infections.

Regarding the etiology of LRTD, 12 patients (19%) had bacterial infection (pneumonia), 43 (70%) had viral
infections (bronchiolitis, bronchitis, viral pneumonia), and 7 (11%) were diagnosed with asthma exacerbations
(Fig. 4). Among the 43 patients with viral infections, 7 had viral pneumonia with a consolidation size greater
than 1 cm (median diameter of 2 cm).

Blood cultures were obtained for 47 patients, of whom only 4 had positive results: one patient had Klebsiella
pneumoniae and E. coli; one had Corynebacterium afermentans; one had Acinetobacter variabilis; and one had
Streptococcus infantis and Staphylococcus haemolyticus. Viral testing (rapid antigen or PCR) was performed in 54
patients (83%), with respiratory syncytial virus (RSV) being the most commonly identified virus (12 patients),
followed by rhinovirus (5), adenovirus (3), and influenza A (2). Of these, 13 patients were tested using a multiplex
PCR assay, and none tested positive for Mycoplasma pneumoniae.

A supplementary table (S2) presents selected laboratory parameters—including white blood cell count, CRP,
ANC, and neutrophil-to-lymphocyte ratio (NLR)—among patients with final diagnoses of asthma, bacterial
infection, and viral infection, to describe observable trends. CXR findings are summarized in Table 3.

Primary outcome
The diagnostic accuracy of LUS compared to the final clinical diagnosis revealed that LUS had a sensitivity of
91.9% [95% CI: 85.2-98.7%] and a specificity of 100% [95% CI: 36.8-100.0%]. The agreement between LUS
and the final clinical diagnosis, as measured by Cohen’s kappa, was 0.86 [95% CI: 0.77-0.94], indicating almost
perfect agreement (Table 2).

For patients with bacterial pneumonia, the sensitivity and specificity of LUS were 91.8% [95% CI: 61.6-99.8%]
and 92.5% [95% CI: 61.6-99.8%], respectively. For patients with viral infections (bronchiolitis, bronchitis, viral
pneumonia), the sensitivity and specificity were 90.7% [95% CI: 82.0-99.4%] and 95.5% [95% CI: 77.2-99.9%],

Fig. 1. Illustration of pediatric lung ultrasound approaches. In Red: Anterior Approach (midclavicular lines)
In Blue: Lateral Approach (midaxillary lines). In Black: Posterior Approach (vertical lines extending between
the paraspinal and scapular lines). Photograph of the patient’s chest taken with parental consent.
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Fig. 2. Lung ultrasound findings. (A) Normal findings showing A-lines. (B) B-lines. (C) Sub-pleural
Consolidation. (D) Consolidation with air-bronchogram. (E) Consolidation without air-bronchogram.

respectively. For patients with asthma exacerbation, both sensitivity and specificity were 100.0% [95% CI: 65.2—
100.0%] and 100.0% [95% CI: 95.0-100.0%], respectively (Table 2).

Secondary outcome

Among patients who underwent both diagnostic procedures (n =54), the accuracy of diagnosis was significantly
higher with LUS compared to CXR. The McNemar chi-squared statistic was x* = 10.89, with a corresponding
p-value=0.001. The kappa coefficient for LUS was 0.84 [95% CI: 0.70-0.98], whereas CXR had a kappa of 0.47
[95% CI: 0.30-0.65]. The sensitivity and specificity of LUS were 90.2% [95% CI: 82.0-98.3%] and 100% [95%
CI: 36.8-100.0%], respectively. In comparison, CXR had a sensitivity of 62.7% [95% CI: 49.5-76.0%] and a
specificity of 100% [95% CI: 36.8-100.0%] (Tables 3 and 4).

Subgroup analysis

In our study, we performed a subgroup analysis to evaluate the diagnostic accuracy of LUS in different age
groups. For patients under 2 years of age (n=32), the total accuracy of LUS in diagnosing the etiology of
respiratory symptoms was 90.6% (95% CI: 80.5, 100.0). The sensitivity for identifying bacterial infections was
66.7% (95% CI: 13.0, 100.0), while sensitivity for viral infections was high at 92.9% (95% CI: 83.0, 100.0). The
specificity for bacterial infections was 93.1% (95% CI: 83.9, 100.0), but the specificity for viral infections was
lower at 75% (95% CI: 33.0, 99.9).

In contrast, for patients aged 2 years and older (n=33), LUS showed a higher total accuracy of 93.9% (95%
CI: 85.0, 100.0). The sensitivity for bacterial infections was perfect at 100% (95% CI: 100.0, 100.0), while the
sensitivity for viral infections was 86.7% (95% CI: 69.0, 100.0). The specificity for bacterial infections was 91.7%
(95% CI: 80.6, 100.0), and for viral infections, it was 100% (95% CI: 84.7, 100.0). (Supplementary Table S3)

Discussion

This prospective study demonstrates point-of-care lung ultrasound can accurately identify the etiology of
respiratory symptoms in hospitalized children when interpreted alongside clinical information. We observed an
overall agreement of 92.3% between LUS-based diagnoses and the final expert clinical diagnoses, with a near-
perfect kappa of 0.86. Notably, LUS maintained high diagnostic performance across different causes of illness:
it showed strong agreement in detecting bacterial pneumonia and viral lower respiratory infections (each with
sensitivities around 90% and substantial agreement, k ~0.8) as well as asthma exacerbations (100% agreement
with final diagnoses). We also noted a slight trend toward higher accuracy in older children (=2 years) compared
to infants, although LUS still performed well even in the under-2 age group. Collectively, these results position
LUS as a reliable tool for pediatric respiratory diagnostics in the acute care setting.
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Fig. 3. Etiology Flow diagram based on clinical and ultrasound findings. (A) Infectious Etiology Diagnosis.
(B) Non-Infectious Etiology Diagnosis.

Our findings build on the growing evidence that LUS is an effective, child-friendly alternative to radiography
for evaluating pediatric lung disease. Previous studies and meta-analyses have reported that LUS can diagnose
pediatric pneumonia with high sensitivity and specificity (in the 93-98% range), often outperforming CXR!:15-17,
However, those studies largely did not distinguish between bacterial and viral etiologies of pneumonia. Our
study uniquely addresses this gap by demonstrating that integration of LUS results with clinical and laboratory
findings can achieve accurate etiological differentiation at the bedside. This integrated approach is crucial, as
an earlier pediatric ICU study showed that when sonographers were blinded to clinical context, LUS alone had
markedly lower diagnostic accuracy (sensitivity dropping to ~ 56%) for identifying the cause of respiratory
failure?. By contrast, our methodology—incorporating patient history, exam findings, and basic labs in the LUS
interpretation—yielded near-perfect agreement with expert diagnoses, underscoring the importance of context-
driven ultrasound interpretation'®,

Consistent with prior literature, we found distinct lung ultrasound patterns corresponding to different
infection types, which aided our diagnostic accuracy. Studies have documented that bacterial pneumonias in
children often appear on LUS as larger, solitary consolidations (frequently confined to one lung), whereas viral
pneumonias tend to produce smaller, multifocal or bilateral lesions!®!°. We observed similar trends in our
cohort: for example, cases classified as bacterial infection typically had focal lobar consolidation on LUS, while
viral cases showed diffuse B-lines or subpleural consolidations scattered in both lungs. A recent prospective
study of pediatric pneumonias described comparably distinct LUS profiles for viral, typical bacterial, and even
COVID-19 pneumonias, reinforcing the notion that ultrasound features can suggest the underlying pathogen®.
In our data, LUS was highly sensitive in detecting viral bronchiolitis and viral pneumonia (over 90% sensitivity),
which is on par with the 90.4% sensitivity reported by Caiulo et al. for bronchiolitis; notably, in that study LUS
substantially outperformed CXR (73.1% sensitivity) for diagnosing bronchiolitis**. This high accuracy for viral
illnesses is especially valuable, as it can help clinicians confidently identify viral infections and avoid unnecessary
antibiotic use in these cases”*'°.

Our results also challenge a common assumption in lung ultrasound interpretation—that the presence of
a large consolidation (= 1 cm) definitively indicates bacterial pneumonia. We identified several children with
viral infections who had consolidations > 1 cm on LUS (median ~ 2 cm); all of these patients recovered fully
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Fig. 3. (continued)

without antibiotics. This finding underscores that sizable consolidations can occur in viral pneumonia or severe
bronchiolitis. Similarly, Berce et al. reported a median consolidation size of about 1.5 cm in confirmed viral
pneumonias!'®. Buonsenso et al. also reported patients with viral pneumonia who had consolidation size of >
1 cm!8. Thus, consolidation size alone should not be viewed as a strict criterion for bacterial infection. Rather,
the overall ultrasound pattern and clinical picture must be considered—some of these larger consolidations in
viral infections may represent inflammatory or atelectatic changes rather than focal bacterial lobar pneumonia.
In severe or complicated CAP, however, LUS findings such as large consolidations with pleural effusion or fluid
bronchograms are often associated with bacterial infection®*. In practice, for a stable patient with predominantly
viral-appearing LUS findings (for instance, diffuse bilateral changes) but an unexpected large consolidation,
a prudent approach would be watchful waiting with supportive care and a repeat LUS after 24-48 h. Such a
strategy, as we employed in our study, can ensure bacterial superinfection is not developing while sparing the
child from immediate empiric antibiotics, thereby reducing unnecessary antibiotic exposure. Repeating LUS
within 48 h in our algorithm aligns with the findings of Buonsenso et al., who demonstrated that certain LUS
patterns, both at diagnosis and 48 h after treatment, were better predictors of antibiotic response in children with
acute lower respiratory tract infections than clinical data and laboratory results!*2!.

Although our classification included Mycoplasma pneumoniae under the bacterial infection category based
on its typical LUS presentation, it is important to note that none of the patients in our study tested positive
for Mycoplasma pneumoniae using multiplex PCR. This absence should be considered when interpreting the
applicability of our findings to atypical bacterial pneumonias, as our conclusions are based primarily on cases of
typical bacterial and viral etiologies.

In our subgroup analysis, the diagnostic performance of LUS varied notably by age group. Among children
under 2 years of age, the sensitivity for identifying bacterial infections was 66.7% (95% CI: 13.0-100.0), and the
specificity for viral infections was 75% (95% CI: 33.0-99.9). These modest values are likely influenced by the
small sample size in this subgroup—only three patients had bacterial infections, and four were negative for viral
infections—limiting the statistical reliability of the estimates. In contrast, for children aged 2 years and older,
LUS showed excellent diagnostic accuracy, with both the sensitivity for bacterial infections and the specificity
for viral infections reaching 100% (95% CI: 100.0-100.0 for bacterial infections and 95% CI: 84.7-100.0 for viral
infections). These findings suggest that LUS may be more reliable in older children, potentially due to more
distinguishable clinical and sonographic features. However, larger studies across all pediatric age groups are
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Fig. 4. Flow Diagram of Study Participants. LUS: lung ultrasound; CXR: Chest X-Ray.

needed to validate these results and better define the role of LUS in differentiating between bacterial and viral
lower respiratory tract infections.

Beyond infections, this study demonstrates that LUS can contribute to the evaluation of non-infectious
respiratory disorders like acute asthma exacerbations. We correctly identified all cases of asthma exacerbation
using our LUS protocol in conjunction with clinical history, achieving perfect agreement (k = 1) with the
final diagnoses. This aligns with prior observations that children with asthma attacks can exhibit certain LUS
abnormalities (such as bilateral comet-tail B-lines or small subpleural consolidations due to airway plugging),
even though these ultrasound findings are not specific to asthma?®!. Without knowledge of the clinical context,
such LUS findings could be misinterpreted as pneumonia or edema, which highlights a key point: LUS
is most effective as an adjunct to, not a replacement for, clinical assessment. DeSanti et al. found that when
LUS interpreters were blinded to clinical information, they correctly identified only 6 of 10 pediatric status
asthmaticus cases based on ultrasound alone?®. In our study, by factoring in the patients’ known history of
asthma and presenting signs (wheezing responsive to bronchodilators), we avoided this pitfall. The implication
is that while LUS may not have pathognomonic signs for asthma, it can still be very useful in the emergency
setting to support an asthma diagnosis or exclude other causes of respiratory distress, especially when integrated
with clinical judgement.

Another important finding is that LUS outperformed chest X-ray in determining the cause of pediatric
respiratory illness. We found LUS to be significantly more accurate than CXR (p<0.001) for identifying the
etiologic diagnosis, consistent with prior comparative studies. In our cohort, CXR results showed only moderate
agreement with the final clinical diagnosis (k~0.47), considerably lower than the near-perfect concordance
achieved with LUS. This result reinforces the growing consensus that lung ultrasound can replace or complement
radiography for pediatric pneumonia diagnosis'>!”. Given the cumulative risks of radiation in young patients
, the superior performance of LUS that we and others have observed further supports adopting ultrasound as a
first-line imaging modality in children with acute respiratory symptoms.
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- Influenza A virus

Baseline characteristics n (%) Median (IQR) | Mean (SD)
Age
32(49.2%) | 5.5 (2-12)
<2 years (months) -
32 ears (years) 33 (50.8%) | 4 (2.8-7.8)
S;‘l‘eder 37657%) | )
Female 28 (43%)
History of breast feeding (>3 months) 33 (50.8%)
Yes DS - -
No 32 (49.2%)
Daycare or school attendance 34 (52.3%)
II\)I:;/]ceare 9(13.8%) |- .
0,
School 22 (33.8%)
Number of siblings 19 (29.2%)
9 21 (32.3%) | - -
- 25 (38.5%)
Parental smoking 28 (43.1%)
I(\)hrjlle“ioarent 23 (35.4%) | - )
Both parents 14(21.5%)
Duration of ultrasound (minutes). - - 8.4 (+2.5)
Location of patients 41 (63.1%)
o 18 (27.7%) | - -
6(9.2%)
PICU
Presenting symptoms: o
Shortness of breath :? (;gg;;;
g:v“egrh 42 (64.6%) | - -
Hypoxemia 18 (27.7%)
Chest Pain 4(6.2%)
Comorbidities: 43 (66.6%)
N"‘]‘f 8 (12.3%)
é;tDma 3 (4.6%)
SCD 2(3.1%)
SMA-1 1(1.5%)
. 1(1.5%)
Hodgkin’s Lymphoma 1(1.5%) - -
CMA 1(1.5%)
Thalassemia Minor 1(1.5%)
Neuroblastoma 1 (1'5(; )
Cardiomyopathy 1 (1'5%;
Rickets 1(1.5%)
Retinoblastoma .
Microbiological testing: 9
Blood culture: 1117(1(7520/3)&)
- Strep. Infantis + Staph. Heamolyticus 1 (1'50/0)
- Acinetobacter Variabilis 1 (1‘5[; )
- Corynebacterium Afermentans 1 (1'5(; )
- Klebsiella Pneumoniae 43 ('66 02%)
- Negative 54 (83%)
Viral testing 13 (20%)
- Multiplex polymerase chain reaction assay 41( 630/0 )
- Rapid antigen assay 12(18 ;ty)
- Respiratory syncytial virus 5(7 70;) >
- Rhinovirus v
. 3 (4.6%)
- Adenovirus 2 (3.1%)

Chest X-ray done

54 (83.1%)

Lung ultrasound done

65 (100%)

Table 1. Baseline characteristics of the study population (n=65) I. QR: interquartile range; SD: standard

Deviation; ED: emergency department; PICU: pediatric intensive care unit; VSD: ventricular septal Defect;

SCD: sickle cell Disease; SMA-1: spinal muscular atrophy type 1; CMA: cow’s milk allergy.

Strengths

Our study addresses a significant gap in the literature by demonstrating the high diagnostic accuracy of lung
ultrasound when combined with clinical assessment, particularly in differentiating between bacterial and viral
infections in patients with respiratory symptoms. A key strength of our research is its prospective cohort design,
which minimized recall bias and established a clear temporal relationship between diagnostics and outcomes™.
Additionally, lung ultrasounds were performed by a single, experienced investigator who was blinded to the
chest X-ray results, thereby reducing both diagnostic and observer bias*®. The implementation of standardized
diagnostic algorithms facilitated a systematic and replicable integration of clinical, laboratory, and LUS findings,

ultimately enhancing diagnostic accuracy.
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LUS Diagnosis vs. Final Diagnosis (n=65)

Overall Accuracy (95% CI) | Bacterial (95% CI) (n=12) | Viral (95% CI) (n=43) | Asthma (95% CI) (n=7)
Sensitivity 91.9% (85.2,98.7) 91.8% (61.6, 99.8) 90.7% (82.0, 99.4) 100% (65.2, 100.0)
Specificity 100% (36.8, 100.0) 92.5% (61.6, 99.8) 95.5% (77,2, 99.9) 100% (95.0, 100.0)
Kappa 0.857 (0.772,0.942) 0.767 (0.664,0.870) 0.834 (0.744,0.924) 1(1.000,1.000)

Overall agreement

92.3% (85.8,98.8)

92.3% (85.8, 98.8)

92.3% (85.8, 98.8)

100% (95.2, 100.0)

Table 2. Primary outcome: accuracy of lung ultrasound as compared to final diagnosis by committee
(standard reference). LUS: Lung ultrasound; CI: confidence interval.

CXR Diagnosis vs. Final Diagnosis (n=54)

Overall Accuracy (95% CI)

Bacterial (95% CI) (n=12)

Viral (95% CI) (n=34)

Asthma (95% CI) (n=5)

Sensitivity 62.7% (49.5, 76.0) 91.7% (61.6, 99.8) 52.9% (36.2, 697) 60.0% (14.7, 94.7)
Specificity 100% (36.8, 100.0) 59.5% (44.7, 74.4) 100.0% (86.1, 100.0) 100.0% (94.1, 100.0)
Kappa 0.472 (0.298, 0.646) 0.347 (0.145, 0.549) 0.455 (0.267, 0643) 0.731 (0.378, 1.000)

Overall agreement

64.8% (52.1,77.6)

66.7% (54.1,79.3)

70.4% (58.2, 82.6)

96.3% (87.3,99.6)

Table 3. Accuracy of chest x-ray as compared to final diagnosis by committee (standard reference). CXR: chest
x-ray; CI: confidence interval.

LUS Accuracy % CXR Accuracy %
on patients with LUS and CXR (95% CI) | (95% CI)
n=>54 n=>54
Sensitivity 90.2% (82.0, 98.3) 62.7% (49.5,76.0)
Specificity 100% (36.8, 100.0) 100% (36.8, 100.0)
Kappa 0.836 (0.697, 0.975) 0.472 (0.298, 0.646)
Overall agreement 90.7% (83.0, 98.5) 64.8% (52.1,77.6)
- . . 192.6% 63.0%
Correct answers based on final clinical diagnosis 50/54* 34/54%

Table 4. Secondary outcome: accuracy of lung ultrasound versus chest x-ray. *McNemar’s chi-squared statistic:
Xz =10.89, p=0.001. LUS: Lung ultrasound; CXR: chest x-ray; CI: confidence interval.

Limitations

While our study provides valuable findings, it has several limitations. Firstly, it was conducted at a single tertiary
care center, which may restrict the generalizability of our findings®’. Furthermore, the relatively small sample
size, predominantly consisting of patients with viral infections, could affect the calculations of sensitivity and
specificity®®. In addition, the small number of true negative cases (n = 3) in our cohort resulted in a wide
confidence interval around the specificity estimate, reflecting limited precision despite a point estimate of 100%.
Furthermore, the lung ultrasounds were performed and interpreted by an investigator with advanced training
in pediatric LUS; this level of expertise may not be available in all hospitals, and it underscores the need for
adequate training programs if LUS is to be widely implemented. In addition, the standard reference used in
our study was the final clinical diagnosis established by two experts—a pediatric pulmonologist and a pediatric
critical care physician—which may not reflect the gold standard for detecting the etiology of pulmonary diseases.
Moreover, three patients were excluded from the study because the ultrasound machine was not accessible due to
the lack of a dedicated ultrasound machine for the research study.

Future directions

Future research should involve larger, multicenter studies across diverse populations and clinical settings to
validate our results and confirm the generalizability of LUS as a diagnostic modality in various healthcare
environments.

Further investigations are necessary to clarify the clinical relevance of sub-centimetric consolidations
with or without air bronchograms observed on LUS. Determining whether these findings warrant antibiotic
treatment or support a “watchful waiting” approach is crucial for guiding clinical decision-making and reducing
unnecessary antibiotic use.

Additionally, research is needed to redefine the size criteria of consolidations on lung ultrasound in cases
of viral pneumonia. Our findings suggest that consolidations larger than 1 cm may still be associated with
viral infections, challenging the traditional limitation to smaller consolidations. Clarifying these criteria could
improve diagnostic accuracy and patient management strategies. Evaluations are also warranted to elucidate the
LUS findings of atypical pathogens like Mycoplasma pneumoniae in children. Furthermore, larger, multicenter
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studies should systematically evaluate how age-related anatomical differences (e.g., chest wall thickness) impact
LUS interpretation across age groups.

Finally, the diagnostic algorithms (Fig. 3) we utilized in this study for determining the etiology of infectious
and non-infectious respiratory disorders showed promising results. Future studies should aim to validate the
reliability and applicability of these algorithms in different clinical settings. By confirming their effectiveness,
these diagnostic pathways could be integrated into clinical practice and incorporated into machine learning
and artificial intelligence frameworks, thereby enhancing the utility of LUS in managing pediatric respiratory
conditions.

Conclusion

This study demonstrates that LUS is a highly accurate and practical tool for diagnosing the etiology of respiratory
symptoms in hospitalized children, outperforming chest X-ray in terms of diagnostic accuracy. By combining
LUS findings with clinical and laboratory data, we were able to differentiate between bacterial and viral
infections effectively, supporting more judicious use of antibiotics and improving antimicrobial stewardship.
The use of LUS also eliminates the risks associated with radiation exposure from chest X-rays, making it a safer
and more reliable imaging modality, especially for pediatric patients. Our findings highlight the potential of LUS
as a first-line diagnostic tool in the management of pediatric respiratory diseases. Further studies, particularly
multicenter trials with larger sample sizes, are needed to validate these results and refine diagnostic criteria for
LUS, ultimately improving its implementation in clinical practice.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to institutional
requirements but are available from the corresponding author upon reasonable request.
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