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Abstract

Purpose Pneumonia is the third leading cause of death in children under 5 years of age worldwide. In pediatrics, both the
accuracy and safety of diagnostic tools are important. Lung ultrasound (LUS) could be a safe diagnostic tool for this reason.
We searched in the literature for diagnostic studies about LUS to predict pneumonia in pediatric patients using systematic
review and meta-analysis.

Methods The Medline, CINAHL, Cochrane Library, Embase, SPORTDiscus, ScienceDirect, and Web of Science databases
from inception to September 2017 were searched. All studies that evaluated the diagnostic accuracy of LUS in determining
the presence of pneumonia in patients under 18 years of age were included.

Results 1042 articles were found by systematic search. 76 articles were assessed for eligibility. Seventeen studies were
included in the systematic review. We included 2612 pooled cases. The age of the pooled sample population ranged from 0
to about 21 years old. Summary sensitivity, specificity, and AUC were 0.94 (IQR: 0.89-0.97), 0.93 (IQR: 0.86-0.98), and
0.98 (IQR: 0.94-0.99), respectively. No agreement on reference standard was detected: nine studies used chest X-rays, while
four studies considered the clinical diagnosis. Only one study used computed tomography.

Conclusions LUS seems to be a promise tool for diagnosing pneumonia in children. However, the high heterogeneity found
across the individual studies, and the absence of a reliable reference standard, make the finding questionable. More meth-
odologically rigorous studies are needed.

Keywords Lung ultrasound - Pneumonia - Childhood - Pediatric - Diagnosis - Meta-analysis

Sommario

Obiettivo La polmonite ¢ la terza causa di morte nel mondo al di sotto dei 5 anni. In campo pediatrico, sia I’accuratezza che
la sicurezza degli strumenti diagnostici sono importanti. In questo senso I’ecografia polmonare (LUS) potrebbe essere uno
strumento diagnostico sicuro. Abbiamo analizzato la letteratura sull’accuratezza della LUS nel diagnosticare la polmonite
nei pazienti pediatrici attraverso una revisione sistematica e una meta-analisi.

Metodi Sono stati consultati i database Medline, CINAHL, Cochrane Library, Embase, SPORTDiscus, ScienceDirect e
Web of Science dal loro avvio alla fine di settembre 2017. Sono stati inclusi tutti gli studi che hanno valutato 1’accuratezza
diagnostica della LUS nel determinare la presenza di polmonite nei pazienti di eta inferiore ai 18 anni. 1.042 articoli sono
stati trovati dalla ricerca sistematica. 76 articoli sono stati valutati per I’ammissibilita. 17 studi sono stati inclusi nella revi-
sione sistematica.

Risultati Abbiamo incluso 2.612 casi raggruppati. L’eta della popolazione campione raggruppata varia da 0 a circa 21 anni.
Sensibilita, specificita e AUC sono rispettivamente 0,94 (IQR: 0,89-0,97); 0,93 (IQR: 0,86-0,98) e 0,98 (IQR: 0,94-0,99).
Non ¢ stato rilevato accordo sullo standard di riferimento: 9 studi hanno usato la radiografia del torace; 4 studi hanno con-
siderato la diagnosi clinica. Solo uno studio ha utilizzato la tomografia computerizzata.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s40477-018-0306-5) contains
supplementary material, which is available to authorized users.

Extended author information available on the last page of the article
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Conclusioni La LUS sembra essere uno strumento promettente per diagnosticare la polmonite nei bambini. Tuttavia I’elevata
eterogeneita riscontrata nei singoli studi e ’assenza di uno standard di riferimento affidabile rendono discutibile il risultato.

Sono necessari studi metodologicamente pill rigorosi.

Introduction
Rationale

Of the 6 million infant deaths under 5 years of age which
occur worldwide every year, about half of them are caused
by infectious diseases [1]. Pneumonia, in particular, is one
of the three major causes of death, along with intrapartum-
related and birth weight complications [1]. Pneumonia is
responsible for the deaths of about a million children under
5 years of age annually [2]. It still constitutes a significant
health expenditure in developed countries, both in economic
terms and in terms of the exposure of the pediatric population
to antibiotic drugs [2]. In developing countries, improvement
of the population’s nutrition conditions has led to a reduction
of pneumonia-related mortality [1]. Although the incidence
rate of pediatric pneumonia is declining, there are still issues
related to diagnosis [3]. In fact, currently, there is no gold
standard that can diagnose pneumonia with a high degree of
accuracy in the pediatric population [4]. To avoid indiscrimi-
nate exposure to ionizing radiation as well as unavailability
of advanced imaging devices in developing countries, com-
puterized tomography (CT) is scarcely used for this purpose.
On the other hand, the plain chest radiograph (CXR), which
is often used as a silver standard, has shown little accuracy in
distinguishing alveolar from interstitial pneumonia [5]; fur-
thermore, inter-observer agreement on CXR results is at most
moderate [6—8]. Lung ultrasound (LUS) has been shown to
be a very accurate diagnostic tool in diagnosing pneumonia
in adults [9, 10]. The LUS seems to be able to overcome the
diagnostic limits of CXR [11-14]. In some studies, the LUS
has been used in pediatric populations. The potential advan-
tage of the LUS is to be a fast bedside imaging diagnostic
tool which could preserve pediatric patients from exposure
to ionizing radiation.

Objectives
We systematically reviewed studies in the literature address-

ing the role of the LUS in diagnosis of pneumonia in pediatric
populations.

@ Springer

Methods
Eligibility criteria and information sources

We searched the Medline, CINAHL, Cochrane Library,
Embase, SPORTDiscus, ScienceDirect, and Web of Science
databases from inception to September 2017. The searched
item consisted of terms related to pneumonia, ultrasound,
and pediatrics ((“pneumonia” [MeSH Terms] OR “pneu-
monia” [All Fields]) AND (“ultrasound” [MeSH Terms] OR
(“ultrasound” [All Fields]) AND (“pediatric” [MeSH Terms]
OR “pediatric” [All Fields]) OR (“pediatric” [MeSH Terms]
OR “pediatric” [All Fields]) OR (“childhood” [MeSH
Terms] OR “childhood” [All Fields])).

All studies that evaluated the diagnostic accuracy of
LUS in determining the presence of pneumonia in patients
under 18 years of age were included. Studies in any hospital
departments or settings were included. We included only
published articles.

Conference abstracts, review articles, studies written
in languages other than English, non-human studies, pro-
tocols or policy statements, and guidelines were excluded.
We excluded studies that dealt with other diagnoses besides
pneumonia.

Two authors (DO and AB) recovered the full texts of
the relevant articles. All relevant titles and abstracts were
retrieved and searched for the full text. References from
included studies and review articles were hand-searched to
identify any additional relevant studies not screened in the
systematic search.

Study selection and risk of bias in individual studies

Two independent, trained reviewers (DO and AB) read all
papers and scored them according to the QUADAS?2 check-
list [15]. Any disagreement was discussed between the two
reviewers. If no agreement was reached even after the dis-
cussion, a third author (NG) was involved. An agreement
between two out of three reviewers was considered sufficient
to include the study under discussion. The studies which
passed the reviewers’ quality selection were considered in
the systematic review.

Data about publication year, sampling, target population,
clinical setting, role and experience of the sonographer, ref-
erence standard device, considered diagnostic ultrasound
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pattern, sample size, prevalence of pneumonia, sensitivity,
and specificity were extracted from studies.

Synthesis of results

A funnel plot was planned to investigate the presence of
any publication bias. Sensitivity and specificity values of
individual studies were summarized and compared through
forest plots. Sub-analyses were conducted to verify any
sources of heterogeneity. The diagnostic accuracy of LUS
in predicting pneumonia in pediatric patients was planned
to be summarized using the receiver operating characteristic
(ROC) curve. Results were expressed as percentages and
interquartile ranges between the 25 and 75% quartile (IQR).

All statistical analyses were performed using the
R-CRAN project ver. 3.4.2. Metaddiag and INLA packages
were implemented.

Results
Study selection

One thousand forty-two articles were found by systematic
search. Of these, 64 were excluded because they were dupli-
cated; 1402 were excluded because they did not fulfill the
inclusion criteria. So, 76 articles were assessed for eligibil-
ity. Of these, 13 articles were excluded because they also
examined other diagnoses than pneumonia alone; 7 articles
were excluded because they were guidelines or consensus

)
c
.g Records identified through Additional records identified
g database searching through other sources
= (n=1,534) (n=8)
c
]
=
\ 4 A\ 4
p— Records after duplicates removed
(n=64)
uo
£
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(n=1,478) g (n=1,402)
L 4
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Full-text articles excluded,
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E Full-text articles assessed (n= 59)
20 for eligibility E—
“ (n=76) Other outcome =13
Guidelines/Consensus = 7
= Review = 20
Letter/Editorial/Abstract/
Poster =15
Other language than
- English =2
-°g’ A 4 No statistics/Case report =
S Studies included in 2
= qualitative synthesis
(n=17)
.

Fig. 1 PRISMA 2009 flow diagram for the article search and selection process

@ Springer



Journal of Ultrasound (2018) 21:183-195

186

wei3o
-youoIq
juonep u3ep aAnoads
960 L60 C¢ I T 8C 960 [4 -fjosuo)y  1sod-uy IN IN IN i dvD IN -onsy Md S0z ool 01
uornep uerd dvD QAT
160 O¥0 SL o6V L €€ S0 Y9I -f[osuo)  1s0d-uy LN pp ¢ -LOeIpad AXO pawedsng  081-0 -dadsorg add 9locuRyZ 6
wei3o
-youoiq
/uonep UeIo dvD oA}
¢6'0 L8O 60I IT 9 +¥L €70 00C  -fosuoy  1s0d-uy LN g -Loeipsd AXO pawedsng  081-0 -dadsorq ddd 9I10c uoswes 8
w13 dvD oAl
€60 80 06 I 8 ¥ 1€0 eyl IN  1s0d-uy IN IN  -Ojoipey UXD pawedsng  g61-0  -dadsoid Md 910 se®[D L
uroned
[enns Swoy
-I9jur -dwks
Juonep 1s13 Kxoyend QAT 9102
SLO €90 81 S 9 L €0 9¢ -fosuoy - 1s0d-uy LN yr -oloipey 1D -9y 8I—¢  -dadsoig IN or3doiquy 9
wei3o
-youoiq
juonep SWeXd uero dvD QAN
cI'0 960 ¢ ¢ S LTl €60 091  -fjosuo)  1s0d-uy LN 00[ <  -Lneipad ¥XD pawadsng  9[z—[  -dadsoid ddd LIO0gZewix ¢
souly
g 1800
Jwei3o
-youoiq
juonep 1818 dvD oAT) pey
€90 80 Il T 9 66 $8°0 81T  -fosucy  3sod-uy SIA PPOI  -o[oIpey XD pawedsng  66—g -oadsord /MJ/AAd  LT0T AepeX ¢
uonep 1513 dvD Anoads
70 6L0 ¥ ST ¢ LS 680 18 -fosuoy - 1sod-uy IN IN  -O[oIpey AXO paroadsng IN 019y Md LIOTUBIN €
uonep uero dvO oAl dO pue L10¢
I 680 6Iv LE TI SPe 0 CI8  -ljosuo)  1sod-uy SOA pPp L  -lneIped UXD pawedsng  66—¢ -oedsord  Md @dd uolsuy ¢
uwroned
[enns
-I9ur
juonep 1818 uon dvD oAl L10T
1 260 € v 0 9 96'0 69  -10SU0)  1504-uY SO A& ¢z -ojorpey -vorpnlpy pajoadsng  pg-9  -oadsoid aad etsiog
BLIOLIO
90u9[ EVAIN snsou suor3ar Toyd BLIQLIO
oodg suoS NI NJ dd dL -eA1g  ordureg -Serq  pearoldxg Surpurig dxe ‘uog  -viSouog ‘JOY IS uorsnjouy a8y Surdweg 3umyeg Apms i

SOIPN}S POPN[OUT Y} JO SINSLIAJORIRYD ATewrwing | 3jqel

pringer

Qs



187

Journal of Ultrasound (2018) 21:183-195

Kroyr1oads 2adg ‘ANANISUDS su2S ‘SOATIESOU NI} [ ‘SOATIRSAU As[eY AJ4 ‘Seanisod as[e) 4./ ‘seanisod onn 47, ‘smoy
yy ‘skep pp ‘sreak A« ‘uerdisAyd KouoSrowo g7 ‘Ayderowo) poyndwios 7 ‘Aei-x 19U yXD) ‘Q0UAIJY pIepuel§ 2y 1§ ‘eruownaud parmboe-Lunwuwod Jy) ‘syjuow ur :93y “parrodar jou .u
91U 218D SAISUAU] [BIRUOSN )DN VU AIe)) dAISUNU] /)] ‘usuntedop Louadiowse 7 “yusuntedap A3ofo1pel ppy ‘syuenedino go ‘prem oneipad gq ‘yueunredoq AousSiowy omnerpad qid

68°0

960

60

$6°0

660

98°0

¥6°0

860

860

6 0 O

ol ¢ 8l

¢ ¢ 1

or 0 O

(4 .

oe ¢ 0

09 9L°0

88 L80

£% 81°0

9L 9L0

or S0

Ly Ly0

IL L0

6L

01

00C

LO1

08

€01

901

sour|
g 1e00j
JureI3o
-youoiq
juonep
-1[oSu0))
uroned
[enns
-Iojul
juonep
-1[osu0))
saur|
g [e00j
Jurei3o
-youoiq
juonep
-1[osu0))
wrayed
[enns
-Io1ul
juonep
-1[0suo0))
uroped
[enns
-Io1ul
/uonep
-1[osu0))
saur|
g [e00]
JueI3o
-youoiq
juonep
RiNi(ve)
uroned
renns
-Ioyul
juonep
-1[0SU0))

1504-1Uy

1sod-uy

1504-1Uy

1S04-1uy

1S04- Uy

1804-1Uy

1S04-1uy

IN

SOX

SOX

SOX

IN

Sox

ON

IN

IN

Ul

swex9

001 <

IN

UL

IN

dd

uero
-Lneipad

dd

Jsi3o[ou
-ow[ng

1513010}
-BUOSN

uero
-LRIpad

uen
-LRIPRd

u3erp
e}

uon
-eo1pnlpy

IxXo

uon
-eorpnlpy

ugeip
e}

X0

u3erp
D

dvD
payoadsng

dvD
payoadsng

dvD
payoadsng

dvO
paroadsng

eruouwt
-naug
[eIRUOIN

dvD
payoadsng

dvD
poyoadsng

¢61-9

61—l

[t

2610

1-0

891-1

!

oAl
-0adso1g

QAT
-0adso1g

oA
-0adsorg

AT
-0adsoig

AT
-0adso1g

AT
-0adso1g

AT
-0adso1g

ad

Md

ad

Md

NDIN

NII Pad

1doq
wind ped

800 mdoD L1

clocomen 9

€I0c yryS SI

10T e v1

yiocary €1

10z onsodsg 1

S10T
eysmoyueqin ]

oadg

Niely

NL NJ dd

0u9[
dL -eAd1q

9ZIS
ordureg

RLIA)LIO
onsou
-Seiq

SuoI3a1
parordxyg

Surpurig

‘dxe ‘uog

1oyd
-e13ouog

LIS

BLIQLIO
uorsnjouy

By

Surdweg

Sumpeg

Apmg Al

(ponunuod) | 3jqeL

pringer

a's



188

Journal of Ultrasound (2018) 21:183-195

papers; 20 because they were review articles; 15 because
they were letters, editorials, abstracts or conference posters;
2 because they were written in languages other than English;
and 2 because they were case reports or because no statistics
were reported. Finally, 17 studies were included in the sys-
tematic review [16-32] (Fig. 1).

Study characteristics
2612 pooled cases were included. Sample sizes ranged
from 36 patients in the study by Ambroggio and colleagues

[21] to 812 in the study by Ellington and colleagues [17].
A wide age range was observed: one study considered only

Table2 QUADAS 2 results for the risk of bias and applicability

the neonatal population, while several studies also consid-
ered young adults (the upper limit was 21 years of age).
Six studies were totally or at least partly conducted in a
pediatric emergency department (PED); two studies took
place in a general emergency department (ED); seven stud-
ies enrolled patients in a pediatric ward (PW); one study
considered patients hospitalized in a pediatric intensive
care unit (PICU); one study was performed in a neonatal
intensive care unit (NICU). One study considered patients
in a radiology department as well and one study included
also outpatients. One study was carried out in a pediatric
pneumology department. One study did not specify the
setting in which it was carried out.

Risk of bias Applicability Concerns
Study Patient Index Reference Flow and Patient Index Test Reference

Selection Test Standard Timing Selection Standard
Boursiani 2017 ? L ? L L L ?
Ellington 2017 L L ? L L L ?
Man 2017 H ? ? ? ? L ?
Yadav 2017 ? L ? ? L L ?
Yilmaz 2017 L L ? L L L ?
Ambroggio 2016 L L L ? L L L
Claes 2016 L L ? ? L L ?
Samson 2016 ? L ? L L L ?
Zhan 2016 L L ? L L L ?
Torio 2015 H H ? ? ? ? ?
Urbankowska 2015 L L ? L L L ?
Esposito 2014 L L ? L L L ?
Liu 2014 ? L ? ? L L ?
Reali 2014 L L L L L L L
Shah 2013 L L ? ? L L ?
Caiulo 2012 L L L ? L L L
Copetti 2008 ? L ? L L L ?

u Low Unclear m High

AC: Reference Standard IIIISEEE 14 0

AC: Index Test I

AC: Patient Selection IS 2 o

RB: Flow and Timing IS 8 0

RB: Reference Standard |IIEEEE 14 0

RB: Index Test IS 1w
RB: Patient Selection IO 5 2

L low risk; ? Uncertain risk, A high risk

@ Springer
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Fig.2 Funnel plot for the studies regarding diagnostic accuracy of
LUS in predicting pneumonia. A scatter plot of the effect estimates
from individual studies against LDOR. Standard deviation is plotted
on the vertical axis. The effects estimated by smaller studies spread

lower on the bottom, while larger studies are distributed along the
narrower, triangular upper part

All studies except two enrolled patients prospectively.
The inclusion criterion for all studies except one was the
suspicion (or formal diagnosis in retrospective studies) of
community-acquired pneumonia (CAP) or neonatal pneumo-
nia. Only one study considered any respiratory symptoms.

The prevalence of pneumonia in the considered popula-
tions spread over a very wide range: from 18% in the study
by Shah, Tunik and Tsung [30] to 96% in the study by Bour-
siani and colleagues [16].

Regarding the reference standard, the included studies
considered a wide range of methods: nine studies used CXR
as a reference standard, while four studies considered the
attending physicians’ clinical diagnoses. In three studies,
the final diagnoses were established by external adjudication
committees. Only one study used CT as a reference standard.

In eight studies, the sonographer was a pediatrician or
neonatologist; in two studies, he was an emergency physi-
cian; in five studies, he was a radiologist; and finally, in one
study, the sonographer was a pediatric pneumologist. One
study did not specify the sonographer’s role. The level of
experience of the sonographers in the considered studies
was rather variable: it ranged from a 1-h training course up
to 25 years of professional experience.

In almost all the studies the sonographer was unaware of
the results of the reference standard. There was no blindness

Fig.3 Summary ROC curve of LUS in diagnosing pneumonia in
childhood. Every circle represents a study, the sample size of which is
proportional to the circle. The dashed line represents IQR between 25
and 75%. Summary AUC=0.98; IQR: 0.94-0.99

at all just in one study. However, this parameter was not
reported in 5 studies.

In all studies the chest posterior regions were also evalu-
ated sonographically. Almost all studies considered consoli-
dation (as a hypoechoic subpleural area) as a sonographic
pattern of pneumonia, associated with some other patterns

(e.g., B lines, interstitial pattern, and bronchograms) as well
(Table 1).

Risk of bias within studies

The retrospective selection of patients was judged to be at

a high risk of bias. Four studies considered a convenience

sample: we felt uncertain about the risk of bias [16, 23, 28,
32]. Most studies used CXR as a reference standard. We are
not sure that it is the most accurate imaging method against
which to compare LUS. We therefore considered these stud-
ies’ risk of bias to be uncertain. The clinical diagnosis of
the attending physicians as the only reference standard was

considered a potential source of bias. Some studies did not

specify whether LUS was performed before or after other
imaging techniques. Some studies considered LUS within a
24- up to 36-h period from the first patient evaluation. This
wide range of time could be a source of bias.

@ Springer
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Forest plot for true positive rate (sensitivity)

Study TP FP ™ FN Estimates
Boursiani 2017 62 0 3 4 ——————71 094[0.87,098]
Ellington 2017 345 11 419 37 == 050[0.87,093]
Man 2017 57 5 4 15 —_— 0.80[0.70,0.88]
Yadav 2017 99 6 11 2 ——*— 0.97[0.93,0.99]
Yilmaz 2017 127 15 2 5 ——*—- 0.96[0.91,098]
Ambrogzio 2016 7 6 18 5 0.66 [0.40,0.86]
Claes 2016 44 8 90 1 ——2—0.97[0.90,059]
Samson 2016 74 6 109 11 3 0.88[0.80,093]
Zhan 2016 33 7 75 49 042[032,0.53]
Torio 2015 28 1 22 1 F————————10.96[0.86,099]
Urbankowska 2015 71 0 30 5 ———>=— 094[0.87,097]
Esposito 2014 47 3 52 1 ———=—10.97[0.90,0.99 ]
Lis2014 40 0 40 0 =——"-0.99[0.93,1.00]
Reali 2014 76 1 25 5 ————— 0054[0.88,098]
$hah 2013 31 18 146 5 0.87[0.75,0.95]
Caiulo 2012 88 0 13 1 F—-0.98[0.54,1.00]
Copetti 2008 60 0 19 0 ——=40.99[0.95,1.00]

Summary

L__’__l

0.94[0.89,0.97]

04

Fig.4 Comparison of the sensitivity values for individual studies. On
the left column are the individual studies. On the right column is the
sensitivity (95% CI). TP true positives, FP false positives, TN true

With respect to applicability concerns, diagnosis by CXR
or by the clinical evaluation of attending physicians alone
could be a bias source (Table 2).

Synthesis of results

The sensitivity and specificity of the considered studies
are displayed in Table 1. The individual studies’ sensitivity
ranged from 40 to 100% (sensitivity summary: 94%; IQR:
89-97%) and specificity ranged from 12 to 100% (specificity
summary: 94%; IQR: 86-98%). The funnel plot shows that
studies with a small sample size achieved a considerably
better effect than studies with a wider sample size, in terms
of a possible publication bias (Fig. 2).

The overall diagnostic accuracy of LUS was expressed as
a summary AUC of 0.98 (IQR: 0.94-0.99) (Fig. 3).

To determine the components most responsible for the high
degree of heterogeneity found, the data were analyzed with
forest plots (Figs. 4, 5 and Figures 8 and 9 in Supplemental
Materials). A significant difference between the amount of
specificity in the group in which the CXR was used as the
reference standard and the group in which it was considered
to be only the clinical diagnosis by the attending physician

@ Springer

T T 1
0.6 0.8 1.0

negatives, FN false negatives. The dashed area represents the 95%
confidence interval

was found, as highlighted by the non-overlapped confidence
intervals (Figs. 6, 7).

Discussion
Summary of evidence

Although pneumonia remains a major cause of childhood
morbidity and mortality, there is no clinical sign or symp-
tom capable of diagnosing it alone, at least without the
concurrence of some imaging tools [3]. In adult patients’
studies, CT showed a high degree of accuracy as a gold
standard for imaging in case of pneumonia. However, there
is no justification for indiscriminately exposing a pediat-
ric patient to ionizing radiation, unless there are clinical
reasons such as respiratory complications [33, 34]. Cur-
rently, the most commonly used imaging exam is stand-
ard CXR. CXR is a relatively inexpensive and sufficiently
quick test. These two features are particularly useful in
the evaluation of pediatric patients, both in the emergency
department and in a hospital ward. However, CXR shows
a non-optimal ability to distinguish alveolar pneumonia
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Forest plot for true negative rate (specificity)

Estimates

0.95 [ 0.60,1.00]

=4 097[0.96,099]

Study TP FP ™ FN
Boursiani 2017 62 0 3 4
Eltington 2017 345 1 419 37
Man2017 57 5 4 15
Yadav2017 99 6 11 2

0.53[0.24,0.79]

0.69[0.47,0.86]

Yilmaz 2017 127

Ambrogeio 2016 7 6 18 5
Claes 2016 44 8 90 1
Samson 2016 74 6 109 11
Zhan 2016 33 7 75 49
Torio 2015 28 1 22 1
Urbankowska 2015 71 0 30 5
Esposito 2014 47 3 52 1
Lis2014 40 0 40 0
Reali 2014 76 1 25 5
Shah 2013 31 18 146 5
Caiulo 2012 88 0 13 1
Copetti 2008 60 0 19 0
Summary

0.21[0.06,0.43]

0.76 [0.58,0.89 ]
0.52[0.86,0.96]
——— 0.95[0.90,0.98]
0.51[0.84,096]
—————————0.95[0.82,0.99]
F————0.98[0.90, 1.00]
F————1 0.94[0.87,0.98]
F——40.99[0.93,1.00]
————————1095[0.84,099]
I 0.89[0.84,093]
——————0.98[0.83,1.00]

F————=40.98[0.87,1.00]

——lfp—  0.94[0.86,0.98]

0.0 0.2

Fig.5 Comparison of the specificity values for individual studies. On
the left column are the individual studies. On the right column is the
specificity (95% CI). TP true positives, FPfalse positives, TN true

from interstitial pneumonia (a sensitivity of about 43%); it
generates ionizing radiation as well and, moreover, inter-
observer agreement is not perfect [7, 35-38]. So, an inex-
pensive, accurate and fast (possibly bedside) diagnostic
tool that can be used for this purpose is needed. LUS,
at least in adult patients, has proven to possess all these
features [9, 10].

LUS is still poorly studied in pediatric medicine, com-
pared to the adult setting. Pereda and colleagues noted that
the literature contains few studies about LUS in pediatric
populations. However, from the data collected, the authors
concluded that LUS seemed to be a sufficiently accurate
technique to be used in diagnosing pneumonia, even in pedi-
atric patients [39]. Even from our findings, LUS shows a fair
level of accuracy despite the different ages considered in the
included studies. In this regard, we must note that there are
still few studies on neonatal populations in the literature. In
any case, there seems to have been a fairly high degree of
diagnostic accuracy in many prospective studies.

Nevertheless, a possible source of bias could be the
extreme range of the sonographer’s experience. Adult
population studies show that LUS can be learned quickly;
however, a minimal learning curve seems to be necessary

T T T 1
04 0.6 08 1.0

negatives, FNTfalse negatives. The dashed area represents the 95%
confidence interval

[40]. This aspect does not seem sufficiently considered in
the current pediatric literature. A recent systematic review
noted that the sonographer’s experience, as well as the clini-
cal severity of pneumonia in the studied population, was
among the factors most responsible for a considerable share
of heterogeneity [41].

As far as we could analyze, the main source of bias seems
to be the choice of reference standard. While it is unethical
to use CT just for methodological reasons, especially with-
out any clinical reason, both standard CXR and exclusively
clinical evaluation by attending physicians, on the other
hand, do not seem to be sufficiently accurate methods [42,
43]. While the use of CXR as a reference standard seems to
determine an excessive rate of false positives, a mere clini-
cal evaluation of the attending physician, on the contrary,
seems to determine an excessive rate of true positives. This
effect could be linked, on the one hand, to the CXR’s lack of
sensitivity, as already highlighted in the literature, and, on
the other hand, to a suspected confirmation bias. As with the
diagnosis of sepsis (although for other reasons), there is no
gold standard to compare to any other diagnostic technique
[44], even in this case. In any case, a possible solution could
be that the final diagnosis is established by one or more
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Forest plot for true positive rate (sensitivity)

Study Adjudication TP FP N FN Estimates

Boursiani 2017 62 0 3 4 ————7—1 - 0.94[0.87,0.98]
Reali 2014 76 1 25 5 ————— | 094[0.88,098]
Cainlo 2012 88 0 13 1 1098 [ 0.94,1.00]
Summary ————~ntifl>— 0.96 [ 0.85, 0.99 ]

Study CXR
Elfington 2017 345 11 419 37 —— 0.90[0.87,0.93]
Man2017 57 5 4 15 —_— 0.80[0.70,0.88 ]
Yadav2017 99 5 11 2 F——=—1 0.97[0.93,099]
Yilmaz 2017 127 15 2 5 ——=l— 096[092,098]
Claes 2016 44 8 90 1 ——————10.96[0.89,0.99]
Samson 2016 74 6 109 11 ] 0.87[0.79,0.93 ]
Zhan2016 33 7 75 49 0.43([0.32,0.53]
Esposito 2014 47 3 52 1 ———————— 0.96 [ 0.89, 0.99 ]
Shah2013 31 18 146 5 0.86[0.74,0.95]
Summary ———tifl——  0.91[0.81,0.96]

Study CT
Ambroggio 2016 7 s 18 5 0.58[0.31,0.82]
Summary e e 0.56 [ 0.08, 0.96 ]

Study Clin_diagn
Torio 2015 28 1 2 1 ——————0.97[0.89,1.00]
Urbankowska 2015 71 0 30 5 ————— 0.94[0.88,098]
Lis2014 40 0 40 0 F———40.99 [ 0.94,1.00]
Copetti 2008 60 0 19 0 ——%40.99 [ 0.95,1.00]
Summary +——0.98 [ 0.94,1.00]
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Fig.6 Comparison of the sensitivity for individual studies for every
reference standard group. On the left column are the individual stud-
ies. On the right column is the sensitivity (95% CI). Adjudication
diagnosis by an adjudication committee, CXR diagnosis by chest

external physicians not involved in the clinical case. These
physicians could assess, using all findings and available
data (and possibly microbiological results), the probability
of diagnosis of pneumonia in pediatric patients [45, 46].

Limitations

Our review had some limitations. First, only studies that
presented the diagnostic accuracy of LUS were considered,
rather than those which contained any agreement with other
imaging techniques. Furthermore, a meta-analysis was dif-
ficult to execute due to the high heterogeneity found. We
did not consider our findings totally reliable, given the con-
troversies related to the choice of the studied population,
the extreme range of the sonographers’ experience, and,
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x-ray, CT diagnosis by computed tomography, Clin_diagn diagnosis
by clinical evaluation of the attending physician(s), TP true positives,
FP false positives, TN true negatives, FN false negatives. The dashed
area represents the 95% confidence interval

above all, the absence of a real gold standard. Confirming
our findings, a recent meta-analysis showed a high rate of
heterogeneity [41].

Conclusions

LUS seemed to be a promising method to diagnose pneu-
monia in the pediatric population; however, the high hetero-
geneity found across the individual studies and the absence
of a reliable reference standard make the pooled results
questionable. More methodologically rigorous studies are
needed. More stringent criteria are also required for the ref-
erence standard and the diagnostic definition of pneumonia
through LUS.
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Forest plot for true negative rate (specificity)

Study Adjudication TP FP N FN Estimates

Boursiani 2017 62 0 3 4 0.96 [ 0.73,1.00 ]
Reali 2014 76 1 25 5 ——————096[0.87,1.00]
Cainlo 2012 88 0 13 1 H—————740.97[0.85,1.00]
Summary il —0.98 [ 0.86,1.00 ]

Study CXR
Elfington 2017 345 11 419 37 84 0.97[0.95,098]
Man2017 57 5 4 15 0.52[0.24,0.80]
Yadav2017 99 5 11 2 0.66[0.44,0.85]
Yilmaz 2017 127 15 2 5 0.21[0.06,0.42]
Claes 2016 44 8 90 1 —————  091[0.585,096]
Samson 2016 74 6 109 11 ———— 0.94[0.89,097]
Zhan2016 33 7 75 49 ————H  091[0.84,096]
Esposito 2014 47 3 52 1 | ————— 053[0.85,098]
Shah2013 31 18 146 5 444 0.89[0.84,0.93]
Summary b ——— 0.84 [ 0.64,0.94]

Study CT
Ambrogeio 2016 7 6 18 5 0.74[0.56,0.89]
Summary e = 1 0.68 [ 0.10,0.99 ]

Study Clin_diagn
Torio 2015 28 1 2 1 —————40.97 [ 0.88,1.00]
Urbankowska 2015 71 0 30 5 F—+0.99[0.95,1.00]
Liv2014 40 0 40 0 ——410.99 [ 0.96,1.00 ]
Copetti 2008 60 0 19 0 ———10.99[0.93,1.00]
Summary —40.99 [ 0.96,1.00 ]
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Fig.7 Comparison of the specificity for individual studies for every
reference standard group. On the left column are the individual stud-
ies. On the right column is the specificity (95% CI). Adjudication
diagnosis by an adjudication committee, CXR diagnosis by chest
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