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radiation exposure in pediatric critical patients
with bacterial pneumonia: a randomized clinical
trial
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Abstract

Background Pneumonia is a major public health problem with an impact on morbidity and mortality. Its manage-
ment still represents a challenge. The aim was to determine whether a new diagnostic algorithm combining lung
ultrasound (LUS) and procalcitonin (PCT) improved pneumonia management regarding antibiotic use, radiation
exposure, and associated costs, in critically ill pediatric patients with suspected bacterial pneumonia (BP).

Methods Randomized, blinded, comparative effectiveness clinical trial. Children < 18y with suspected BP admitted

to the PICU from September 2017 to December 2019, were included. PCT was determined at admission. Patients were
randomized into the experimental group (EG) and control group (CG) if LUS or chest X-ray (CXR) were done as the first
image test, respectively. Patients were classified: 1.LUS/CXR not suggestive of BP and PCT < 1 ng/mL, no antibiotics
were recommended; 2.LUS/CXR suggestive of BP, regardless of the PCT value, antibiotics were recommended; 3.LUS/
CXR not suggestive of BP and PCT > 1 ng/mL, antibiotics were recommended.

Results 194 children were enrolled, 113 (58.2%) females, median age of 134 (IQR 39-554) days. 96 randomized
into EG and 98 into CG. 1.1n 75/194 patients the image test was not suggestive of BP with PCT <1 ng/ml; 29/52
inthe EG and 11/23 in the CG did not receive antibiotics. 2. In 101 patients, the image was suggestive of BP;

34/34 in the EG and 57/67 in the CG received antibiotics. Statistically significant differences between groups were
observed when PCT resulted <1 ng/ml (p=0.01). 3. In 18 patients the image test was not suggestive of BP but PCT
resulted > 1 ng/ml, all of them received antibiotics. A total of 0.035 mSv radiation/patient was eluded. A reduction
of 77% CXR/patient was observed. LUS did not significantly increase costs.

Conclusions Combination of LUS and PCT showed no risk of mistreating BP, avoided radiation and did not increase
costs. The algorithm could be a reliable tool for improving pneumonia management.

Clinical Trial Registration: NCT04217980.
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Background

Pneumonia in children is a major public health and
an economic problem with a considerable impact on
morbidity and mortality. It is one of the most common
causes of admission to pediatric intensive care units
(PICU) worldwide [1]. Its etiology can be bacterial, viral,
or fungal infection [2]. As defined in the British Tho-
racic Society (BTS) guidelines [3], bacterial pneumo-
nia (BP) should be considered in children when there is
persistent fever>38.5 °C together with chest recessions
and raised respiratory rate, in a previously healthy child
[4—6]. However, those symptoms and signs may overlap
between the different etiologies [7, 8], being a challenge
to identify patients with BP [9], which is crucial concern-
ing antibiotic use. Moreover, children are more sensitive
to radiation than adults. Radiation exposure can induce
non-lethal cell transformation that may become malig-
nant after a long latency period (several years to decades)
[10, 11]. It is assumed that a linear relationship may exist
between exposure and cancer risk, with no threshold
value below which this risk is zero. Based on this, the
probability of developing cancer is presumed to increase
with radiation dose even for low-dose medical imaging
procedures [10]. Because of this, health care providers
should be careful to reduce radiation exposure to pediat-
ric patients [12].

The presence of a new infiltrate on the chest X-ray
(CXR) supports the definitive diagnosis of pneumonia
[13]. However, although CXR is considered the best diag-
nostic option in children, it shows low specificity regard-
ing etiology diagnosis [14, 15]. Besides, it has several
limitations: it exposes patients to radiation and has lim-
ited diagnostic accuracy for community-acquired pneu-
monia (CAP) (54% sensitivity and 57% specificity, using
chest-CT as a gold standard) [16]. On the other hand,
lung ultrasound (LUS) has been used to analyze pleural
and lung tissue pathological conditions. The available
evidence suggests that LUS is a reliable, valuable, and
alternative method to CXR for the diagnosis of pediatric
pneumonia [15, 16]. It can be performed at the patient’s
bedside (point-of-care) and is radiation free [17, 18].

Microbiological diagnosis should be attempted in chil-
dren with severe pneumonia who require intensive care,
in order to differentiate between viral and bacterial etiol-
ogy and optimize antibiotic use. However, studies regard-
ing pneumonia etiology are challenging due to the low
yield of blood cultures, the inconvenience to obtain ade-
quate sputum specimens, and the reluctance to perform

lung aspiration and bronchoalveolar lavage (BAL) in chil-
dren [19]. Over the last decade, polymerase chain reac-
tion (PCR) techniques have developed considerably and
improved viral and bacterial detection. However, they are
not always available or accurate enough for pneumonia
diagnosis etiology [20, 21].

The use of biomarkers may be helpful to elucidate the
etiology of infection and identify patients with respira-
tory infections potentially requiring antibiotics. Procalci-
tonin (PCT) and C-reactive protein (CRP) are the most
extensively studied biomarkers. PCT usefulness has been
proven for bacterial infection diagnosis [22, 23], help-
ing to differentiate it from viral infection [24—26]. PCT
increases earlier than CRP in the presence of an active
infection and decreases quickly when the infection is
controlled, allowing monitor antibiotic response, poten-
tially reducing antibiotic treatment indication and length
[27-29]. However, PCT values alone may not confirm
the diagnosis of BP [30]. Thus, more evidence is required
to confirm the impact of PCT-guided therapy on antibi-
otic prescription rates among patients with respiratory
infections.

Optimal antibiotic use is crucial because of the rising
antibiotic resistance and the lack of new antimicrobial
development. An association between antibiotic use and
the appearance and spread of resistant strains has been
established [31, 32]. Reducing its inappropriate use is
essential [33, 34]. Therefore, it is important to search for
tests or techniques that may help physicians diagnose BP.

Results of this clinical trial, regarding the accuracy of
the algorithm for BP diagnosis in pediatric patients, have
been previously published in the literature [35].

The present study aimed to analyze if the new diag-
nostic algorithm combining LUS and PCT improves the
quality of BP management regarding antibiotic use, radi-
ation exposure, and associated costs.

Methods

Study design and patients

PROLUSP (PROcalcitonin and Lung UltraSound algo-
rithm to diagnose severe Pneumonia in critical pediatric
patients) study, was a randomized, blinded, controlled
clinical trial. It was conducted in a PICU of a tertiary
pediatric hospital (Hospital Sant Joan de Déu, Barcelona,
Spain) from September 2017 to December 2019 [36].
The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the local Healthcare
Ethics Committee and the Institutional Review Board
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(code: PIC-139-16). Trials.gov registry registration num-
ber: NCT04217980. The present manuscript is a post hoc
study.

Eligible patients were children under 18 years old with
suspected BP. Patients with underlying pathologies such
as cystic fibrosis or immunocompromised, patients pre-
viously included in the study as CAP who developed
nosocomial pneumonia (NP), or patients whose CXR
was evaluated by the pediatrician-researcher before
the PICU admission were excluded. Refusal of paren-
tal consent, loss of protocol adherence, and death were
considered withdrawal and abandonment criteria. Thus,
these patients were also excluded from the study. Written
parental informed consent was mandatory. Demographic
information, clinical characteristics, laboratory, microbi-
ological and radiological findings were collected [36].

Definitions

In accordance with the British Thoracic Society guide-
lines [3], CAP in children is defined as the presence of
compatible clinical signs and symptoms (fever, cough,
tachypnea, shortness of breath) and/or abnormal res-
piratory auscultation (hypoventilation, tubular breath
sounds, murmur), and/or thoracic or abdominal pain in
a previously healthy child due to an infection acquired
outside the hospital [3, 4]. BP should be considered
when there is persistent fever >38.5 °C, with chest reces-
sion and raised respiratory rate. The appearance of an
infiltrate on the X-ray and the increase in acute phase
reactants levels are thought to be secondary to bacterial
cause. Etiological studies through respiratory and blood
samples should be attempted in those patients with sus-
pected BP admitted to the PICU [3].

NP was suspected when pneumonia appeared after
48 h of hospitalization or within 7 days of hospital dis-
charge. Ventilator-associated pneumonia (VAP) was sus-
pected when pneumonia occurred in a patient receiving
mechanical ventilation for more than 48 h. NP, including
hospital-acquired BP and ventilator-associated BP, was
characterized based on CDC'’s definition [37, 38].

LUS and CXR procedures complications

LUS was executed using a 12-MHz linear prove by a
LUS trained intensive care physician who had at least
3 years of experience [39]. LUS exam was performed
with the patient in supine position and, following inter-
national recommendations, 6 areas of each hemitho-
rax were systematically scanned: superior and inferior
quadrants of each anterior, lateral, and posterior zones
[40]. Different patterns of aeration definitions and pneu-
monia diagnosis were based on previous publications
[41-43]. BP pattern was considered when a lung con-
solidation with an air bronchogram and the presence of
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white lung were observed [43, 44]. Viral pneumonia (VP)
pattern was based on the presence of diffuse or coales-
cent B lines with small, multiple, and bilateral subpleural
consolidations [43]. Atelectasis were defined as those
consolidations with a tissue-like pattern with static air
bronchogram [43, 45].

The CXR was reviewed by an experienced consulting
radiologist who specializes in pediatric imaging and pul-
monary pathologies. The diagnostic criteria for BP and
VP were based on previously published studies [46]. The
BP pattern [47, 48] was characterized by the presence of
a consolidation, which may or not present air broncho-
gram. Secondly, the VP pattern [49, 50] was identified by
peri-bronchial infiltrates, peri-bronchial cuffing, peri-
bronchial thickening or increased interstitial markings.
Atelectasis [51] diagnosis was based on the presence of
peripheral linear opacities, often associated with reduced
lung volume.

The evaluation of radiation exposure from CXR was
conducted. The assessable radiation exposure was deter-
mined by considering two factors: (1) the number of CXR
that were not performed during the follow-up in com-
parison to the number of LUS examinations conducted
during the same period, (2) the overall reduction in CXR
performed in the PICU, before and after the algorithm
implementation.

Complications related to image tests, including both
CXR and LUS, were defined as bradycardia, desatura-
tion, increased need for oxygen administration, increased
sedation requirement, and the development of nosoco-
mial infection as a result of the techniques used. These
complications were registered during the assessment.

PCT values and microbiological samples

The PCT values were measured using the LumiTest®PCT
immune-luminometric assay from ATOM S.A. (Brahms
Diagnostica GmbH). PCT levels were evaluated at the
time of recruitment in both groups. A PCT value below
1 ng/mL was considered normal, while a PCT value equal
to or greater than 1 ng/mL was considered indicative of a
bacterial infection based on previous studies [30, 37, 52,
53].

The viral identification of the causative microorganisms
was conducted using a multiplex PCR technique, which
involves DNA amplification through polymerase chain
reaction to detect multiple viruses. This testing was per-
formed on nasopharyngeal aspirate (NPA) samples, or
in intubated patients, on a tracheal aspirate (TA)/bron-
choalveolar lavage (BAL) samples.

Cultures performance was indicated when CAP or
NP were suspected. In intubated patients, the TA/BAL
sample was collected once intubation was performed.
To differentiate between colonization and infection,
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the quantification of CFU/ml was utilized. Infection = Randomization and interventions

was considered when there was a growth of more than  Patients who met the inclusion criteria were randomly

10° CFU for TA and more than > 10* CFU for BAL. assigned to two groups (Fig. 1):

For blood cultures (BC), a positive result was indi-
cated by the isolation of microorganisms from the » Experimental group (EG): patients in this group
sample. underwent LUS as the first lung image test at the

time of recruitment.

== CONSORT

"2 TRANSPARENT REPORTING of TRIALS

CONSORT 2010 Flow Diagram

[ Enrollment ]

Assessed for eligibility

Excluded (n= 60)

(n=254) LI Not meeting inclusion criteria (n= 42)
- Noinclusion criteria (11)
- Exclusion criteria (8)
- Non informed consent (4)
. > - Respiratory disease (4)

- CXR seen before (blinding lost)
O Declined to participate (n= 3)
O Other reasons (n= 5)

Randomized (n= 194)

!

l [ Allocation

) l

Allocated to intervention (LUS) (n= 96)

O Received allocated intervention (experimental
group) (n= 96)

O Did not receive allocated intervention (control
group) (n=0)

Allocated to control intervention (CXR) (n= 98)

0 Received allocated intervention (experimental
group) (n= 98)

LI Did not receive allocated intervention (control
group) (n= 0)

l [ Follow-Up

] |

Lost to follow-up (LUS lost) (n=0)

Discontinued intervention (lack of protocol
compliance) (n= 0)

Lost to follow-up (CXR lost) (n= 0)

Discontinued intervention (lack of protocol
compliance) (n= 0)

l [ Analysis

| |

Finally analyzed (n= 96)

Fig. 1 CONSORT flow diagram

Finally analyzed (n= 98)
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+ Control group (CG): patients in this group under-
went CXR as a first lung image test at recruitment.

The decision to prescribe antibiotic therapy was based
on a combination of the imaging test results and the PCT
value. The antibiotic therapy recommendations for each
group were as follows:

1. If the image test (LUS or CXR) was not suggestive of
BP and the PCT value was<1 ng/mL, no antibiotic
was prescribed.

2. If the image test (LUS or CXR) was suggestive of BP,
regardless of the PCT value, antibiotic therapy was
recommended.

3. If the image test (LUS or CXR) was not suggestive of
BP but the PCT value was>1 ng/mL, an empirical
antibiotic was recommended to ensure the treatment
of other infectious etiologies.

LUS was performed every day starting from recruit-
ment, and the results were recorded and stored at three
specific time points: within 12 h of suspicion of BP (basal
visit), between the 2nd and 3rd day (first visit), and
between the 4th and 5th day (second visit). Additionally,
during the hospitalization period, LUS and CXR were
performed based on the patient’s clinical progress.

The pediatric researcher who conducted and inter-
preted the LUS, as well as the radiologist who interpreted
the CXR, were kept unaware of each other’s findings and
were also blinded to the final diagnosis assessment.

The final diagnosis of BP was determined by an expert
using the BTS guidelines [3] for CAP taking in to consid-
eration clinical, laboratory, microbiological, and radio-
logical findings). The CDC criteria were followed for NP
final diagnosis [38]. To analyze the agreement and accu-
racy of the tests, all patients underwent both CXR or LUS
at the time of recruitment. Results can be found in previ-
ously published articles in the literature [35, 39].

Economic evaluation

An economic evaluation was conducted. All resources
involved in the use of the algorithm were included as
direct costs: price per each imaging test, antibiotic sav-
ing costs, and CXR saving costs. No indirect costs were
evaluated.

Outcomes

The main outcome was to assess whether the algorithm,
combining LUS and PCT, was useful for pneumonia
management considering:

« The indication and duration of the empirical antibi-
otic treatment between groups:
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The antibiotic indication, considered appropriate
when patients completed a minimum of 5-day treat-
ment [54], as the bacterial infection was confirmed.
The antibiotic prescription rate, evaluated through
the concordance analysis between the final diagnosis
(BP, VP, no pneumonia) and the antibiotic indication.
The antibiotic-free days, calculated as the difference
between the global stay minus the total of the antibi-
otic days.

+ To quantify the radiation dose avoided between
groups.

+ To quantify the time needed and complications for
each imaging test.

+ To determine if there was an economic impact
regarding the image test.

The secondary outcome was to analyze if the imple-
mentation of the algorithm had an impact on avoided
radiation on all other PICU patients. Two-time points
were analyzed: 2015 and 2020, before and after the algo-
rithm implementation. All patients admitted to the PICU
due to a medical condition were considered. Surgical
patients were excluded. The total CXR that were done
before and after the protocol application, were compared.
The CXR/patient ratio and the radiation/patient ratio
were calculated and compared.

Sample size and statistical analysis.

Using the statistical program Ene 2.0®, the sample size
was estimated as sufficient to guarantee power of 80%
with a level of significance of 5% to detect an effect size of
20% using a bilateral X? test for two independent samples
[33]. It resulted in a total of 182 units, 91 units per each
group, EG and CG [33].

Using the "Random” function of the MS-Excel XP®
program (Microsoft ® Excel ® 2019), a binary series of
random numbers was generated, according to the proce-
dure described by Friedman, which creates the sequence
by means of balanced block sampling to ensure a similar
number of patients in each group. The series of numbers
were in the possession of the PICU’s head researcher.
Depending on that number, each patient was assigned to
one group or the other.

The proportions of categorical variables were com-
pared using the X* test and the means of continuous vari-
ables were assessed with the Student’s T-test. A p-value
of <0.05 was considered statistically significant. The time
of realization of each technique was described by medi-
ans and quartiles. Medians comparison was assessed
using Wilcoxon’s rank test. Qualitative variables were
described by counts and percentages.
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Concordance between antibiotic prescription and the
final diagnosis was evaluated using the Kappa index. It
assessed the equality of concordance level by compar-
ing the Kappa indices of each group using Wald’s Z-test.
The association between the antibiotic prescription and
the randomization group was tested by applying the Chi-
square test or Fisher’s exact test if applicability condi-
tions were not met. The antibiotic treatment time was
described by medians and quartiles. The randomization
group’s medians of time of antibiotic treatment were
compared by the Mann—Whitney’s test. A p-value lower
than 5% was considered significant.

Results

A total of 254 children were assessed for study eligibil-
ity. 194 children were finally enrolled, and randomized
into the two groups: 96 patients in the EG and 98 in the
CG. The CONSORT flow diagram is shown in Fig. 1. Of
the 194 patients, there were 113 (58.2%) females with a
median age of 134 days (IQR 39-554), and a median
weight of 6.3 kg (IQR 4.3-11.0). Demographic, clinical
characteristics, and microbiological results were similar
in both groups. Data are shown in Additional file 1 and
Additional file 2, respectively.

Primary outcome: management of BP suspicion
Antibiotic indication and duration per each group at
admission:

1. In 75/194 (38.7%) patients the image test was not
suggestive of BP with PCT<1 ng/ml; from them,
29/52 (55.8%) in the EG and 11/23 (47.8%) in the CG
did not receive antibiotics.
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2. In 101 patients, the image test was suggestive of BP;
from them, 34/34 (100%) in the EG and 57/67 (85%)
in the CG received antibiotics. Statistically signifi-
cant differences between groups were observed when
PCT resulted <1 ng/ml, p=0.01.

3. In 18 patients the image test was not suggestive of BP
but PCT resulted in>1 ng/ml. All of them received
antibiotics. Details are shown in Fig. 2 and Table 1.

The median length of antibiotic therapy was of 7 days
(IQR 7-7) in the EG vs 7 days (IQR 5.75-7) in the CG,
p=0.616. Antibiotic-free days resulted in a median of
9 days (IQR 4-15.5) for the LUS group vs 9 days (IQR
4-18.5) for the CXR group, p=0.438.

The analysis of the antibiotic treatment for each group
and visit is shown in Tables 2, 3, 4 and 5.

Antibiotic prescription analysis

Of the 194 patients with suspected BP, 144 (74.2%)
received empirical antibiotic treatment at the basal visit,
67/96 (69.8%) patients in the EG, and 77/98 (78.6%) in
the CG (p=0.217).

BP was finally diagnosed in 97 (50%) patients, 46/96
(47.9%) in the LUS group, and 51/98 (52%) in the CXR
group (p=0.816). Of them, 45/46 (97.8%) in the LUS
group, and 50/51 (98%) in the CXR group, received anti-
biotic treatment (p=0.339).

A sub-analysis, excluding patients with normal viral
pattern in the image test and PCT < 1 ng/ml), showed that
44/44 patients in the EG and 65/75 in the CG (p0.01),
received antibiotics. Details are shown in Table 4.

The concordance analysis between the final diagnosis of
BP and the antibiotic treatment prescription resulted in

r

Suspicion of community or
nosocomial pneumonia
N =194

1

EG (LUS)
N=96

! I

Bacterial pneumonia by LUS Normal or viral pneumonia by
+ any PCT value LUS
N=34 N =62
PCT <1ng/ml PCT >Ing/ml
N=52 N= 10
— — No Empiric
Empiric antibiotic antibiotic antibiotic
N=34 N=29 N= 10

CG (CXR)
N=98

[ )

Bacterial pneumonia by CXR Normal or viral pneumonia
+any PCT value by CXR
N =67 N=31
PCT <1ng/ml PCT >1ng/ml
N=23 N=28
No Empiric
Empiric antibiotic antibiotic antibiotic
N =57 N=11 N=38

CXR: chest X-ray. LUS: lung ultrasound. PCT: procalcitonin. EG: experimental group. CG: control group.

Fig. 2 Results of the algorithm protocol implementation
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Table 1 Analysis of the antibiotic indication
Image findings PCT value Basal visit First visit Second visit

n A (%) p n A (%) p n A (%) p
LUSN+PCT<1 52 23 (44.2) 0.59 52 17 (32.7) 0.44 52 17 (32.7) 0.44
CXRN+PCT<1 23 12(52.2) 23 9(39.1) 23 9(39.1)
LUS a+PCT>1 17 17 (100) 028 17 16 (94.1) 021 17 16 (94.1) 021
CXRa+PCT>1 25 25 (100) 25 25(100) 25 5(100)
LUSa+PCT< 1 17 17 (100) 0.07 17 17(100) 0.01 17 17 (100) 0.01
CXRa+PCT<1 42 32(76.9) 42 26 (61.9) 42 6(61.9)
LUSN+PCT>1 10 10 (100) 081 10 10 (100) 045 10 10 (100) 045
CXRN+PCT>1 8 8(100) 8 7(75) 8 7 (75)

The first column of each visit shows the number of patients with the combination of the imaging test and PCT results. The second column shows the number of

patients who received antibiotic and the percentage it represents

LUS: lung ultrasound, CXR: chest X-ray, PCT: procalcitonin, n: number, A: antibiotic, N: normal, a: altered (bacterial pneumonia pattern by image test)

Table 2 Antibiotic indication and length

Visit Total (N=194) EG(N=96) CG(N=98) p value
ATB basal visit, 144 (74.2) 67 (69.8) 77 (78.6) 0.217

n (%)

ATB first visit, 127 (65.9) 60 (62.5) 67 (68.4) 0479

n (%)

ATB second visit, 127 (65.9) 60 (62.5) 67 (684) 0479

n (%)

Patients with final 97 (50) 46 (47.9) 51(52) 0.339
diagnosis of BP,

n (%)

Patients who received antibiotic treatment for each group and visit

Table 3 Analysis of antibiotic duration in patients who received

antibiotic

Antibiotic Total (N=144) EG(N=67) CG(N=77) pvalue
duration

<3d,n %) 17 (11.8) 7(10.5) 0(129) 0.556
4-5d,n (%) 19(13.3) 9(134) 10(13.2)

6-7d,n (%) 81 (56.6) 42 (62.7) 39(51.3)

>7d,n %) 2819.6) 10 (14.9) 8(23.7)

Comparison between both experimental and control group

K 0.67 (IC 95% 0.529-0.811) for the LUS group, and in K
0.627 (IC 95% 0.48-0.774) for the CXR group, p =0.339.

The pros and cons of LUS vs CXR

Avoided radiation Each anteroposterior CXR irradiates
0.02mSv [10]. All patients underwent CXR on the day of
admission (194 CXR). During the follow-up, 30 CXR (12
in the EG and 18 in the CG) were done between 24 and
48 hand, 17 CXR (9 in the EG and 8 in the CG) were done
after the fifth day. So, 164 and 177 CXR were eluded dur-
ing patient follow-up, a total of 341 CXR. Hence, a total

Table 4 Sub-analysis excluding those patients who received
antibiotic with VP or normal pattern in the image test and
PCT < 1 ng/ml, for each group and visit

Visit Total (N=109) EG(N=44) CG(N=75) pvalue
ATB basal visit, 109 (100) 44 (100) 65 (86.7) 0013

n (%)

ATB first visit, 100 (91.7) 43(97.7) 57 (76) 0.004

n (%)

ATB second visit, 100 (91.7) 43(97.7) 57 (76) 0.004

n (%)

Patients with final 88 (80.7) 41(93.2) 47 (62.7) 0323
diagnosis of BP,

n (%)

Table 5 Sub-analysis of antibiotic duration, excluding those
patients who received antibiotic with VP or normal pattern in the
image test and PCT< 1 ng/ml

Antibiotic Total (N=109) EG(N=44) CG(N=75) pvalue
duration

<3d,n %) 9(0.1) 1(2.3) 8(12.3) 0.126
4-5d,n (%) 8(0.1) 2(4.6) 6(9.2)

6-7d, n (%) 69 (63) 33(75) 36 (55.4)

>7d,n %) 23 (21) 8(18.2) 15 (23.1)

of 6.82 mSv radiation was avoided, meaning 0.035 mSv
radiation eluded per patient.

Time and complication for each imaging test The
median time spent for the LUS procedure resulted
in 7 min (IQR 6-8) vs a median time of 31 min (IQR
19-65.8) for CXR, with statistically significant differ-
ences (p <0.001). The CXR time was calculated from the
CXR solicitude until it was able to be seen on the com-
puter.
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Regarding LUS, complications were defined in 19
(9.9%) patients: 11 (5.67%) needed sedation increase, 5
(2.58%) needed increase of oxygen administration, in 2
(1.0%) occurred desaturation and in 1 (0.5%) bradycar-
dia. About CXR, there were observed complications in 44
(22%) patients: 21 (10.8%) needed sedation increase, 16
(8.2%) needed increased oxygen administration, 5 (2.6%)
presented bradycardia and 1 (0.5%) had accidental extu-
bating. Complications between imaging tests had statisti-
cally significant differences (p <0.01).

Costs analysis By the rate of the Catalonian Govern-
ment decree (CVE-DOGC-B-20155037-2020) [55], the
price per each LUS was set at 24.8% and the price per each
CXR, at 15.5%. As LUS was done at the patient’s bedside
by the same physician in charge of the patient, it had no
further human costs. By the rate of Hospital costs, anti-
biotic costs per day were calculated. The total antibiotic
cost in PICU, during one year, was 30805,8$. PICU days of
stay were 5894 days. Antibiotic costs resulted in 5.17$ per
day-present. Table 6 summarizes all costs.

Secondary outcome: analysis before and after algorithm
implementation

The total number of CXRs done before and after the pro-
tocol application was compared. 741 CXRs were done
in 2015 and 645, in 2020. The total number of medical
patients admitted to the PICU was 642 and 661, respec-
tively, an increase of 2.8% of medical patients. A reduc-
tion of 12.9% of CXR was observed, meaning a total of
0.96 mSv was avoided. The CXR/patient ratio was 0.27
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CXR/patient during 2015 and 0.06 CXR/patient dur-
ing 2020. The radiation/patient ratio was 0.41 for 2015
and 0.45 for 2020. A reduction of 77% CXR/patient was
observed.

The reduction of 12.9% of CXR before and after the
algorithm application is supposed to save a total of 25798%.

Discussion

The algorithm presented has already demonstrated that
it is possible to improve the accuracy and concordance
for BP diagnosis when combining LUS and PCT [35].
Besides, it might improve the BP management, regarding
antibiotic indication, avoiding-radiation without increas-
ing costs.

There are scarce data regarding the combination of
LUS and PCT for pneumonia diagnosis in children. Some
papers have analyzed LUS and PCT regarding their accu-
racy for bacterial pneumonia diagnosis in adult popula-
tion [56, 57]. Our research group has also analyzed it in
children, resulting in better accuracy when combining
LUS with PCT than CXR with PCT [35]. However, no
previous studies have analyzed the impact of the algo-
rithm implementation on antibiotics indication, avoided
radiation, or costs. L. Lhopitallier et al. [34] pointed out
that a minority of adult patients presenting with lower
respiratory tract infection (LRTI) have CAP and require
antibiotic therapy. Identifying these patients is challeng-
ing because of overlapping symptomatology and the
low diagnostic performance of CXR. They suggested
that PCT could be safely used to indicate antibiotic pre-
scription in patients with LRTI. Moreover, they also

Table 6 Cost analysis regarding image test and antibiotic prescription

Total N=194 EGN=96 CGN=98 p-value
CXR
n, % 247 (100) 116 (47) 131 (53)
mean (DS) - 1.21(043) 1.34 (0.63) 0.076
Total CXR costs (€) 3705 1740 1965
LUS
n, % 507 (100) 250 (49) 257 (51) 0.819
Mean (DS) - 2.60 (0.66) 2.62(0.58)
Total LUS costs (€) 12168 6000 6168
(A) Total image costs (€) 15873 7740 8133
Total N=194 EGN=96 CGN=98 p-value
Antibiotic
n, % 144 (74.2) 67 (69.8) 77 (78.6) 0217
Duration, median (IQR) 7 (6-7) 7(7-7) 7 (5-7)
Total days of antibiotic 1008 469 539
(B) Total antibiotic costs (€) 5040 2325 2695
(A+B) Total costs (€) 20913 10065 10828
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considered LUS effective in detecting lung consolidation
in pneumonia, which might compensate the lack of PCT
specificity [34]. This situation may also occur in the pedi-
atric population. Therefore, combining PCT and LUS
could be a reliable point-of-care strategy to reduce anti-
biotic prescription in LRTIs without impacting patients’
safety. Their results [58] regarding the analysis of LUS
and PCT to decide on antibiotic prescription in adult
patients with CAP showed that compared with the usual
care, PCT led to a 26% absolute reduction in the prob-
ability of 28-day antibiotic prescription without affecting
patients’ safety [58]. However, the potential added value
regarding the addition of the LUS result could not be per-
fectly evaluated as they only performed lung ultrasonog-
raphy in patients with elevated PCT [58].

Compared to other studies where patients from
the pediatric ward and emergency department are
included, our study included only those patients admit-
ted to the PICU. This bias may lead to different results
as our patients require mechanical respiratory support
and therefore were much sicker. Moreover, the median
age of the patients was very young compared to other
studies, which may be because younger patients with
a respiratory infection may develop severe respiratory
insufficiency requiring more respiratory support, and
consequently, PICU admission.

It is well known that frequent inappropriate antibiotic
prescription occurs in pediatric ICU population [59], due
to the existence of other non-bacterial acute respiratory
infections/diseases, for example, acute bronchiolitis, that
may lead to uncertain diagnosis because of the non-spe-
cific clinical presentation of patients with concomitant
BP [60]. Based on our results, we speculate that the new
algorithm could be safe to ensure no antibiotic prescrip-
tion when both image test and PCT levels are normal.
Another consideration could be that, in those patients
with clinical signs and symptoms suggestive of bacte-
rial infection at admission, antibiotics could be initiated.
However, if the algorithm resulted in neither image test
nor PCT values suggestive of infection, the algorithm
could lead to antibiotic discontinuation within 24-48 h
in those patients with favorable evolution.

On the other hand, when LUS was suggestive of BP,
regardless of PCT value, antibiotic therapy was indicated
in all patients (34/34, 100%). However, when CXR was
suggestive of BP, a proportion of 15% (10/57) of patients
did not receive empirical antibiotic therapy. All those
patients with suggestive BP pattern in CXR who did not
receive antibiotic treatment had a PCT value<1 ng/ml
None of them needed to initiate antibiotics in the follow-
ing days. Due to hesitation about the CXR consolidation,
no empirical antibiotic was initiated, probably because
of the low CXR specificity regarding BP diagnosis [61,
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62]. Observing the sub-analysis results presented in
Table 4, it could be inferred that if physicians had rigor-
ously followed the algorithm, the CXR would have led
to an antibiotic overtreatment with statically significant
differences.

Despite several attempts, the etiologic diagnosis of
pediatric CAP and the estimation of the potential out-
come remain unsolved problems in most cases. Some
data are available on the usefulness of combined clini-
cal and laboratory-based algorithms for screening chil-
dren with respiratory infections who need antibiotics
and likewise for the selection of an appropriate antibi-
otic [63]. Among traditional biomarkers, procalcitonin
(PCT) appears to be the most effective for both select-
ing bacterial cases and evaluating the severity, being
widely studied and used in pediatrics. Principi N et al.
reported that only PCT concentrations>1 ng/mL, were
a reliable marker of bacterial CAP [64]. Another Italian
study [65], which included 319 children hospitalized for
uncomplicated CAP, randomized patients to treatment
guided by PCT and to standard care. The PCT-guided
group received fewer antibiotic prescriptions (85.8% vs.
100%), and the group was on average exposed to antibi-
otics for a shorter time (5.4 vs. 11.0 days). The results of
our study showed that when the image test (LUS or CXR)
was not suggestive of BP, but the PCT value was>1 ng/
mL, an empirical antibiotic was indicated in 100% of the
patients in both groups, to ensure the treatment of other
infectious etiologies. Of these patients, 13 were finally
diagnosed with clinical-analytical sepsis without micro-
organism isolation, 4 had urinary tract infections, and 1
presented with bronchoaspiration.

In both groups, notwithstanding the PCT value<1 ng/
ml in the branch of normal/viral pattern, up to 44.2% and
52.1% of the patients in the LUS and CXR groups, respec-
tively, received empirical antibiotics. It might be due to
the existence of other non-bacterial acute respiratory
infections/diseases, with non-specific overlapped clinical
presentation. This could be the reason why no antibiotic
reduction was seen comparing both groups in general.
Even though, among those patients, 84% in the EG and
73% in the CG, were not finally diagnosed with bacte-
rial pneumonia or had other bacterial infections. So, we
could speculate that the new algorithm could be safe to
ensure no antibiotic prescription when both image test
and PCT levels are normal.

Regarding radiation, the International Commission for
Radiation Protection (ICRP) system of radiation protec-
tion is based on three fundamental principles: justifica-
tion, optimization, and dose limitation [66]. So that, the
introduction of a radiation source should result in suf-
ficient individual or societal benefit to offset the detri-
ment it causes [66]. The results of our study showed a
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reduction of individual and global radiation, not only
for patients with suspected pneumonia but indirectly for
all PICU patients. A randomized control trial [67] com-
paring LUS with CXR in children with suspected pneu-
monia, also showed up to 60.6% reduction in CXR use,
with no cases of missed pneumonia among all study par-
ticipants, nor differences in adverse events. Jones BP et al
[67], concluded that it might be feasible and safe to sub-
stitute LUS for CXR when evaluating children suspected
of having pneumonia with no missed cases of pneumo-
nia or increase in rates of adverse events. As radiography
uses ionizing radiation [68], it must be used judiciously.
But not having follow-up imaging may reduce case ascer-
tainment in research studies [69, 70]. The LUS may be the
imaging modality of choice for the diagnosis of pneumo-
nia in all healthcare settings [69, 70].

Concerning costs, Zhang et al. analyzed the costs of
management per episode of pneumonia and stratified
them by income-country category. They defined that in
high-income countries, the average costs of facility-based
case management for young children with pneumonia
admitted in tertiary hospitals were 7073.2 US$ (95% CI
4028.6—11311.0) [71]. The cost of antibiotic treatment for
all children with pneumonia in 66 countries in the count-
down to 2015, for maternal, new-born, and child survival
was estimated at around US$ 109 million per year. The
price included the antibiotics and diagnostic tests for
pneumonia management [72]. Our study analyzed only
direct costs, regarding image tests and antibiotic treat-
ment, resulting in a total of 21608,7$ during the study
period.

The implementation of radiography equipment is
expensive [68]. Image quality and technician training
also affect interpretation. Training and maintaining study
staff with close adherence to a standardized protocol and
frequent re-standardization and quality control to miti-
gate high inter-reader variability is high-priced [73]. LUS
might be more time and resource efficient by not increas-
ing patient costs and by decreasing the time spend doing
the technique and analyzing the results [74].

POCUS (point-of-care ultrasound) [39, 75, 76] involves
a focused assessment and information that can be inte-
grated with clinical and laboratory data, making timely
and accurate decisions possible. Following POCUS
guidelines may help in standardizing clinical practices
in acute care settings, helping evaluate pneumonia and
pleural effusions in infants and children [76]. Radiopro-
tection, manageability, and a more targeted use of image
tests, when performed by the physician in charge of the
patient, are some of the most important advantages LUS
has over CXR [77, 78]. Even though, the presence of lobar
consolidation [80] might be indicative of bacterial dis-
ease, CXR does not provide information about the causes
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of pneumonia [79]. LUS features might be able to predict
pneumonia etiology in children [81].

During the last 10 years, no new antibiotics have been
launched for BP in children. The antibiotic use should
be limited and better targeted [63]. This goal could be
reached by developing evidence-based algorithms for
the diagnosis and treatment of BP and other respira-
tory infections in children [27, 63]. Effective launching,
informing and monitoring strategies are needed. Opti-
mally, algorithms containing clinical findings, clinical
measurements, results of point-of-care biomarkers, and
image tests, such as microbe detection tests [82], in the
future, may be based on large local data modified online
by machine learning [83].

Limitations

Our study has several limitations. Firstly, it was con-
ducted in a single center, which may limit the general-
izability of the findings to other settings. Secondly, the
accuracy of microbiological diagnoses of pneumonia is
not always 100% reliable. This is because obtaining sam-
ples through invasive procedures like TA/BAL is not
feasible for non-mechanically ventilated children. Addi-
tionally, alternative diagnostic tests such as PCR may
have lower Sn [82]. Thirdly, the estimated antibiotic costs
were based on data from the hospital’s dispensing phar-
macy, which may not perfectly reflect the actual antibi-
otic administrations due to potential variations.

Finally, while CT scan may be considered ideal for diag-
nosing pneumonia, it is not practical or ethical for safety
concerns and radiation exposure, especially consider-
ing the potentially long life expectancy of these patients.
CT scans are typically reserved for special cases involv-
ing poor clinical evolution, complicated pneumonia with
parapneumonic effusions, necrotizing pneumonia, or
lung abscesses. Therefore, in this study, the final diagno-
sis was made by the expert based on the BTS guidelines
and CDC definition, without relying on CT scans.

Conclusions

The use of LUS and PCT, showed no risk of mistreating
BP. The algorithm ensued in similar results regarding
antibiotic treatment indication but avoiding radiation
exposure and without increasing costs. Therefore, the
algorithm could be a reliable tool for pneumonia man-
agement in critically ill children.

Abbreviations

BAL Bronchoalveolar lavage

BP Bacterial pneumonia

BTS guidelines  British Thoracic Society guidelines

CAP Community-acquired pneumonia

CDC Centers for Disease Control and Prevention
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PCR Polymerase chain reaction
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POCUS Point-of-care ultrasound
TA Tracheal aspirate
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