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Abstract. The chest X-ray is routinely requested by pediatri-
cians for children with suspected pneumonia, but has been
demonstrated to be an insensitive method with relatively low
accuracy. Computed tomography (CT) allows for the charac-
terization of the consolidation in pneumonia but has a high
risk of radiation exposure in children. Lung ultrasonography
can identify subpleural lung consolidation in adults, but it is
not accepted in routine clinical practice and is also not used for
the diagnosis of children with pneumonia. The objective of the
present study was to compare diagnostic parameters of lung
ultrasound with chest X-ray in children with suspected pneu-
monia, using CT as a reference standard. Medical records of
949 children, aged <16 years, with suspected pneumonia were
reviewed. Data regarding the chest radiograph, lung ultra-
sound and chest CT were collected and analyzed. Beneficial
score analysis for each diagnostic modality was evaluated
according to the pneumonia severity index. The chest radio-
graph successfully detected subpleural lung consolidation and
dense lung opacity. The lung ultrasound successfully detected
pleural effusion and perilesional inflammatory edema. The
chest CT successfully detected a liquefied area, enhancement
and necrosis of the lungs. Compared with the chest CT, the
lung ultrasound displayed 0.906 sensitivity and 0.661 accu-
racy, while the chest radiograph displayed 0.793 sensitivity
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and 0.559 accuracy. For a pneumonia severity index of <3,
the chest CT displayed a good beneficial score, followed by
the lung ultrasound and chest radiograph. In conclusion, lung
ultrasound is a non-invasive and simple method that could be
used for the diagnosis of suspected pneumonia in children.

Introduction

Pneumonia is a leading cause of disease among children
in China (1). For children with suspected pneumonia, the
diagnosis is confirmed by a single lateral view chest X-ray,
to decrease radiological exposure (2). Computed tomog-
raphy (CT) provides a three-dimensional view, which not only
makes it user-friendly, but also allows the characterization of
the lung consolidation in pneumonia (3). Indeed, CT is the
only imaging technique that can assess the whole lung paren-
chyma (3). Furthermore, CT displays the highest sensitivity
and specificity for the majority of lung diseases, except for
pleural effusions (3), but has a high risk of radiation exposure
in children (4). Magnetic resonance imaging (MRI) has several
advantages over CT, including the lack of ionizing radiation,
the ability to better characterize tissues and the provision
of high soft-tissue contrast (5). However, MRI is rarely the
preferred choice for the evaluation of pulmonary parenchyma
due to the decreased likelihood of having proton content in
the lungs, as well as possible respiratory and cardiac pulsa-
tion artifacts (5). Ultrasonography is a non-radiating imaging
method (6) that can identify subpleural lung consolidation in
adults with pneumonia (7). Lung ultrasound is a promising
adjunctive technique in patients with community-acquired
pneumonia, by which radiation can be avoided (8) and
secondary technical parameters (for example, a thinner
chest wall) can be successfully evaluated (9). However, lung
ultrasound is operator-dependent and requires skilled sonog-
raphers (10), therefore, ultrasonography is not typically used
in routine clinical practice or included as a diagnostic method
for pneumonia in children (11). The chest X-ray is typically
requested by pediatricians in children with suspected pneu-
monia (12), however, this method has been suggested to be
insensitive and has relatively low accuracy (13,14).
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The objective of the present study was to compare diag-
nostic parameters of lung ultrasound with chest X-ray in
children with suspected pneumonia, in a Chinese setting.
In the present study, chest CT was considered as a reference
standard and the pneumonia severity index was used as a level
of confidence.

Materials and methods

Ethics. The protocol was approved by the Ethics Committee of
the Affiliated Hospital of Inner Mongolia Medical University.

Study population. Children that were admitted to the
Department of Pediatrics at the Affiliated Hospital of Inner
Mongolia Medical University and the Department of Pediatrics
at the Maternal and Child Health Care Hospital of Linhe
District between 12 January 2018 and 28 December 2018
were evaluated for inclusion in the present study. All patients
from the Maternal and Child Health Care Hospital of Linhe
District were referred to the Department of Pediatrics at the
Affiliated Hospital of Inner Mongolia Medical University.
In total, 989 children presented with fever, dyspnea, cough,
expectoration of purulent sputum, decreased breath sounds,
pleuritic chest pain and/or the other clinical signs suggesting
pneumonia. Among them, seven patients were aged >16 years,
therefore, data from these patients were excluded from the
present analysis. According to the Institute Guidelines, patients
are considered children when aged <16 years. Additionally,
12 children had not undergone all examinations for the
diagnostic methods (ultrasound and/or CT) and 21 children
had confirmed pneumonia and were on antibiotic treatment,
therefore these data were also excluded from the analysis. The
flowchart of analysis is presented in Fig. 1.

Data collection. Data regarding clinicopathological condi-
tions, demographical characteristics, clinical examinations,
the chest X-ray, transthoracic sonography and the chest CT
of 949 children were collected from the institutional records.
Data were collected electronically and anonymized.

Clinical examinations. Within 24 h of admission, blood
samples were collected and sent to a laboratory at the
Affiliated Hospital of Inner Mongolia Medical University for
pathological examination, and data regarding blood chemistry
were evaluated.

Chest radiograph. Children in a seated position received frontal
and lateral view chest X-rays using DuraDiagnost (Koninklijke
Philips N.V.). Image interpretation was performed by three pedi-
atric radiologists with =5 years' experience, who were blinded to
the results of the clinical examination, at each institute.

Lung ultrasound. Transthoracic sonography was performed
by sonographers (=3 years of experience) at each institute,
on patients in a seated or supine position; using EPIQ Elite
(Koninklijke Philips N.V.) in B-mode connected to 7.5 MHz
linear probes (Koninklijke Philips N.V.). Scans included
two rib spaces per lung field for the anterior, mild axillary
and posterior fields, totaling to six scanning windows per
hemithorax (15). Image interpretation was performed by
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sonographers with =5 years' experience, who were blinded
to the results of clinical examinations and chest X-rays, in
consultation with pulmonologists (=3 years' experience) at
each institute. Transthoracic ultrasound was performed in
real time.

Chest CT. Chest CT scans were performed on patients from the
level of the thoracic inlet to the diaphragm using an eight-sliced
scanner (Koninklijke Philips N.V.) at 100 kV, 25 mAs, 0.14
volume, 0.5 sec rotation and 2x10 collimation. CT scans were
performed by radiologists (=5 years' experience; blinded
regarding results of clinical examinations, chest X-rays and
lung ultrasound) at each institute. Images were analyzed by
radiologists in consultation with pulmonologists (=3 years'
experience) at each institute (16). When images were reviewed,
>3 independent interpretations of the results were performed.
Pleural effusion, perilesional inflammatory edema and lung
consolidations were considered as pneumonia. True, false or
inconclusive results of lung ultrasound and chest radiography
were decided based on the results obtained from chest CT.

Beneficial analysis. Beneficial score analysis was performed
to analyze an area to detect positive disease (pneumonia) by
imaging methods, or for the evaluation of imaging modality
performance. Beneficial score analysis was evaluated
according to the pneumonia severity index for each diag-
nostic modality, using the following equation (17): (true
positive pneumonia/949)-[(false positive pneumonia/949) x
([5-LCJ/LC)], where true positive pneumonia means that pneu-
monia was detected by imaging modalities as well as by the
chest CT; false positive means that pneumonia was detected
by imaging modalities but not detected by the chest CT; LC
is the level of confidence above which children were put on
antibiotics, which was determined by the pneumonia severity
index, a 0 to 5 scale, according to Institutional Guidelines
for Pediatric Pneumonia. The scale was defined as follows:
0, absent (no clinical signs and symptoms); 1, mild pneu-
monia (clinical signs and symptoms but no hospitalization
required); 2, mild to moderate pneumonia (hospitalization but
no intensive care admission); 3, moderate pneumonia (inten-
sive care admission but no mechanical ventilation required);
4, moderate to severe pneumonia (mechanical ventilation but
no death); and 5, severe pneumonia (shock or death). The ratio
of true positive pneumonia detected by each modality to true
positive pneumonia detected by chest CT was considered
sensitivity. The ratio of true negative pneumonia detected by
each modality to true negative pneumonia detected by chest
CT was accuracy.

Statistical analysis. Categorical variables are presented as a
number and percentage. Continuous variables are presented
as the mean + SD. SPSS software (version 24.0; IBM
Corporation) was used for statistical analysis. Categorical
data were analyzed by the ¥* test. A P<0.05 was considered to
indicate a significant difference.

Results

Clinical manifestations. Dyspnea and cough were the most
commonly reported symptoms among the patients, followed
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Children with suspected pneumonia (n=989)

Excluded (n=40)

* Patients age=16 years (n=7),
* Not performed all diagnostic methods (n=12),
o Confirmed pneumonia (n=21).

Data of children included in the analysis (n=949)

Index test

Chest radiograph (n=9489)

l l

Lung ultrasound (n=943)

Chest Computed

Tomography (n=949)

Analysis (n=949)

*  Pneumonia detected (n=741),
* Pneumonia absent (n=153),
* Inconclusive results (n=55).

Analysis (n=949)

* Pneumonia detected (n=810),
* Pneumonia absent (n=115),
* Inconclusive results (n=24).

Analysis (n=949)

* Pneumania detected (n=822),
* Pneumonia absent (n=127),
* Inconclusive results (n=0).

Figure 1. Flowchart of data analysis.

by expectoration of purulent sputum, fever and pleuritic chest
pain. Further demographical characteristics of the patients are
presented in Table I.

Laboratory tests. Children displayed a higher erythrocyte
sedimentation rate than normal. A total of 171 (18%) patients
displayed severe hypoxemia and were subsequently admitted
into the Emergency Department. The results of further
laboratory tests are presented in Table II.

Chest radiograph. The chest X-ray successfully detected
subpleural lung consolidation (Fig. 2) and dense opacity
in the lungs, but was unable to identify whether the
lung had undergone suppurative, necrotic change or was
congested (Fig. 3).

Lung ultrasound. Transthoracic sonography successfully
detected a minimal pleural effusion and perilesional inflamma-
tory edema (Fig. 4). However, a lung consolidation with an air
bronchogram, as well as the consolidations that did not reach
the pleura were missed. Lung ultrasound was also not able to
define the hyperechoic spots present in the consolidations as
an air bronchogram.

Chest CT. The chest CT successfully detected liquefied areas,
inflammation and necrosis of the lungs (Fig. 5).

Diagnostic parameters. Compared with chest CT, lung
ultrasound displayed 0.906 sensitivity and 0.661 accuracy,
while chest radiograph displayed 0.793 sensitivity and 0.559

Figure 2. Lateral view chest X-ray of a 6-year old boy with productive cough.
Yellow arrow indicates subpleural lower right lung consolidation.

accuracy. Further diagnostic parameters of imaging modalities
are presented in Table III.

Beneficial analysis. All diagnostic modalities displayed
considerable beneficial scores when the pneumonia severity
index was =3. For pneumonia severity indexes <3, the chest
CT provided the highest beneficial score, followed by lung
ultrasound and chest radiography, respectively (Fig. 6).

Discussion
The present study reported that chest X-ray was unable to

identify necrosis and congestion of the lungs in pediatric
patients with suspected pneumonia. The air bronchogram
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Table I. Clinicopathological and demographical characteristics.

Characteristic Patient population
Age (years)

Minimum 2

Maximum 16

Mean + SD 12.45+3.12
Sex

Male 446 (47)

Female 503 (53)
Ethnicity

Han Chinese 871 (92)

Mongolian 62 (2)

Tibetan 16 (2)
Fever 361 (38)
Dyspnea 711 (75)
Cough 778 (82)
Expectoration of purulent sputum 3,445 (47)
Decreased breath sounds 145 (15)
Pleuritic chest pain 345 (36)
Chills 281 (30)
Headache 157 (17)

Constant variables are presented as number (percentage). Continuous
variables are presented as mean + SD.

Table II. Biological characteristics.

Characteristic Patient population
Erythrocyte sedimentation rate (mm/h)* 20.12+£7.22
White blood cell/dl 12,545.00+£3.415.00
Procalcitonin (pg/l) 2.11+£0.54
Serum reactive protein (mg/l) 111.85x12.17
Urine area >11 mM/1 141 (15)
Blood pH <7.35 10 (1)
Severe hypoxemia (partial pressure of 171 (18)

oxygen in blood <60 mmHg)

“Normal range, 0-10 mm/h. Constant variables are presented as number
(percentage). Continuous variables are presented as mean + SD.

was only identified by chest CT. The results from the present
study were consistent with prospective studies (16,18) and
retrospective reviews on adult patients (13,14). However, the
results obtained were not in line with a prospective observa-
tional cohort study on lung ultrasound in children and young
adults (19). Chest CT is considered as ‘gold standard’ in the
detection of pneumonia (20), but cannot be used routinely in
children because children are radiosensitive and display a
greater risk associated with radiation than adults (3). Therefore,
there is a need for an alternative diagnostic modality for the
detection of pneumonia in children, with a reduced risk of
radiation exposure.

YAN et al: DIAGNOSTIC MODALITIES FOR PNEUMONIA IN CHILDREN

Figure 3. Lateral view chest X-ray of a 5-year old girl with productive cough
and fever, in the supine position. The chest X-ray image did not identify pneu-
monia that was later detected by chest CT, which displayed a low-density
area in the lungs, and by lung ultrasound, which identified perilesional
inflammatory edema.

Figure 4. Lung ultrasound in the supine position of a 5-year girl old with a
productive cough and fever. The yellow arrow indicates pleural effusion of
the lung. The blue arrow indicates perilesional inflammatory edema.

Figure 5. Axial view of the chest CT of a 7-year old boy with a productive
cough and fever. The black arrow indicates poorly enhancing or liquefied
areas of the lung or low-density areas of the lungs. The yellow arrow indicates
an enhancement of the lungs. The blue arrow indicates necrosis of the lungs.
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Table III. Diagnostic parameters of imaging modalities.
Imaging modality
Chest computed tomography Lung ultrasound Chest radiograph

Parameter Patient population Patient population ~ P-value  Patient population  P-value
True positive pneumonia 822 (87) 745 (79) <0.0001 652 (69) <0.0001
True negative pneumonia 127 (13) 84 (9) 0.0020 71 (7) <0.0001
False positive pneumonia 0 (0) 65 (7) <0.0001 89 (9) <0.0001
False negative pneumonia 0 () 31 (3) <0.0001 82 (9) <0.0001
Inconclusive results 0 () 24 (2) <0.0001 55 (6) <0.0001
Sensitivity 1 0.906 <0.0001 0.793 <0.0001
Accuracy 1 0.661 <0.0001 0.559 <0.0001

Constant variables are presented as number (percentage). Continuous variables are presented as the mean. Variables were analyzed by the
y* test. Image interpretation of chest radiograph was performed by pediatric radiologists at each institute. Image interpretation of lung ultra-
sound was performed by sonographers at each institute. Image interpretation of the chest computed tomography was performed by radiologists
at each institute. All radiographers and sonographers had =5 years' experience. When images were reviewed, =3 independent interpretations
of the results were performed. Pleural effusion, perilesional inflammatory edema and lung consolidations were considered as pneumonia for
images. True, false or inconclusive results by lung ultrasound and chest radiograph were decided on the results obtained from chest computed
tomography. P<0.05 was considered to indicate a statistically significant difference, compared with chest computed tomography.

Chest computed tomography

0.8 P i

s LUNG Ultrasound ===

Chest radiograph —— Clinical manifestations+Laboratory test

0.8

o7 L 1 L

: P

0.5 o

Beneficial score

0.4
0

0.2
04| [

0 1 2

3 4 5

Pneumonia severity index

Figure 6. Beneficial score analysis of the different diagnostic modalities across pneumonia severity indexes. Image interpretation of chest X-rays was performed
by pediatric radiologists at each institute. Image interpretation of lung ultrasounds was performed by sonographers at each institute. Image interpretation of
chest CTs was performed by radiologists at each institute. All radiologists and sonographers had =5 years of experience. 0, no pneumonia; 1, mild pneumonia;
2, mild to moderate pneumonia; 3, moderate pneumonia; 4, moderate to severe pneumonia; 5, severe pneumonia.

In the present study, for the detection of pneumonia, lung
ultrasound displayed 0.906 sensitivity and 0.661 specificity,
while chest X-ray displayed 0.793 sensitivity and 0.559 speci-
ficity, compared with chest CT. These results were consistent
with results reported by a number of prospective diagnostic
accuracy studies (4,11,21) . The chest X-ray is routinely recom-
mended as an important diagnostic modality for pneumonia
because it can predict pneumonia without clinical signs (9).
Likewise, lung ultrasound is successful in the differential diag-
nosis of atelectasis and lung consolidation (22), because fluid

or solid material that accumulates in the lung can be easily
visualized by a transthoracic sonograph (10). Additionally,
children have a smaller lung mass and thinner chest walls
compared to adults, which makes lung ultrasound ideal
for the diagnosis of pneumonia in children (23). Even a low
dose (<0.2 mGy) of chest X-ray is harmful to children (20).
Furthermore, chest X-ray does not display 100% specificity
or accuracy and also has issues of intra- and inter-observer
disagreements (23). Alternatively, the results of the current
study indicated that lung ultrasound was a safe, reliable and
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superior diagnostic method compared with chest X-ray for the
diagnosis of pneumonia in children.

Lung ultrasound displayed 65 (7%) false-positive results,
whereas chest X-ray resulted in 89 (9%) false-positive
results (P=0.053) for the diagnosis of pneumonia. These
results were consistent with a prospective diagnostic accu-
racy study (4). However, these results were not in line with
a prospective observational cohort study investigating the
use of ultrasound for children and young adults (19). Chest
X-ray has an issue resulting in the blending of various tissue
images, whereas lung ultrasound allows dynamic analysis of
each intercostal space during breathing (4). Ultrasonography
of the left lower chest is problematic as artifacts are caused
by the interaction between the ultrasound beam and even
a small amount of fluid and air. This implies that pleural
effusion enhances artifact generation (19). In the present
study lung ultrasound resulted in fewer false-negative results
than chest X-ray (31 vs. 82; P<0.0001). The results from the
present study were consistent with a number of prospective
diagnostic accuracy studies (7,19). X-ray has poor sensitivity
for small subpleural consolidations (4) and can only detect
lung consolidations that are =1.5 cm (19). The results of the
current study reported that false predictive values of lung
ultrasound were lower than those for chest X-ray and could
be eliminated by integrating cardiac and abdominal scans
of the lung, through the diaphragm, with the intercostal
approach.

In the present study, for pneumonia severity indexes <3,
lung ultrasound displayed a higher beneficial score than chest
X-ray, indicating that lung ultrasound may aid in the clinical
decision-making process regarding putting children on anti-
biotics in the early stages of pneumonia, when symptoms are
not severe.

There were several limitations of the present study, for
example, the study was a retrospective study and lacked a
prospective trial. The present study performed chest CT to
confirm pneumonia, but generally chest CT is not preferred as
a diagnostic module in children for safety reasons. Typically,
there is less inter-and intra-operator reproducibility for lung
ultrasound than chest X-ray (16). The amount of experience
each sonographer has can also impact the accuracy of the ultra-
sound findings (9). Furthermore, lung ultrasound has fewer
accuracies in identifying lung abscesses than chest CT (16).
Combining lung ultrasound and chest X-ray has been reported
to display results consistent with chest CT (16), however, the
present study did not include such analysis. Additionally, a
large randomized trial is required to assess the combination of
lung ultrasound and chest X-ray in the diagnosis of pneumonia
in children.

In conclusion, lung ultrasound is a non-invasive and simple
method for the diagnosis of suspected pneumonia in children.
Unlike chest X-ray and CT, lung ultrasound is an easy method
to perform in children at the bedside without ionizing radiation
exposure. The present study recommended lung ultrasound for
the diagnosis of pneumonia instead of using chest radiography
or CT.
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