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Introduction

In the intensive care unit (ICU), ultrasound
imaging has become increasingly popular
for the diagnosis and to guide treatment
in critically ill patients (Volpicelli et al.
2020). The use of ultrasound to evaluate
the respiratory muscle function (espe-
cially the diaphragm) is relatively new, and
remains infrequent due to the supposed
difficulty in obtaining adequate ultrasound
windows, and the common assumption that
ultrasound evaluation of the diaphragm
would not alter patient management.
However, the ultrasound learning curve
focused on this muscle is fast, requiring
just a short course (Khurana et al. 2018).
Diaphragm ultrasound is able to provide
serial, non-invasive data at the bedside of
critically ill patients (Grosu et al. 2012;
Schepens et al. 2015). Various sources of
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Diaphragm Ultrasonography
in ICU: Why, How, and When

to Use It?

Diaphragm ultrasound for critically ill patients

An overview of the principles and current applications of diaphragm ultra-

sound and innovative ultrasound-based techniques.

injury (sepsis, mechanical ventilation,
myotoxic drugs...) may alter the contrac-
tile function of the diaphragm in criti-
cally ill patients (Dres et al. 2017a). The
prevalence of diaphragmatic dysfunction
in intubated patients can exceed 60% on
admission, reaching more than 80% in
patients requiring prolonged mechani-
cal ventilation with short and long term
consequences (]ung et al. 2016; Dres et
al. 2017b).The assessment of diaphragm
function with ultrasound provides a first
step towards improving the detection of
diaphragm dysfunction as well as allowing
protective and supportive strategies for
its management (Supinski et al. 2018).
Different ultrasound methods can be used
to monitor diaphragm function, and some
new interesting approaches have recently
been described. The aim of this review is
to provide an overview of the principles
and current applications of diaphragm
ultrasound and to describe innovative
ultrasound-based techniques.

Why Use Diaphragm Ultrasound
in Intensive Care?
The main goals of diaphragm ultrasound
in critically ill patients are:
* Assessment of diaphragm function
over time: normal, reduced (weak-
ness), loss (paralysis) = diagnosis of
diaphragmatic weakness.

* Assessment of the risk of successful/

failed mechanical ventilation weaning.

* Guidance for management of ventila-

tory assistance settings.

* Monitoring diaphragm thickness over

time for prognostic purposes.

The diaphragm is a fundamental muscle
of the respiratory system. In physiological
condition during spontaneous breathing,
the diaphragm contracts and flattens for the
inspiratory phase, decreasing thoracic pres-
sure and causing air to flow into the lungs.
This active movement called diaphragm
excursion (DE), is possible thanks to the
three-dimensional anatomy of the diaphragm
with a non-contractile centre and muscular
fibres departing from this apical centre and
attaching to the ribs from T5 to T12.This
area of attachment is referred to as the zone
of apposition (ZOA). During contraction,
the change in muscle fibres length leads to
a thickening in diaphragm wall dimension
in the ZOA, making the diaphragm move
caudally during inspiration. The expiration
phase is a passive relaxation of muscle
fibres which returns to initial conforma-
tion causing air to flow out of the lungs.
In case of increased work of breathing
(bronchospasm, respiratory distress...)
or in case of diaphragm dysfunction, the
force generated by the diaphragm may
become insufficient. Therefore, accessory
muscles may intervene to allow inspiration,
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Figure 1. Left: position of the probe for the intercostal approach (up) and the subcostal approach (down). Right: Ultrasound images of the diaphragm using the intercostal
approach (up) and the subcostal approach (down).

compensating for insufficient diaphragm
strength. This can result in a paradoxical
movement of the diaphragm (inverse to
its physiological action: cranial inspiratory
excursion). Exhalation can also become
active with the abdominal muscles (McCool
and Tzelepis 2012).

Diaphragm dysfunction is an under-
estimated phenomenon that can pre-exist
upon ICU admission, or develop early
during the first 24 hours of ICU course
(Jung et al. 2016). Sepsis and mechani-
cal ventilation are the main risk factors
(Vassilakopoulos and Petrof 2004; Jung et
al. 2014). Prolonged mechanical ventila-
tion (MV) duration, increased incidence
of weaning failure, prolonged ICU stay,
and long term mortality are associated
with diaphragmatic weakness (Dres and
Demoule 2018).

Ultrasonography has mainly been used
to explore diaphragmatic contractile activity
by measuring its excursion (DE), thickening

fraction (TFdi) ((end-inspiratory thickness
- end-expiratory thickness)/end-expiratory
thickness), the velocity of diaphragmatic
muscle motion (Tissue Doppler Imaging)
and diaphragm mass using its thickness as
a surrogate (Schepens et al. 2015; Kim et
al. 2011; Dres etal. 2018; Umbrello et al.
2015; Soilmezi et al. 2020).

Usually used surrogates for diaphragm
weakness are:

* DE of < 10—15 mm during tidal

breathing

* (TFdi) < 20% during tidal breathing

The imbalance between load and force-
generating capacity of the diaphragm is
a main contributor of weaning failure.
However, it is important to underline that
some patients can be successfully weaned
from the ventilator despite having diaphragm
weakness. Anyway, diaphragm ultrasound
may play an important role to predict wean-
ing success (DiNio et al. 2014). Different
parameters under different conditions were

associated with weaning success or failure.
The more relevant for a clinical perspec-
tive are as follows (all reported values are
measured under standardised conditions:
half-seated position, after 30 minutes of
spontaneous breathing trial [SBT] (Tuin-
man and Jonkman 2020).
* DE: >10-12 mm during a T-piece SBT.
* DE: > 25 mm during a maximal inspi-
ratory effort under T-piece.
* TFdi: > 20-35% during a T-piece SBT
or under a pressure support ventilation
(PSV) SBT with zero end-expiratory
pressure and 7 mmHg PSV.
* Diaphragmatic-rapid shallow breathing
index (= respiratory rate/DE): > 1.3
during a T-piece SBT or under a PSV 5
cmH, 0 and PEEP 5 cmH20 SBT.
* Diaphragmatic time-excursion index
(= DE x inspiratory time): An increase
in this index between a PSV ventilation
and T-piece SBT having a better prognosis
than a decrease.
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Parameter General population ICU patients Abnormal values

End-expiratory thickness 2,8 +/- 0,4mm 2 +/- 0,4mm <1,5mm
End-inspiratory thickness - 4 +/- 0,9mm -

TFdi at tidal breathing - 254/-5% <20-30%
TFdi at maximal breath 60 +/-20% 40 +/- 10% <35%

DE at tidal breathing 18 +/- 3mm 14 +/- 2mm <10-12 mm
DE at maximal breath 60 +/- 10mm 27 +/- Smm <22-25 mm

Table 1. Reference values in ultrasound assessment of diaphragm function

Recently, the diaphragmatic myotrauma
concept in which abnormal diaphragm
function is associated with either over-
assistance (disuse atrophy) or under-
assistance myotrauma (muscle overuse
leading to inflammation, oedema, and
injury) have been developed (Goligher et
al. 2019).The authors hypothesised that
both ventilator over-assist and ventila-
tor under-assist play an important role
in critical illness-associated diaphragm
weakness pathophysiology (Goligher
etal. 2017).Thus, it may be reasonable
to titrate ventilator support for physi-
ological diaphragm, in order to allow a
diaphragm protective mechanical ventila-
tion (Goligher et al. 2020). Diaphragm
electrical activity and oesophageal pres-
sure swings are often not available and
difficult to use in daily practice. Even not
specifically studied, TFdi between 15 and
30% during mechanical ventilation has
been associated with stable diaphragm
muscle thickness and shorter duration
of MV (Goligher et al. 2015). Therefore,
low TEdi (< 15%) under PSV mode may
indicate ventilator over-assist, when high
TFdi (> 30-40%) may indicate ventilator
under-assist. Clinicians may personalise
the level of pressure assist while moni-
toring other parameters (e.g., respiratory
rate and tidal volume).

Diaphragm ultrasound allow prospective
monitoring of end-expiratory diaphragm
thickness. Although not correlated with
diaphragmatic function, this parameter
is an easy to obtain marker of severity
of critical illness-associated diaphragm
weakness (Schepens et al. 2015; Vivier et
al. 2019; Sklar et al. 2020). Low baseline
diaphragm thickness and significant changes
in diaphragm thickness are defined by a
change of > 10% over the baseline value.
Both decrease and increase of > 10% of
thickness are associated with poor outcomes
[e.g., longer duration of MV] (Goligher et
al. 2017; Goligher et al. 2020; Goligher
etal. 2015).

How to Use Diaphragm Ultrasound

in Intensive Care?

1) Technical approach

Patient set-up: supine position, half-seated

position with a bed inclination at 30-45°.
a) Intercostal approach through the ZOA
* A linear array transducer (10-15 MHz)
is positioned perpendicular to the skin
between the 8th and 11th intercostal
space and between the medial and
anterior axillary lines, in the cranio-
caudal direction.
* The diaphragm appears at a depth of
2 cm between the shadow cones of the
upper and lower ribs.

* Three layered structure: a hypoechoic
(dark) central layer corresponding to
the diaphragm between 2 hyperechoic
(white) lines corresponding to the pleural
and peritoneal membrane.

* A hyperechoic (white) line can be
visualised within the diaphragmatic
muscle corresponding to the aponeurosis
between the 2 heads of the diaphragm.
It guarantees a reliable cross section of
the muscle, and good intra and inter-
operator reproducibility.

b) Subcostal approach.

* A phased-array or curved-array trans-
ducer (2-5 MHz) is positioned below
the costal arch at the mid-clavicular line.
The probe is angled cranially so as to
target a perpendicular cross section of
the dome with the ultrasound beam.
Liver or spleen can be used as an acous-
tic window. The liver window is easier
to obtain.

* The diaphragm appears as a hyperechoic
convex line at 10 to 15 cm depth cover-
ing the liver and the spleen that moves
toward the probe during inspiration.

2) Measured parameters

a) Diaphragm thickness
* Intercostal approach.
* Measurement in B-mode or in time-
motion mode (M-mode).
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* Measurement between the internal faces
of the pleural and peritoneal membranes,
perpendicular to the direction of the
muscle fibres.
* Standardised measurement at the end
of expiration.
* Reflects the muscular trophicity of
the diaphragm.

b) Thickening fraction of the diaphragm

(TEdi)
* Intercostal approach.
* Measurement on B-mode or in M-mode.
* Percentage inspiratory increase of
diaphragm thickness compared to
end-expiratory diaphragm thickness:
([End-inspiratory thickness - End-
expiratory thickness]/End-expiratory
thickness) x 100.
* Measured during calm (tidal) breathing,
or during a maximal inspiratory effort.
* Reflects the contractile activity (func-
tion) of the diaphragm. Provides an
index of diaphragmatic effort during
mechanical ventilation (tidal TFdi) or
an index of diaphragmatic function
(maximal TFdi).

¢) Diaphragm excursion (DE):
* Subcostal approach.
* Measurement in M-mode.
* Activation of the M-mode after visuali-
sation of the hyperechoic diaphragmatic
line, M-line placed perpendicular to the
direction of the diaphragm movement.
* Measurement of the amplitude of
the cranio-caudal movement of the
diaphragm during inspiration (towards
the probe).
* Measured during calm (tidal) breathing,
or during a maximal inspiratory effort.
* Reflects the contractile activity (func-
tion) of the diaphragm, in spontaneous
ventilation without artificial assistance.
* The excursion of both hemi diaphragms
can be compared to identify unilateral
weakness or paralysis).
* A negative inspiratory excursion indi-
cates paradoxical diaphragmatic move-
ment and is associated with diaphragmatic
paralysis and use of accessory muscles.

When to Use Diaphragm Ultra-
sound in Intensive Care?
Diaphragm excursion and TFdi are useful to

detect diaphragm weakness. One measure
alone helps the clinician to easily diagnose
the impairment in diaphragm contrac-
tion when below known cut-off values.
This value at admission is associated with
longer duration of MV and poor outcomes
(Zamban et al. 2017). There are specific
situations where the monitoring with
repeated measurements of DE and TFdi as
an estimate of the force generated by the
diaphragm can be useful.

In patients admitted to emergency
department acute exacerbation of chronic
obstructive pulmonary disease, severe

d d the assessment of
diaphragm function with
ultrasound provides a first
step towards improving
the detection of diaphragm
dysfunction as well as
allowing protective and
supportive strategies

for its management p p

diaphragm weakness (defined as TFdi
<20%) is highly sensitive (85%) and
specific (92%) in predicting NIV failure
were found to be associated (Kocyigit et
al. 2020). In patients admitted to ICU for
AECOPD, the same cut-off of TFdi<20%
was found in almost 25% of patients.
Diaphragm weakness at admission was
associated with NIV failure, longer MV, and
higher short-term and 90-day mortality
(Marchioni et al. 2018). DE can also be
used, as a predictor of NIV success in case
of improvement (>18mm vs <12mm) after
2 hours of NIV (Cammarota et al. 2019).

Recently, in COVID-19 patients admitted
to ICU for acute respiratory failure, a reduced
TFdi (<21%) measured during spontane-

ous breathing with conventional oxygen
therapy, was associated with CPAP failure
and requirement of invasive ventilation
(Corradi et al. 2021). Patients with COVID-
19 often present with a silent hypoxaemia
which may be especially bewildering to
physicians. The lack of dyspnoea in the
early stages of the disease is likely related
to the absence of increased inspiratory
drive due to compensatory mechanisms
of hypoxaemia. It seems that COVID-19
patients can then develop patient self-
inflicted lung injury even when there are
still spontaneously breathing and without
any sign of major struggle (Cruces et al.
2020). Assessment of inspiratory effort
in spontaneously breathing patients may
be difficult without complex monitor-
ing such as oesophageal pressure. TFdi
may help by detecting an increase in the
generated effort (increase in TFdi) or even
by detecting the beginning of exhaustion
(decrease in TFdi). Finally TFdi may help
to titrate bilevel positive airway pressure
support in patients with acute respiratory
failure (Laverdure et al. 2019).

In invasively ventilated patients, TFdi can
be used to titrate the ventilatory support.
It has been postulated that both ventilator
over-assist and ventilator under-assist result-
ing in muscle atrophy and muscle injury,
respectively, play an important role in criti-
cal illness-associated diaphragm weakness
pathophysiology (Goligher et al. 2019).
To limit these detrimental consequences,
it seems reasonable to titrate ventilator
support such that diaphragm effort is
within physiological limits. Ultrasound
can thus help us to combine the principles
of lung protective ventilation (with tidal
volume target) and diaphragm protective
ventilation (with a TFdi target, as a proxy
for effort) (Goligher et al. 2020). Data
from Goligher and colleagues demonstrate
that a TFdi between 15 and 30% during
the first days of mechanical ventilation is
associated with stable muscle thickness
(Goligher et al. 2015). Accordingly, a low
TFdi (< 15%) in a patient on a partially
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supported ventilatory mode raises the
possibility of ventilator over-assist; a high
TFdi (>30-40%) may indicate ventilator
under-assist. Therefore, pressure support
may be titrated targeting physiological
levels of TFdi. Diaphragm ultrasound may
also help to detect patient ventilator asyn-
chrony which may be associated with worse
outcome (Soilemezi et al. 2019).

Another important aspect of diaphragm
ultrasound in the ICU is weaning time in
which both excursion and thickness provide
useful measures for assessing patient effort.
TFdi was shown to be strongly correlated
with diaphragm strength and support
level, while excursion during spontane-
ous breathing was found to be a reliable
measure of an unsuccessful breathing trial
(Dubé et al. 2017).

What’s New in Diaphragm Ultra-
sound in Intensive Care?

Tissue Doppler imaging (TDI) quantifies
the velocity of moving structures. Poten-
tial applications include assessment of
regional diaphragm contractile function
at rest and with loading, and measure-
ment of diaphragm relaxation velocity.
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ventilated patients as a potential surrogate
to transdiaphragmatic pressure. Therefore,
it might offer a new non-invasive method

for gauging diaphragm effort.

Conclusion

In the ICU, ultrasound is starting to be
acknowledged as a useful tool for study-
ing the diaphragm. Until recently, the
monitoring of diaphragmatic function
could only be performed with specialised
invasive instruments. We are now able
to non-invasively assess diaphragmatic
function at the bedside and on a daily
basis, from ICU admission to discharge.
That will surely allow physicians to better
understand pathophysiological processes
involved in diaphragm injuries in critically
ill patients and will lead to improvements

in patient outcome.
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