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Summary

Respiratory complications are common causes of morbidity and the need of repeated X-ray examinations after cardiac surgery. Ultrasound of
the chest, including the lung parenchyma, has been recently introduced as a new tool to detect many pulmonary abnormalities. Despite this,
the use of lung ultrasound (LUS) in adult and congenital cardiac surgery remains limited. In particular, lung ultrasound has been mainly used
in the evaluation of pleural effusion (PLE), but no consensus exists on methods to quantify the volume of the effusion. Usefulness of LUS for
the assessment of diaphragmatic motion in children has also been highlighted, but no clear recommendation exists regarding its routine use.
Accuracy of LUS in detecting pulmonary congestion after adult cardiac surgery has been demonstrated, whereas studies in children are still
scarce, and data on pneumothorax and lung consolidations are limited in the paediatric population. There are methodological and practical-
ity issues regarding diagnostic protocols (i.e. image views and their sequential order) and instrumentation (transducers and their setting) used
in different studies. It also remains unclear which practitioner—the cardiologist, intensivist, pulmonologist or the radiologist, should perform
the examination. Cost analysis pertaining to extensive clinical application of lung ultrasound in cardiac surgery has never been performed.
Guidelines and recommendations are warranted for a systematic and extensive use of this technique in cardiac surgery at different ages, as it
could serve as a useful, versatile tool that could potentially decrease time, radiation exposure and costs.
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INTRODUCTION

In recent years, lung ultrasound (LUS) has been gaining consensus
as a non-invasive, radiation-free tool for the diagnosis of various
acute and chronic pulmonary diseases [1–9]. There is increasing
evidence to support the use of LUS in the emergency department
and intensive care unit (ICU) [4, 10–15].

LUS is a relatively easy technique when compared with other
sonographic applications, and requires a limited period of training
[16–18]. It allows bedside detection of PLE, pneumothorax, inter-
stitial pulmonary oedema and lung consolidations. The examin-
ation can be performed alone or in combination with standard
echocardiography. The use of LUS may help optimize resource
utilization, allowing an integrated evaluation of both the heart and
lungs in a single examination, thus reducing cost and time.

Pulmonary complications are frequent in cardiac surgery, repre-
senting an important cause of morbidity, prolongation of hospital
stay and need for repeated examinations [19–21]. Despite this, the
use of LUS in cardiac surgery—both in the adult and paediatric
population—is not widespread, and is usually limited to few

conditions such as evaluation of PLE and, more recently, of dia-
phragm excursion [19, 22–25]. The 2012 International evidence-
based recommendations for point-of-care LUS have established evi-
dence-based and expert consensus recommendations, and have
introduced the role of LUS in the neonatal and paediatric popula-
tions [1]. However, standardized diagnostic protocols, including the
imaging views to be employed and their sequential order, the type
of transducers and system settings to be used are still not universally
accepted. Another important issue pertains to who should perform
the examinations (the cardiologist, the anaesthesiologist or the radi-
ologist). The purpose of this paper is to review the existing scientific
literature about applications of LUS in cardiac surgery, with special
attention to the paediatric population.

METHODOLOGICAL ISSUES

Different diagnostic protocols and instruments have been employed
for LUS examinations. There is variability about the views and their
sequential order and although an initial standardization has been
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proposed for the assessment in the adult patient [1], a proper proto-
col for the neonatal and paediatric population about measurements,
quantitation techniques and position of the patient is still lacking.
Both hemithoraxes may be divided in scanning areas, and different
scanning schemes have been suggested (Table 1). A checklist for
reporting has been proposed, although a universally accepted stan-
dardized format is not available yet [26]. LUS can be performed
using any commercially available 2D echocardiographic platform
and various types of transducers (phased array, linear array, convex,
microconvex) [5]. The convex and microconvex probes are the most
universal probes for LUS, owing to their scanning frequencies, which
allow both a reasonable visualization of the pleural line and sub-
pleural space, but also a good overview of deeper zones, such as the
costophrenic angles. Higher-frequency probes, like linear probes,
allow a more detailed evaluation of the pleural line and sub-pleural
space, especially when assessing pneumothorax. Phased-array
probes, characterized by lower frequencies, are appropriate to
detect PLE. However, they are less accurate in the dynamic and
static evaluation of the pleural line or when a detailed examination
of the subpleural space is needed [5]. Higher frequencies (10 MHz
or more) are also effective to study neonatal and paediatric patients,
given the small chest size of a neonate or a small child [27–29]. The
system setting (gain, grey scale) is another relevant and poorly inves-
tigated component that could potentially affect image quality, al-
though the basic clinical information of the LUS examination does
not seem to be significantly affected by setting changes.

LUNG ULTRASOUND IN SPECIFIC PATHOLOGICAL
CONDITIONS

Lung involvement in cardiac surgery

Postoperative pulmonary issues are common after cardiac surgery,
and have a high incidence especially in the first postoperative
week. Some pulmonary complications may be prolonged for

weeks or months after the operation, causing significant morbidity
and necessitating repeated examinations with high costs, especial-
ly in neonates and children [20, 21, 30, 31].
Many of the commonest pulmonary complications after cardiac

surgery are related to the surgery itself, but also to complications that
may affect the haemodynamic condition, including PLE, impairment
of diaphragmatic mobility and pneumothorax. Cardiopulmonary
bypass per se and, to a lesser extent, also anaesthetic procedures are
responsible for postoperative pulmonary dysfunction, by inducing
an inflammatory response that may lead to interstitial pulmonary
oedema [30, 32]. This inflammatory response is even more relevant
in children where other factors contributing to pulmonary dysfunc-
tion may coexist, including primary pulmonary hypertension and
congenital heart defects [33].

Pleural effusion

PLE is a common complication after cardiac surgery at all ages. PLEs
may have diverse aetiology and characteristics (serous, blood,
blood serum, chylous). Substantial PLE may cause compression and
atelectasis of the pulmonary parenchyma. A tissue-like patterned
lung floating in the pleural space often showing hyperechogenic
punctiform and branchiform images, corresponding to air bronch-
ograms, may be observed within and at the margins of the effusion
[34, 35].
Use of sonography for the diagnostic evaluation of PLE as well

as for guidance of thoracentesis has been known for many years,
and is the most established application of LUS [1, 36–38]. On LUS,
PLE appears often as an anechoic space between the parietal and
visceral pleura [1] (Fig. 1) The lung behind the effusion shows dif-
ferent degrees of aeration, up to the complete loss of alveolar air
due to mechanical compression. Very often, this consolidative
phenomenon is gradually manifested, as the lung shows a gradual
restoration of aeration when the probe is moved away from the
fluid collection. This characteristic of the consolidated lung may
allow reliable differentiation between compressive atelectasis and
pneumonia. In the bedside assessment of effusion on critically ill
patients, LUS shows a better sensitivity and reliability than chest
radiography (CXR), which is highly dependent on the necessity of
the upright view [39]. Bedside CXR rarely detects small effusions
and can also miss effusions of up to 500 ml [40]. On the other
hand, the sensitivity and specificity of LUS for the detection of PLE
are as high as 93%, compared with computed tomography (CT)
[41]. Fibrinous septations are even better visualized by LUS than
CT, as indicated by the British Thoracic Society guidelines [37]. In
ventilated patients with adult respiratory distress syndrome, the
detection rate of PLE by LUS was high, when compared with CT.
LUS can diagnose effusion, evaluate its volume and also indicate
the most appropriate site for thoracentesis [42]. However, there is
no perfect consensus about how PLE should be measured and
quantified by LUS. As summarized in Table 2, various formulas
have been proposed for the estimation of pleural volumes [23, 24,
40, 43–45]. These formulas significantly vary, both in the approach
to measurements and the projections employed. Furthermore,
these formulas may be inadequate for infants and children. LUS
may also offer clues to identify the nature of the effusion [1, 46].
Visualization of internal echoes is highly suggestive of an exudate
or a haemothorax [47, 48]. However, an anechoic effusion may
either be a transudate or an exudate.

Table 1: Proposed methods to divide each hemithorax
during lung ultrasound examination in intensive care
patients

Author Division of each hemithorax

Volpicelli
et al. [1]

Four areas delineated by the parasternal, anterior
axillary and posterior axillary lines, and by a
horizontal line passing approximately in the
second–third inter-costal space

Lichtenstein
[11]

Six areas: anterior upper half, anterior lower half
(supine patient); lateral upper half, lateral lower
half (semirecumbent patient); posterolateral upper
half, posterolateral lower half

Cattarossia [8] Three major areas (anterior, lateral and posterior)
delineated by the parasternal, anterior axillary and
posterior axillary line

Picano et al. [9] Twenty-eight scanning sites delineated by
parasternal, mid-clavicular, anterior axillary and
midaxillary lines, from the second to the fifth (on
the left side to the fourth) inter-costal space

aChildren.
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Lung consolidations

An accurate aetiological diagnosis of lung opacities on bedside
CXR in critically ill patients is a frequent challenge [49]. LUS helps
in differentiating PLE from atelectasis, consolidation, mass or an
elevated hemidiaphragm. These conditions are often hardly dis-
tinguished on a chest X-ray, especially when the radiological
examination is performed at the patient’s bedside. Consolidation
of the lung may be the result of various processes: for example, an
infection, an infarction due to pulmonary embolism, primary or
metastatic cancer, compressive or obstructive atelectasis or a con-
tusion from thoracic trauma (Figs 2 and 3). Additional features on
LUS may help determine the aetiology of the consolidation. These
include quality of the deep margins of the consolidation, the pres-
ence of air or fluid bronchogram(s) or the vascular pattern within
the consolidation [35, 50, 51]. However, it must be said that LUS is
only indicative, and to date no consensus has been reached on
the exact LUS signs that may allow a reliable differential diagnosis.
The integration of LUS with the clinical data and the other diag-
nostic tools still remains the most accurate strategy.

Pneumothorax

Pneumothorax is a common complication in cardiac surgery. Chest
tube removal represents a common situation that may cause the
occurrence of pneumothorax. Indeed, routine CXR has been advo-
cated for the safe exclusion of post-procedural pneumothorax after
tube removal. Because most of these post-procedural pnemothor-
axes are small, it has been suggested that routine radiography after
chest tube removal may not be necessary in all patients, unless
there is a strong clinical suspicion of significant pneumothorax [52].
There is increasing awareness on the excessive use of radiography

and its impact in terms of radiation exposure and healthcare costs
[53]. Moreover, CXR has low sensitivity for the diagnosis of post-
procedural pneumothorax [54]. LUS revealed an optimal diagnostic
accuracy, with superior sensitivity and similar specificity to CXR, for
the detection of pneumothorax in the emergency department
[4, 55]; however, its use in cardiac surgery remains extremely
limited, and only one paper reporting on a few paediatric clinical
cases can be found in the recent literature [56]. The LUS pattern of
pneumothorax includes the absence of lung sliding and pulse
(Fig. 4), absence of B-lines and evidence of the ‘lung point’ [1]. Lung
point has a reported diagnostic specificity of 100%, but a low sensi-
tivity. The sonographic technique for pneumothorax is easy to
acquire and may be performed in a few seconds at the bedside,
even in the extreme emergency situations [17, 57]. Any commercial-
ly available transducer can be employed; however, the analysis of
superficial lung sliding and the lung point are better studied by the
use of a linear transducer with higher frequencies (5–10 MHz). LUS
showed also a good reliability in the classification of pneumothorax
size, which is superior to CXR, when compared with CT scan, which
may guide the decision of treatment [58].

Diaphragmatic motion anomalies

Diaphragmatic paralysis with concomitant atelectasis is another
possible complication, which occurs more frequently in the setting
of infant and paediatric cardiac surgery [30]. The reported incidence
rate of diaphragmatic paralysis in paediatric cardiac surgery ranges
from 0.3 to 12.8%. The clinical consequences of diaphragmatic
paralysis may be dramatic, and include respiratory insufficiency,
pulmonary infections, prolongation of hospital stay and even death
[22, 59].
Diagnosis of diaphragmatic dysfunction is often difficult (espe-

cially in older children and adults), and requires a high index of
suspicion. Paralysis may be suspected by an elevated hemidiaph-
ragm on CXR. However, its confirmation requires dynamic assess-
ment of diaphragm mobility. The study of diaphragm mobility can
be performed by different imaging modalities, including ultra-
sound, sonomicrometry, electromyography, nuclear magnetic
resonance or video-fluoroscopy.
LUS can be reliably employed to evaluate diaphragmatic paraly-

sis [60]. LUS has shown diagnostic accuracy similar to fluoroscopy
in paediatric patients, with the advantage of quick bedside diag-
nosis along with the easy possibility to repeat the test at the clini-
cian’s convenience, still maintaining contained costs and reduced
patient discomfort [61, 62].
Epelman et al. have described their experience in a large heter-

ogenous cohort of 278 children aged from 3 days to 17 years,
including 135 patients post-cardiac surgery. They proposed a spe-
cific protocol for the evaluation of diaphragmatic mobility by LUS
consisting of various steps [22]. First, a comparative imaging of both
hemidiaphragms is recommended by placing the transducer in an
oblique transverse subxiphoid plane in the midline. Then the trans-
ducer is moved in each subcostal region, and left and right hemi-
diaphragms are imaged separately in the coronal plane. Finally, the
movement of each hemidiaphragm is evaluated using M-mode.
Diaphragmatic motion can be classified as normal, decreased,
absent or paradoxical, with absent and paradoxical motion indicat-
ing diaphragmatic paralysis (Table 3) [22]. It has to be noted that
cut-off values in normal subjects should be established for an
effective comparative determination of abnormal diaphragmatic
motion. Furthermore, new studies possibly comparing the

Figure 1: Sonographic appearance of pleural effusion and coexisting lung
consolidation.
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Table 2: Methods for quantification of pleural effusion by lung ultrasound

Author Subjects Position Projections/views Transducer Breath cycle Formula

Remérand et al. [24], France 58 patients (45 males)
58 ± 17 years

Supine Transverse views positioning the transducer in each IS. The
transducer was slipped between the patient’s back and
mattress. The lower and upper IS where PE was
detected were drawn on the patient’s skin

PE lengthmeasured in para-vertebral regions between the
apical and caudal limits.

Cross-sectional area measured at the mid-length of PE

Cardiac
5 MHz
3.5 MHz

EE PEV (ml) = ACT
(cm2) × LCT (mm)

Usta [43], Germany 135 patients (90 males)
60 (45–67) years
BMI 28.17 ± 2.8 kg/m2

Sitting The transducer was moved in a cranial direction in the mid-
scapular line.

PE diameter: maximal distance between mid-height of the
diaphragm and visceral pleura

Cardiac
S5-1, 2.5 MHz

EE PEV (ml)sw = D
(mm) × 16

Balik et al. [40], Czech Republic 81 (47 males)
m. ventilated patients
60 ± 15 years

Supine The transducer was moved in the cranial direction in the
posterior axillary line

PE diameter: maximal distance between parietal and
visceral pleura at the lung base

2.5 MHz EE PEV (ml) = 20 × Sep
(mm)

Eibenberger [44], Austria 51 patients (21 males)
28–82 years

Sitting Latero-dorsal wall of the chest
PE diameter: the maximal perpendicular distance

between the posterior wall of the lung and the posterior
chest wall

3.5 MHz curved;
6.5 MHz annular

EE D (mm) PEV (ml)
0 0–90
10 50–300
20 150–310
30 160–660
40 490–1670
50 650–1840
>60 950–251

Vignon et al. [23], France 97 patients (61 males)
age 59 ± 20 years

Supine From the base to the apex of the chest, along the
dorso-lateral part of the chest wall, as far as possible
posterior between the mattress and the patient’s back
without lifting the hemithorax.

PE diameter: the maximal distance from the leading edge
of the dependent surface of the lung to the trailing edge
of the posterior chest wall, on transverse views of
pleural spaces.

Measurements were made at the base and at the apex of
the pleural space

2–5-MHz broadband EE, EIa D > 45 mm at the RTB
D > 50 mm at the LTB
base predicted a
PEV ≥ 800 ml
sensitivity of 94% and
100 and specificity of
76 and 67%,
respectively

ACT: pleural effusion cross-sectional area; EE: end-expiration; EI: end-inspiration; IS: inter-costal space; LCT: pleural effusion length; LTB: left thoracic base; m.: mechanical; PEV: pleural effusion volume; RTB: right
thoracic base; Sep: separation; V: volume; D: diameter; PE: pleural effusion; BMI: body mass index.
aTypically, the inter-pleural distance was greater at end-expiration in ventilated patients and on inspiration in spontaneously breathing patients.
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diagnostic accuracy of LUS with fluoroscopy, which is nowadays the
most employed technique, are needed.

Pulmonary congestion

Pulmonary congestion after cardiac surgery may be related to
haemodynamic impairment, acute lung injury or both [30]. LUS
has been proposed as a reliable tool for the assessment of
pulmonary congestion due to heart failure [5, 63] Detection and

semi-quantification of B-lines allow for the detection and grading
of pulmonary congestion, thereby adding key diagnostic and
prognostic information in the setting of heart failure [64]. B-lines
may also be helpful in the emergency department to differentiate
cardiogenic from non-cardiogenic dyspnoea [65–67] (Fig. 5).
Significant correlations were found between the number of

B-lines on LUS and lung water quantified by the indicator dilution
method, pulmonary capillary wedge pressure and radiological
lung water score in 20 adult patients (mean age, 63 years) studied
before, immediately after and 24 h following cardiac surgery [68].
However, as expected, in the general adult critically ill population,
B-lines seem to be more correlated with extravascular lung water
than with pulmonary capillary wedge pressure [69]. There are no
published studies on LUS to assess pulmonary congestion in the
paediatric population.

FUTURE PERSPECTIVES AND LIMITATIONS

LUS is gaining consensus as a non-invasive, radiation-free diagnostic
tool for the diagnosis of several forms of pulmonary pathology;
however, its use in cardiac surgery remains still not well established.
This is quite surprising considering that pulmonary complications—
including PLE, pneumothorax, pulmonary oedema, consolidation
and diaphragmatic paralysis—are common in patients undergoing
cardiac surgery. These complications represent a major cause of
morbidity, requiring serial diagnostic testing, prolonged hospitaliza-
tion and added cost.
Chest CT is the gold standard for non-invasive lung imaging, but

it cannot be performed on a routine basis, due to its costs, the non-
negligible radiation burden and the risks linked to transportation of
critically ill patients to the radiology department [70]. Limitations of
bedside CXR are also significant, since it is often not possible to
obtain high-quality films in the ICU and, more generally, in the crit-
ically ill, which impairs the sensitivity and specificity of conventional
radiology for the identification of lung conditions [71].
Thus, a systematic use of LUS has been hampered by limited

knowledge of its potentialities, indications and technique. Currently,
LUS is mainly used for evaluating PLE. To assess other pulmonary
conditions, like pneumothorax, pulmonary congestion and consoli-
dations, clinicians still tend to rely primarily on other imaging techni-
ques, like CXR and CT. Moreover, there are controversies regarding
who should perform and interpret LUS examinations: the cardiolo-
gist, the intensivist, the radiologist or the pulmonologist. While LUS
can be performed by anyone with imaging expertise, it has been
demonstrated that it produces more beneficial results when per-
formed as a point-of-care tool by any clinician directly dealing with
patient care [2, 5].
There is additional practical and methodological debate per-

taining to the lack of clear guidelines regarding the protocols to
be adopted (essential imaging views and their sequential order,
format for reporting), and the instruments to be employed. In par-
ticular, there is limited knowledge about transducer selection for
different ages and body sizes, and system settings. Although there
is evidence that LUS could assist in the diagnosis of some pulmon-
ary pathology, and may reduce time and costs [72], a systematic
cost analysis of its application in cardiac surgery has never been
performed. The development of LUS programmes would require
a combination of dedicated personnel, adequate instrumentation
(transducers and ultrasound systems) and training protocols.
For instance, even if the utility of LUS in the diagnosis of PLE as

well as in the guidance of thoracentesis is well proved, there is no

Figure 2: Sonographic appearance of a subpleural lung consolidation.

Figure 3: Posterior view of right lung atelectasis involving the whole lung (from
base to apex) in a 1-month old female baby after surgical relief of aortic sten-
osis and aortic coarctation. A mild PLE is also present. PLE: pleural effusion.

M. Cantinotti et al. / Interactive CardioVascular and Thoracic Surgery212

D
ow

nloaded from
 https://academ

ic.oup.com
/icvts/article/22/2/208/2363319 by guest on 04 April 2024



agreement on the most reliable technique to be used to quantify
the volume of effusion, as several formulae have been published
[23, 24]. Some formulae may be very complicated for routine use
and others allow only a suboptimal semi-quantification. All have
been derived from experience with adults and may even be less
reliable in children.

Data on the usefulness of LUS to study the diaphragmatic func-
tion in adults and children are promising but are still insufficient
to conclude its applicability in clinical practice [22, 73, 74]. Further
studies are needed in order to fully validate the technique,
particularly in the setting of post-cardiac surgery.

The accuracy of LUS in the evaluation of pulmonary congestion
is largely evidence based, and has been also shown in a small
series of adults after cardiac surgery [68]. However, studies includ-
ing paediatric patients are needed to confirm these findings and

extend the use of LUS in this new setting. The need to reduce the
routine use of CXR for the evaluation of pneumothorax after chest
tube removal is a topic of debate with regard to excessive and un-
necessary utilization of resources and costs [52, 75]. The possibility
of replacing CXR with LUS in the setting of adult and paediatric
cardiac surgery has not been explored yet.
Despite the proven diagnostic power of LUS and its influence

on decision-making and therapeutic management, there are still
significant barriers to the widespread use of this tool. Operator de-
pendency may be considered a significant limitation. Several
studies have been performed by experts in the field, and this may
limit the generalization of results. The development of official,
validated training ultrasound programmes is mandatory to imple-
ment the proper use of LUS in many different settings, including
adult and paediatric post-cardiac surgery [71, 76]. The possibility

Figure 4: M-mode tracing of a pneumothorax: the parallel horizontal lines above and below the pleural resembling a ‘barcode’ indicate the absence of lung sliding
(this characteristic pattern is also known as ‘Stratosphere sign’).

Table 3: Criteria for definition of diaphragmatic motion
on M-mode lung ultrasound in children (Urvoas et al. [60])

Diaphragmatic
motion

Ultrasound criteria

Normal Diaphragmatic motion is towards the transducer
in inspiration, the excursion is >4 mm and the
difference of excursion between the
hemidiaphragms is <50%

Decreased The excursion is ≤4 mm and the difference of
amplitude between the hemidiaphragms is
>50%

Absent The tracing shows a flat line
Paradoxical Diaphragmatic motion is away from the

transducer in inspiration

aIn mechanically ventilated patients, the ventilator should be
temporarily disconnected for a correct evaluation of diaphragmatic
motion.

Figure 5: Sonographic B-lines: the sign of pulmonary interstitial syndrome.
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of a structured, worldwide standardized training, with basic and
advanced modules, will likely accelerate the diffusion and imple-
mentation of this new imaging tool, which should not be
restricted to a few experts’ hands, but become part of established
medical education curriculum. Physicians should start interpreting
point-of-care echos as an extension of their senses [75].

CONCLUSIONS

LUS represents a still largely underestimated and underutilized
diagnostic tool for several common pulmonary complications
after cardiac surgery. Implementation of LUS in clinical practice
may help to reduce excessive and unnecessary radiology tools,
thereby decreasing radiation exposure, time and costs. Up to now
the use of LUS in cardiac surgery has been mainly limited to the
evaluation of PLE and more recently to the assessment of dia-
phragmatic mobility in children. Other pulmonary conditions
such as pulmonary oedema, consolidations and pneumothorax
are rarely evaluated. Owing to the novelty of LUS, there is still a
knowledge gap relative to its potentialities and limitations in
different conditions. Guidelines and recommendations are war-
ranted in the future to implement and rationalize the systematic
use of LUS in cardiac surgery in both adult and paediatric patients.
Training programmes are also necessary to create a team of quali-
fied operators in LUS in all ICUs. In the near future, point-of-care
sonographic applications should hopefully become part of the
standard training of all intensivists.
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