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Point of care application of ultrasound
has been widely validated as an essential
imaging technique in the management
of critical care patients (Lou and See
2022). Bedside ultrasonography consents

IMAGING THE CRITICALLY ILL

The Use of Critical Care

Ultrasound

Critical care ultrasound examination should be considered in specific situations
in the intensive care unit. It has become increasingly important to understand
and master all the possible application and future innovation of ultrasonography

in the critical care setting.

real-time evaluation of the anatomy and
function of several organs, allowing a
rapid recognition and diagnosis of the
major cause of haemodynamic insta-
bility in intensive care patients (i.e.,
hypovolaemia, acute cardiac tampon-
ade, pneumothorax, cardiogenic shock,
haemoperitoneum). Even more, as part
of acute management of critically ill
patients, critical care ultrasound exami-
nation should be considered for the
study of specific situations encountered
in intensive care unit; heart and lung
interaction, the effects of mechanical
ventilation on central haemodynamic,
multiorgan consequences of septic shock,
severe multisystem trauma, and intensive
care unit-acquired weakness (Guevarra
and Greenstein 2020; Vieillard-Baron
et al. 2008; Soliman-Aboumarie et al.
2021; Mongodi et al. 2021). In addition
to clinical examination, ultrasound can
provide intensivists with useful informa-
tion for quick decision-making and set
or change therapeutic strategy, allowing
a direct evaluation of the response of a
specific treatment. Beside its diagnostic
potential, ultrasonography also repre-
sents a real-time guidance for several
invasive procedures (e.g., tracheostomy,
central line insertion, local anaesthesia,
intercostal drain insertion) (Saugel et al.
2017;Wong et al. 2020). Consequently,
it is essential for intensivists to gain
specific training and competence in
ultrasonography, following internationally
validated curricula (Wong et al. 2020;
Expert Round Table on Echocardiography
in ICU 2014). An overview of possible

indications of ultrasonography in ICU
is provided in Figure 1.

Lung Ultrasonography
Lung Ultrasonography (LUS) is a radia-
tion-free, low-cost, rapid, and portable
imaging technique, that allows real-time
examination of pulmonary structures. LUS
is a key component of critical care; it can
be used to evaluate patients with acute
respiratory failure, titrate mechanical
ventilation, guide interventional proce-
dures, and monitor outcomes (Corradi
etal. 2014; Luecke et al. 2012; Schmidt
etal. 2019; Corradi et al. 2022a; Vezzani
et al. 2017). LUS has also played an
important role in the management of
patients with COVID-19-associated lung
injury through the study of the lung
parenchyma and the diaphragm (Hussain
et al. 2020; Volpicelli et al. 2021; Corradi
et al. 2021a; Corradi et al. 2021b).
LUS has recently gained consideration
as a useful tool for the assessment of
lung pathophysiology. Compared with
chest radiography, LUS has shown higher
sensitivity and similar specificity for the
detection of pleural effusion, pneumonia,
pneumothorax, and pulmonary oedema
(Vezzani et al. 2014). However, although
recognition of B-lines and differentiation
between A- and B-pattern are simple tasks
also for beginners, the quantification of
B-lines and their distance can be chal-
lenging (Corradi et al. 2022b). Thus,
automatic methods for the detection
and quantification of B-lines have been
recently proposed to have an objective,
operator-independent, automated, and
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Figure 1. Overview of the major indications for critical care ultrasonography
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quantitative classification of the sever-
ity of pulmonary interstitial syndrome
(Weitzel et al. 2015; Brattain et al. 2013;
Anantrasirichai et al. 2017).

In 2013, Corradi and co-workers first
studied isolated bovine lung to test the
hypothesis that extravascular lung water
(EVLW) could be reliably quantified by a
first order computer-assisted grey-scale
LUS analysis, using gravitometry as a gold
standard (Corradi et al. 2013). The results
showed that quantitative LUS by video
grey-scale analysis was more accurate
in the estimation of EVIW than visual
scoring or quantitative chest Computed
Tomography (CT). Most importantly,
the study provided further insight into
the relationship between B-lines and
EVIW, underlining differences between
quantitative LUS and quantitative CT as
diagnostic tools. The authors observed
that mean LUS intensity was strongly
correlated with EVIW but weakly with
physical density; CT analysis showed
opposite results. These data suggest that
comparison of quantitative LUS and quan-
titative CT has the potential to distinguish

increased water content from increased
tissue content in lung disorders where
pulmonary oedema and parenchymal
abnormalities may co-exist. Moreover,
quantitative LUS was clearly superior
to visual scoring in detecting the pres-
ence of EVIW; even in case of amounts
as small as 16% of initial lung weight.
Furthermore, multi-frame video-based
was superior to single-frame method,
due to the fact that single-frame methods
are not sufficient to evaluate the total
respiratory cycle.

In patients mechanically ventilated after
cardiac surgery (Corradi et al. 2016), the
same group of authors also showed that
mean echo-intensities were significantly
better correlated with the degree of EVIW
content than the 28-region-based aera-
tion score. This study also showed that
quantitative LUS was superior to visual
scoring in the assessment of EVIW with
moderate-to-high positive end-expiratory
pressure. Indeed, visual scores (progres-
sion or regression of abnormal patterns,
spaced B-lines, coalescent B-lines, and
consolidation) seemed effective in deter-

mining large changes in lung aeration (i.e.,
>600 ml), as those caused by positive
end-expiratory pressure used for recruit-
ment manoeuvres in ARDS; however,
the accuracy diminished dramatically
with milder changes of lung aeration
(Bouhemad et al. 2011).

In adults, computer-assisted LUS has
been used in a wide array of pulmonary
diagnoses. Raso et al. (2015) graded
pulmonary fibrosis and lung oedema
by computer analysis in two sets of pre-
selected patients. Corradi et al. (2015)
found that the mean grey-scale intensity,
determined by computer-aided grey-scale
analysis, was considerably more accurate
than either chest x-ray or visual LUS in
the diagnosis of community-acquired
pneumonia confirmed by CT. This was
independent of size and distance from
pleural line, presumably owing to more
hyper-echogenic images resulting from
hypo-aerated lung parenchyma around
consolidations. In children, quantitative
LUS was used to assess the severity of
neonatal respiratory distress, to evaluate
foetal lungs for predicting neonatal respi-
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ratory morbidity, and to detect pneumonia
(Raimondi et al. 2018; Cisneros-Velarde
et al. 2016; Bonet-Carne et al. 2015).
Finally, an algorithmic approach allowed
to clinically validate the most valuable
semiquantitative ultrasound score by
demonstrating that only the calcula-
tion of the percentage of the pleural
line, inferred by a transversal approach
within the intercostal spaces, correlates
with EVIW (Brusasco et al. 2019).

There are still technical advancements
that are necessary to make quantitative
LUS widely applicable in clinical prac-
tice: the inclusion of radio frequency
signal data in addition to B-mode image
data to provide more detailed ultra-
sound information and the validation
of second order statistics, based on a
set of textural features extracted from
the grey-level co-occurrence matrix, to
make results independent of ultrasound
device, parameters, and settings (Brusasco
et al. 2022).

Furthermore, there is emerging
evidence that local lung strain can be
estimated by LUS, thus possibly provid-
ing a method for assessing local lung
ventilation. Although lung sliding is
affected by a variety of lung pathologies,
the magnitude of this change was never
quantified. It has been suggested that
speckle-tracking technology applied in
the lung will be able to provide speckle
displacement during inspiration and
expiration (Dori and Jakobson 2016). This
would represent the final step towards the
development of an ultrasound protocol
suitable as a global ventilatory monitor-
ing tool, also allowing the quantification
of pulmonary over-distension.

Critical Care Echocardiography
Critical care echocardiography (CCE)
has to be considered something paral-
lel to conventional echocardiography
performed by cardiologists, requir-
ing specific knowledge of critical care
medicine peculiarities. Ultrasonography
in critical care setting requires to be
quickly available on 24h basis and to
respond to specific clinical questions,
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not only addressing the heart and great
vessel anatomy and physiopathology
but also evaluating the tight interaction
between heart and lung, the potential
consequences of mechanical ventilation
on right heart and the possible causes
of haemodynamic instability (Soliman-
Aboumorie et al. 2021). Consequently,
critical care echocardiography demands
specific training and competence, follow-
ing internationally validated curricula
(Expert Round Table on Echocardiography
in ICU 2014).

Bedside echocardiography allows the

d d ultrasound can
provide intensivists
with useful information
for quick decision-
making and set or change
therapeutic strategy,
allowing a direct evaluation
of the response of
a specific treatmentP P

assessment of global left ventricular (LV)
size and function, the identification of
regional wall motions abnormalities, the
evaluation of right ventricular (RV) size
and function, the estimation of pulmo-
nary pressure, the presence of pericardial
effusion, the study of valvular dysfunc-
tion and to evaluate hypovolaemic status
with dynamics parameter (Longobardo
etal. 2018). Consequently, several usual
disorders encountered in ICU can be
quickly diagnosed and treated. Critical
care echocardiography is a fundamen-
tal tool for the primary evaluation and
differential diagnosis in case of circula-
tory and respiratory failure, especially
when combined with LUS evaluation,
and to identify life-threatening causes
of shock and cardiac arrest (Long et al.
2018; Price et al. 2010; Chou et al. 2020).
Noteworthy, ultrasonography may help in
the differential diagnosis of the cause of
shock in haemodynamic unstable patients,

detecting pericardial tamponade, aortic
dissection, hypovolaemia, and regional or
global LV dysfunction (Yamamoto 2014).
Even more, echography findings of right
ventricles overload and dysfunction may
be also looked at carefully in this setting.
Indeed, right ventricular dysfunction
can be due to a concomitant cardiac or
respiratory disease. However, the findings
of right heart overload or dysfunction in
a haemodynamic unstable patient always
raises suspicions of possible pulmonary
embolism (Daley et al. 2019). In this
group of patients, CT angiography is
generally not feasible, consequently,
ultrasound can provide important diag-
nostic information in order to carry
out the diagnosis. The combination of
several echography findings such as the
60/60 sign and the McConnell’s sign in
addition to right ventricle dilatation/
dysfunction, septal flattening and RV/
LV ratio alteration is highly suggestive
of a diagnosis of pulmonary embolism
(Konstantinides et al. 2020). Other
important findings are represented by
the direct visualisation of free-floating
right heart thrombus or direct visualisa-
tion of deep venous thrombus during
compression ultrasonography.
Echocardiography plays an interest-
ing role also in the evaluation of septic
patients (Vallabhajosyula et al. 2020).
Common features of these patients are
represented by potentially reversible
myocardial depression, hypovolaemia,
and altered vascular tone. Critical care
echocardiography, evaluating central
haemodynamic and heart, consents to
guide management and directly evaluate
the effect of therapy. The ultrasonographic
evaluation must focus on evaluating
cardiac output, cardiac contractility, and
fluid responsiveness. Indeed, echocardio-
graphic methods may help intensivists
to determine the need for inotrope and
fluid infusion (Shrestha and Sriniva-
san 2018; Guérin and Vieillard-Baron
2016). Dynamic parameters are used
to predict a positive response to fluid.
In mechanically ventilated patients and
in sinus rhythm, distensibility index of
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IVC and the respiratory of aortic blood
flow are generally preferred.

With CCE, it is also possible to evaluate
the diastolic function, although it requires
a more advanced use. This is particularly
important to define the tolerance to fluid
administration: identifying ventricles that
display a restrictive pattern (the most
advanced form of diastolic dysfunction)
may alert clinicians about the risk of
pulmonary oedema/congestion with
generous fluid resuscitation. Similarly,
by analysing the doppler pattern of the
hepatic, portal and renal veins (VeXUS
score), it is possible to identify various
degree of venous congestion.

During cardiopulmonary resuscita-
tion, current guidelines recommend
performing CCE, due to the important
information that can be gained from this
imaging technique. CCE allows to exclude
treatable and reversible causes of cardiac
arrest without interfering advanced life
support protocols (i.e., cardiac tamponade,
pulmonary embolism, tension pneumo-
thorax, and hypovolaemia) and to guide
consequent invasive procedures (i.e.,
pericardiocentesis, decompression of
tension pneumothorax) improving the
safety and efficacy of these interventions
(Price et al. 2010; Balderston et al. 2021).
Even more, CCE allows the evaluation of
the quality of compression (direct and
real-time evaluation of compression and
relaxation of ventricles) and permits
to discriminate true asystole from fine
ventricular fibrillation; conditions with
different therapeutic approaches. Echo-
cardiography can permit to differentiate
patients with pulseless electrical activity
(PEA) without cardiac contractile activ-
ity (True-PEA) from patients in PEA but
who still have cardiac contractile activity
(False-PEA); an important prognostic
data. Indeed, patients with false-PEA
were more likely to have a Return of
Spontaneous Circulation (ROSC) (Wu et
al. 2018; Gaspari et al. 2021). Moreover,
critical care echocardiography, both
transthoracic (TTE) and transoesophageal
approach (TEE), are fundamental for
the management of veno-arterial ECMO
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in extracorporeal life support (ECLS)
programme; from cannula insertion,
maintenance, to weaning (Donker et al.
2018). Echocardiography represents a
dominant bedside tool allowing disorder
valuation, treatment optimisation, and
weaning of extracorporeal treatment
(Douflé and Ferguson 2016). Possible
benefits of CCE during V-A ECMO are
represented but not limited to evaluation
of arterial and venous puncture size, the
choice of peripheral or central ECLS, the
presence of thrombus and the evaluation
of vessel size, the correct placement of
the cannula, the evaluation of the under-
lying cardiac condition and to evaluate
optimal unloading of ventricles (Platts
etal. 2012).

It is also worth highlighting the use
of TEE in critical care settings. TEE repre-
sents another ultrasonography cardio-
vascular imaging modality (Prager et
al. 2022). It requires the insertion of a
flexible probe down into the oesophagus;
consequently, the transducer’s proximity
to the heart and great vessel provides a
good ultrasonic window (Peterson et al.
2003).TEE is generally performed when
transthoracic approach is not diagnostic
or feasible. Indeed, transthoracic ultra-
sound transmission can be altered by
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several confounding factors resulting
in scarce image quality; hyperinflation,
emphysema, pneumothorax, chronic
obstructive pulmonary disease, obesity,
chest wall injuries, or dressing tubing.
Even more, TEE can allow the evaluation
of structures typically difficult to evalu-
ate with TTE such as the aorta, and left
atrial appendage, and provide a superior
evaluation of prosthetic heart valves and
paravalvular leak and regurgitation, the
evaluation of paravalvular abscesses and
valvular endocarditis (Lengyel 1997;
Michelena et al. 2010). TEE is generally
performed during cardiac surgery, with
precise procedural indications; evaluation
of cardiac structure and function before
cardiopulmonary bypass (CPB), monitor-
ing of weaning from CPB, evaluation of
surgical repairs and possible complica-
tions after CPB. Additionally, TEE finds
indications during several haemodynamic
and interventional procedures (e.g.,
percutaneous aortic valve implant, left
atrial appendage closure, percutaneous
closure of permeable oval foramen, and
septal defect closure) (Hahn et al. 2014).
Unfortunately, TEE is not widely available
in the general intensive care unit.
There are attractive future techni-
cal advancements in CCE (e.g., three-

Figure 2. Examples of technical advancements in Critical Care Echocardiography.
A. Speckle tracking; B. Tissue Doppler imaging; C. Three dimensional techniques
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dimensional techniques, speckle tracking,
tissue Doppler imaging, intracardiac
echo (Figure 2) (Cinotti et al. 2015;
Orde et al. 2018; Poelaert and Roosens
2007). Speckle tracking is a relatively
new and very interesting technique for
the evaluation of myocardial motion
wall abnormalities and dyssynchrony. It
requires specific software able to track
frame to frame the motion through the
cardiac cycle in multiple directions.
Speckle tracking measurements are
extremely useful in the assessment of
myocardial contractility, left ventricular
dysfunction, and filling pressures, allow-
ing a two-dimensional non-Doppler
angle-independent objective analysis of
myocardial deformation. Consequently,
deformation imaging analysis allows
quantifying the thickening, the longitu-
dinal and circumferential shortening of
cardiac cycle. Finally, 3D echocardiography
represents a useful diagnostic analysis for
quantifying complex geometric shape
volumes in multiplanes mode, allowing
an accurate evaluation of cardiac chamber
volumes and valvular anatomy. Unfor-
tunately, 3D echocardiography requires
significant offline data processing, and
it is, at the present time, not commonly
available in general intensive care units
(unlike cardiovascular anaesthesia and
cardiothoracic ICU).

Musculoskeletal Ultrasound

Intensive care unit-acquired weakness
(ICUAW) represents a severe complica-
tion encountered in the intensive care
unit (ICU). Muscular weakness is the
direct consequence of critical illness
polyneuropathy (CIP) and/or critical
illness myopathy (CIM). The patho-
physiological mechanisms are complex
and not entirely understood; however,
it seems that the synergism of metabo-
lism, inflammation and immunity play
a crucial role. Even more, weakness is
also associated with medications (e.g.,
glucocorticoids), nutritional status, and
prolonged muscular immobilisation
(De Jonghe et al. 2022). Diagnosis is
reached with clinical examination and
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electrophysiological tests (rarely with
muscle biopsies). Muscle ultrasound can
potentially play an interesting role to
investigate muscle changes over time after
admission in ICU. Long-term outcomes
in heterogeneous ICUAW populations
include transient disability in 30% of
patients and persistent disabilities that
may occur even in patients with nearly
complete functional recovery (Formenti
etal. 2019).

Muscular ultrasonography allows
visualisation and classification of muscle
characteristics by cross-sectional area,
muscle layer thickness, echointensity by
greyscale and the pennation angle. Healthy
muscle tissue has a distinctive appearance
by ultrasound: in axial images, muscle
consists of primarily echolucent (dark)
areas interspersed with small, bright,
curved echoes of seemingly random
orientations. In the sagittal plane, however,
these bright echoes are seen to be the
fibrous tissue that surrounds muscle
fibres and fascicles and is recognisable
as striations. Bipennate muscles present
a central area of thickened fibrous tissue
(central aponeurosis). If followed distally,
this structure becomes the tendon. Except
for visible arterial pulsations, healthy
muscle is static at rest. However, with
slow contraction, the central portion of
the muscle can be seen to bulge with
thinning of its more distal ends (Walker
2004).

Ultrasound may potentially detect the
presence of chronic pathologic changes
in muscle and measure its dimensions.
Common features of critical illness myopa-
thy and critical illness polyneuropathy
include symmetric, flaccid limb weakness
and ventilatory muscle weakness. Tendon
reflexes are often reduced, especially
with CIP.

Four main findings distinguish diseased
muscle from healthy muscle: increased
echogenicity, atrophy, increased homo-
geneity, and loss of bone shadow (Turton
etal. 2016). Ultrasound parameters used
to evaluate muscle architecture are:

1. Cross-sectional area (CSA): Deter-

mined by the number and size of

individual fibres within a muscle.
The term ‘muscle architecture’
(parallel or pennate) refers to the
physical arrangement of muscle
fibres at the macroscopic level and
determines the muscle’s mechanical
function. In a parallel muscle, the
two CSAs coincide, as the fibres
are parallel to the longitudinal
axis; in pennate muscles, both
areas may be used to describe the
contraction properties. Muscle
atrophy mainly affects type II fibres
rather than a relatively equal loss
of slow and fast fibres, resulting
in the denervation/re-innervation
process.

2. Muscle layer thickness: Easily
identifiable with ultrasound, it has
been shown that muscle loss in
ICU patients could be monitored
by thickness measurements, and
it significantly correlates with
CSA; however, its predictivity has
not been proven in intensive care
patients.

3. Echointensity: Measure of the image
greyscale, reflects the muscle’s
composition. Increased echogenici-
ty indicates more homogenous
muscle. Ultrasonic echogenicity can
be graded according to a score that
classifies ultrasonic echogenicity
semi-quantitatively into four levels,
with higher grades corresponding
to increased severity of muscle
impairment.

4. Pennation angle: The angle of
insertion of muscle fibres into the
aponeurosis. This angle provides
information about muscle strength.
A higher pennation angle corre-
lates with a muscle’s capacity to
generate force (Formenti et al.
2019).

Many studies, examining the asso-
ciation between muscle weakness and
clinical outcomes have shown muscle
weakness as an independent predictor of
mortality, increased ventilator-dependent
time, and prolonged ICU length of stay
(De Jonghe et al. 2002; Sharshar et al.
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2009; Ali et al. 2008).

Ideally, within the first 48h after
admission to the ICU, the first muscu-
lar ultrasound assessment should be
performed to define a baseline picture of
the quadriceps muscle. At the same time,
strength evaluation, using validated tools
such as the Medical Research Council
(MRC) scale should be also performed
as soon as cognitive impairment allows.
However, impaired mental status or a low
MRC score dictates the need for addi-
tional examination for ICUAW, with the
aim of preventing muscle weakness; in
this case, serial revaluations by muscular
ultrasound may represent a valuable aid. In
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