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Abstract The use of ultrasonogra-
phy has become increasingly popular
in the everyday management of crit-
ically ill patients. It has been
demonstrated to be a safe and handy
bedside tool that allows rapid hemo-
dynamic assessment and visualization
of the thoracic, abdominal and major
vessels structures. More recently,
M-mode ultrasonography has been
used in the assessment of diaphragm
kinetics. Ultrasounds provide a sim-
ple, non-invasive method of
quantifying diaphragmatic movement
in a variety of normal and pathologi-
cal conditions. Ultrasonography can
assess the characteristics of dia-
phragmatic movement such as
amplitude, force and velocity of
contraction, special patterns of

Introduction

motion and changes in diaphragmatic
thickness during inspiration. These
sonographic diaphragmatic parame-
ters can provide valuable information
in the assessment and follow up of
patients with diaphragmatic weakness
or paralysis, in terms of patient—ven-
tilator interactions during controlled
or assisted modalities of mechanical
ventilation, and can potentially help
to understand post-operative pul-
monary dysfunction or weaning
failure from mechanical ventilation.
This article reviews the technique and
the clinical applications of ultraso-
nography in the evaluation of
diaphragmatic function in ICU
patients.

Keywords Bedside
ultrasonography - Critically ill -
Diaphragmatic dysfunction

The diaphragm is the principal respiratory muscle, and

Bedside ultrasonography has become a valuable tool in
the management of intensive care unit patients [1, 2]. This
is especially true in emergency situations where an ade-
quate imaging technique is frequently limited by a variety
of factors, including difficulty of patient transportation to
the radiology department due to illness severity. Ultra-
sonography is a noninvasive technique, which has proved
to be an accurate, safe, easy to use bedside modality,
overcoming many of the standard limitations of imaging
techniques.

its dysfunction predisposes to respiratory complications
and can prolong the duration of mechanical ventilation
[3-5]. Sonographic evaluation of the diaphragm has
recently started to gain popularity in the ICU as specific
needs for assessing diaphragmatic function arise in many
clinical situations. Abnormal diaphragmatic motion is
observed in conditions such as phrenic nerve injury,
neuromuscular diseases [6-11], after abdominal [12] or
cardiac surgery [4, 13] and in critically ill patients under
mechanical ventilation [14-17]. Since diaphragmatic
motion plays a prominent role in spontaneous respiration,
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observation of the diaphragm kinetics seems essential.
The use of tools previously available for this purpose is
limited due to the associated risks of ionizing radiation
(fluoroscopy, computed tomography) or due to their
complex and/or highly specialized nature, requiring a
skilled operator (transdiaphragmatic pressure measure-
ment, diaphragmatic electromyography, phrenic nerve
stimulation, magnetic resonance imaging). Sonography
receives increasing recognition as a fast, easy and accu-
rate method of noninvasively evaluating diaphragmatic
function at the bedside. In the ICU population, it can
quantify normal and abnormal movements in a variety of
clinical conditions. In this review, we will show that it can
be used for diagnosing diaphragmatic paralysis and
recovery [3, 18, 19], serve as a bedside screening test for
investigating postoperative diaphragmatic dysfunction [4,
15, 20, 21] and detect synchronization of spontaneous
breathing efforts with the ventilator, potentially allowing
an optimized adjustment of the ventilator settings.

Sonographic technique of diaphragmatic evaluation

Diaphragmatic sonography is performed using a
3.5-5 MHz phased array probe. The probe is placed
immediately below the right or left costal margin in the
mid-clavicular line, or in the right or left anterior axillary
line and is directed medially, cephalad and dorsally, so
that the ultrasound beam reaches perpendicularly the
posterior third of the corresponding hemi-diaphragm
(Fig. 1a).The two-dimensional (2D) mode is initially used
to obtain the best approach and select the exploration line;
the M-mode is then used to display the motion of the
anatomical structures along the selected line (Fig. 1b).
This is illustrated in a video placed in the on-line sup-
plement. Patients are scanned along the long axis of the
intercostal spaces, with the liver serving as an acoustic
window to the right, and the spleen to the left. Normal
inspiratory diaphragmatic movement is caudal, since the
diaphragm moves toward the probe; normal expiratory
trace is cranial, as the diaphragm moves away from the
probe (Fig. 1c). In the M mode, the diaphragmatic
excursion (displacement, cm), the speed of diaphragmatic
contraction (slope, cm/s), the inspiratory time (Tinsp, s)
and the duration of the cycle (Ttot, s) can be measured. In
mechanically ventilated patients, evaluation of diaphrag-
matic motion sometimes necessitates to briefly disconnect
the patient from the ventilator to better visualize sponta-
neous breathing efforts. Of note, many ICU patients may
have pleural effusions, consolidation or atelectasis, which,
in contrast to what one might expect, allow an easier
identification of the hemidiaphragms. The values of dia-
phragmatic excursion in healthy individuals were reported
to be 1.8 £ 0.3, 7.0 £ 0.6 and 2.9 £+ 0.6 cm for males,
and 1.6 £ 0.3, 5.7 &+ 1.0, and 2.6 &= 0.5 cm for females,
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Fig. 1 a Probe position for B and M mode diaphragmatic excursion
measurements with 3.5-5 MHz probe. b B-mode diaphragm
sonography. The bright line reflects the diaphragm. ¢ M-mode
diaphragm sonography. Arrows indicate the beginning and the end
of the diaphragmatic contraction. The distance between the arrows,
indicate an excursion (displacement) of 1.9 cm. The inspiratory
time (Tinsp) is measured at 1.6 s, the cycle duration (Ttot) is 4.5 s,
and the speed of diaphragmatic contraction (slope), calculated as
the diaphragmatic excursion divided by the Tinsp, is 1.2 cm/s

during quiet, deep breathing and voluntary sniffing,
respectively [22]. Interestingly, the same diaphragmatic
excursion values (1.8 cm) were found in ventilated
patients who had succeeded in a weaning trial [16], with
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no difference between the right and the left hemidia-
phragm in both studies. In addition to the measurements
of diaphragmatic excursion, the velocity of diaphragmatic
contraction (slope, cm/s, Fig. 1c¢) can also be measured,
like during the assessment of a maximal sniff. The latter is
defined as a short, sharp inspiratory effort through the
nose and it is thought to be a reproducible and quantita-
tive assessment of diaphragmatic strength [23] although
its role in the respiratory assessment of ICU patients
remains to be determined. The slope (speed) of dia-
phragmatic contraction, during quiet breathing, has been
measured at 1.3 & 0.4 cm/s in forty healthy individuals
without any significant differences between males and
females [24].

Ultrasound has also been used to evaluate diaphrag-
matic thickness (tdi, mm) in the zone of apposition of the
diaphragm to the rib cage. The zone of apposition is the
area of the chest wall where the abdominal contents reach
the lower rib cage (Fig. 2a). In this area, the diaphragm is
observed as a structure made of three distinct layers
(Fig. 2b): a non-echogenic central layer bordered by
two echogenic layers, the peritoneum and the diaphrag-
matic pleurae [25]. To obtain adequate images of
diaphragmatic thickness in M mode and 2D mode, a
linear high-frequency probe (>10 MHz) is necessary. The
diaphragmatic thickness can be measured during quiet
spontaneous breathing (Fig. 3) and during a maximal
inspiratory and expiratory effort. An index of diaphrag-
matic thickening, the thickening fraction (TF) can be
calculated using the M mode (TF = thickness at end-
inspiration — thickness at end-expiration/thickness at
end-expiration). Diaphragmatic thickening fraction can be
used as an index of diaphragmatic efficiency as a pressure
generator [26].

Normal values of diaphragmatic thickening: In normal
individuals, there is a wide range of tdi at functional
residual capacity (FRC), ranging between 1.8 to 3 mm.
As lung volume increases from the residual volume (RV)
to total lung capacity (TLC) there is a mean tdi increase
of 54 % (range 42-78 %). Furthermore, the diaphragm
also thickens during a maximal inspiratory pressure (Pi-
max) maneuver at FRC. A thickening ratio of 2.6 can be
measured, dividing the diaphragmatic thickness during
Pimax at FRC by the diaphragmatic thickness while
relaxing at FRC [27, 28].

Accuracy and reproducibility

Several studies have addressed the subject of accuracy
and reproducibility of ultrasounds to measure the dia-
phragmatic displacement and thickness in healthy
volunteers and in ICU patients.

In a large study measuring diaphragmatic excursion
in healthy volunteers, Boussuges [22] reported that the
intraobserver reproducibility was 96 and 94 %, and the
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Fig. 2 a Probe position for B and M mode diaphragmatic thickness
measurements in the zone of apposition with 10-12 MHz probe.
b B-mode sonography of the diaphragm in the zone of apposition.
A Echogenic diaphragmatic pleura, B non-echogenic central layer,
C echogenic peritoneal layer. Notice the thickness measurement of
each layer

Fig. 3 Sonography of the diaphragm in the zone of apposition, in
B-mode (right) and M-mode (left) during quiet breathing. E and
I arrows indicates expiration and inspiration, respectively. Notice
the diaphragmatic thickening during inspiration and the reproduc-
ibility of the thickness measurements during expiration (0.179 and
0.175 cm) and inspiration (0.239 and 0.235 cm)

interobserver reproducibility 95 and 91 %, during quiet
breathing for the right and left diaphragm, respectively.
The intraobserver and interobserver reproducibility (intra-
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class correlation coefficients) of the diaphragmatic
excursion measurements reported in ICU patients were
found in the same range, between 88 and 99 % [4, 16].

Concerning the reproducibility of diaphragmatic
thickness measurements during the same session, Vivier
et al. [26] assessed analyser reproducibility, intra-ana-
lyser reproducibility (same settings analyzed repeatedly)
and inter-analyser reproducibility (same recordings
obtained separately by two different ultrasonographers).
The values reported for repeatability (intra-class correla-
tion coefficients) were all above 0.97. Coefficients of
repeatability ranged around 7-8 % for intra- or inter-
analyser repeatability and around 15-18 % for intra- or
inter—observer repeatability.

To enhance reproducibility, there are some technical
tips for the diaphragmatic echographer. First, one must
know that there is little difference in the diaphragmatic
excursion between the middle and the posterior part of the
diaphragm [20]. Therefore, there is little reason to bother
about the exact location, and the best diaphragmatic
delineation in B-mode must be chosen before applying the
M-mode. Second, the cursor for diaphragmatic excursion
measurements in M-mode should always be as strictly
perpendicular as possible with regards to the middle or
posterior part of the diaphragm. This can be obtained by
rotating the probe or by correcting the M-mode angle with
a specific knob on the echo machine. Finally, for dia-
phragmatic thickness, use of the higher resolution linear
probe (>10 MHz) is necessary.

Limitations of the technique

There are limitations to diaphragmatic sonography, as
well as some rules to be respected in order to avoid
mistakes and errors in data collection and interpretation.
One obvious limitation of diaphragmatic sonography,
especially in ICU patients, is a poor acoustic window
(poor quality images), and this has been reported to occur
between 2 and 10 % [15, 16, 26].

When measuring diaphragmatic excursion, the
sonographer should be as perpendicular as possible to the
diaphragmatic excursion line, otherwise the accuracy and
the repeatability of the diaphragmatic excursion mea-
surements can be seriously affected. If the end point is the
diaphragmatic excursion measurement, and the patient is
under assisted modes of mechanical ventilation, the
measured excursion (cm) will represent the sum of two
forces working in the same direction; first, the force of the
diaphragmatic contraction by itself, and second, the pas-
sive displacement of the diaphragm by the pressure
applied by the ventilator. In this case, there is no means to
distinguish which part of diaphragmatic displacement is
passive, due to the external applied force, or active by the
diaphragmatic contraction acting as a negative pressure
generator. If the goal is to evaluate diaphragmatic excursion

Fig. 4 Simultaneous recordings of diaphragmatic contraction in
M-mode sonography and airway pressure waveform (Paw), in a
patient under pressure support ventilation. Patient—ventilator syn-
chrony is confirmed by the perfect synchronization of the beginning
(first vertical line) and the end of the diaphragmatic contraction
(second vertical line) and the triggering and the cycling off of the
ventilator

as a force generator without the ventilator assistance, a brief
recording (5—-10 min) during spontaneous breathing is nec-
essary. On the contrary, if one wants to detect diaphragmatic
contractions and better understand patient—ventilator inter-
actions (Figs. 4, 5) including the triggering delay of the
ventilator (Fig. 6), the above-mentioned technical precau-
tions are not mandatory.

Thickening is only influenced by active contraction,
but can be affected by several factors evaluated in normal

1d F
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Fig. 5 Diaphragmatic contraction in M-mode sonography and Paw
in a COPD patient under pressure support ventilation, indicating
patient—ventilator asynchrony. In the first assisted breath, ventilator
inspiratory time is much longer compared to the second breath. In
the first assisted breath, we notice two diaphragmatic contractions
(arrows); the second diaphragmatic contraction prolongs the
inspiratory time of the assisted breath
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Fig. 6 Diaphragmatic contraction in M-mode sonography and
airway pressure waveform in a COPD patient under pressure
support ventilation illustrating triggering delay. The same picture is
on the right and on the left. On the left, the duration of the
diaphragmatic contraction is measured at 510 ms (two vertical
lines). On the right, the time between the beginning of the
diaphragmatic contraction and the triggering of the same assisted
breath is measured at 350 ms (two vertical lines). This indicates
that 350 out of 510 ms of the total diaphragmatic contraction has
been wasted to overcome intrinsic PEEP before triggering the
ventilator

or sick individuals; most of the studies have been per-
formed in spontaneously breathing subjects [8, 9, 11, 19,
27, 28]. Thickness measurements during spontaneous
breathing may be influenced by lung volume in a non-
linear relationship [27, 28]. The diaphragmatic thickening
is more pronounced above 50 % of the vital capacity [27],
and there is a large increase in thickness between relax-
ation and 10 % of the inspiratory effort [28]. Furthermore,
there are very few data on thickness in mechanically
ventilated patients interacting [26], or not [14], with the
ventilator.

Sonographic evaluation of diaphragmatic weakness
and paralysis

Diaphragmatic paralysis

The diaphragm is the principal respiratory muscle during
quiet breathing, and its dysfunction or paralysis can be
observed in many clinical circumstances, such as major
cardiac, thoracic or abdominal surgery, spinal injury,
critical illness polyneuromyopathy, direct injury of the
phrenic nerve or polyradiculoneuritis. Traditionally,
methods to diagnose diaphragmatic weakness and paral-
ysis examine the thoracic and abdominal pressures
generated during spontaneous inspiration [13]. Measure-
ment of transdiaphragmatic (Pdi) pressure remains the
gold standard for diagnosing bilateral diaphragmatic

paralysis. However, Pdi is poorly sensitive and thus
ineffective to diagnose unilateral diaphragmatic paralysis,
since one efficient hemi-diaphragm is sufficient to gen-
erate adequate trans-diaphragmatic pressure during quiet
breathing, and this is illustrated by the fact that 6 % of
asymptomatic subjects have a dyskinetic diaphragm [29,
30]. Fluoroscopic examination of hemi-diaphragmatic
motion during a sniff test may be useful in patients with
unilateral diaphragmatic paralysis but false negative
results can frequently occur [3, 18, 31]. Chest radiographs
have a sensitivity of 90 % and a specificity of only 44 %
in detecting unilateral diaphragmatic paralysis [32] Pul-
monary function tests used for the diagnosis of respiratory
muscle weakness are highly dependent on lung volumes
and patient effort [33, 34]. Magnetic resonance imaging
(MRI) quantitative evaluation may allow the assessment
of the excursion, synchronicity and velocity of dia-
phragmatic motion [35, 36]. However, all the above-
mentioned techniques are not easily applicable in ICU
patients, especially when they are intubated and mechani-
cally ventilated.

Sonography is a simple, noninvasive alternative
method of diaphragmatic imaging, ideal for repeated or
prolonged examinations, such as those required for the
diagnosis and follow up of uni- or bilateral diaphragmatic
paralysis. Ultrasound has been used to assess the motion
of the diaphragmatic dome [20, 25, 37-39]. Theoretically
it should share some of the diagnostic limitations of
fluoroscopy. Nonetheless, Houston et al. [40] diagnosed
diaphragm motion abnormalities in 22 patients, of which
only seven were also identified by fluoroscopy. This may
be related to the fact that fluoroscopy images the highest
portion of the diaphragm, which is the least moving part
of the diaphragm [38, 41].

In unilateral or bilateral diaphragmatic paralysis, the
negative pressure generated by the other respiratory
muscles during inspiration, causes the diaphragm to pas-
sively move cranially instead of its normal caudal
movement. The M-mode trace of the paralyzed side
shows the absence of active or a paradoxical (i.e., cranial)
movement (Fig. 2) particularly with the sniff test [18].
Moreover, the M-mode tracing of the diaphragmatic
movement direction (cranial vs. caudal) allows distin-
guishing diaphragmatic weakness from paralysis. During
inspiration, in patients with diaphragmatic weakness, one
observes a reduced diaphragmatic caudal movement, and
in patients with diaphragmatic paralysis, a paradoxical
motion (Fig. 7) [22, 42]. Repeated documentation of
diaphragmatic excursion for the same individual in fol-
low-up examinations can provide information regarding
the evolution of the paralysis. All the above sonographic
measurements are applicable to diaphragmatic paralysis
of variable etiology, including brachial plexus neuritis,
phrenic nerve injury following cardiac or other surgery
[11, 16, 35], spinal cord injury [10] or idiopathic cases.
The qualitative discrimination between reduced and
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paradoxical inspiratory movement may be of critical
importance, since the latter is associated with delayed
recovery of the phrenic nerve in cardiothoracic surgery
patients, and is responsible for prolonged ventilatory
support and hospital stay [21] probably due to more
severe nerve injury.

Diaphragmatic weakness

In neuromuscular diseases, sonography can be used to
evaluate the motion of the diaphragmatic dome (dia-
phragmatic displacement and speed of contraction) and
the diaphragmatic thickening in the zone of apposition. In
an ultrasonographic study of three patients with amyo-
trophic lateral sclerosis, Yoshioka et al. [11] described no
change in diaphragmatic excursion and thickness between
quiet breathing and maximal inspiratory effort, suggesting
a severe impairment of the contractile function of the
diaphragm. DeBruin et al. [8] studied the diaphragmatic
thickness in children with Duchenne muscular dystrophy
and found that, despite a greater diaphragmatic thickness
at FRC, the thickening fraction was less than that of
controls during maximum inspiratory effort (1.6 vs. 2.3).
Such studies underline the usefulness of diaphragmatic
sonography as a noninvasive and handy tool for the
diagnosis of diaphragmatic dysfunction in patients with
neuromuscular diseases and thus potentially enable the
early discrimination of a subpopulation who may even-
tually need mechanical ventilator support [4, 43].

The evaluation of the diaphragm thickness (tdi) in the
zone of apposition of the diaphragm to the rib cage can
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Fig. 7 Paradoxical diaphragmatic motion on M-mode sonography
in a patient with Guillain-Barré syndrome (the scale at the bottom
represents time in seconds). There is a cranial diaphragmatic
movement (away from the probe) during spontaneous breathing due
to diaphragmatic paralysis. The intercostal muscles recover earlier
than the diaphragm and create a negative intrathoracic pressure
which displaces the paralytic diaphragm inwards, into the thorax
and away from the probe

also be an informative approach for weakness or paraly-
sis. Gottesman and McCool [3] found that tdi of the
paralyzed diaphragms was less than 2.0 mm, significantly
thinner than that of the normally functioning diaphragms,
a finding consistent with their hypothesis that chronic
diaphragm paralysis results in atrophy. Measurements of
tdi alone, however, may lead to false negative results in
the settings of acute paralysis where atrophy has not yet
occurred, or to false positive results in small individuals,
since tdi varies with weight and height [44]. Due to the
above limitations, to safely diagnose diaphragmatic
paralysis, diaphragmatic thickening should be calculated
during inspiration according to the formula Atdi =
(tdiTLC — tdiFRC)/tdiFRC (where Atdi is the change in
diaphragm thickness, tdiTLC is diaphragm thickness at
TLC and tdiFRC is diaphragm thickness at FRC) [3, 19];
all patients with a paralyzed diaphragm exhibited less
than 20 % thickening of the diaphragm during inspiration
to TLC [3]. The criterion of Atdi is useful not only for the
initial diagnosis of diaphragmatic weakness or paralysis,
but also for monitoring subsequent recovery. The change
in Atdi strongly correlated with changes in vital capacity
and the maximal inspiratory pressure reflecting inspira-
tory muscle strength [19]. Recently, in ICU patients under
mechanical ventilation, it has been shown that diaphrag-
matic thickening fraction decreased in parallel with the
diaphragmatic pressure time product, as soon as the work
of breathing was alleviated by incremental levels of
pressure support [26].

Diaphragmatic sonography in ICU patients
during partial ventilatory support

A balloon-tipped catheter is traditionally used to measure
esophageal and gastric pressure, and to evaluate inspira-
tory effort. Studies in healthy volunteers and also in
patients under assisted modes of ventilation confirm that
diaphragmatic M-mode sonography provides a mirror
image of the changes in esophageal pressure (Fig. 8).
Indeed, during inspiration, as the diaphragm contracts and
the dome descends, the progressively decreasing esoph-
ageal pressure coincides with positive traces on M-mode
diaphragmatic sonography; during expiration, esophageal
pressure increases while the sonographic trace descends.
Therefore, ultrasound can provide a modality that allows
demonstration of the patient’s initiation and completion
of inspiratory effort in real time, obliterating the need for
invasively inserting esophageal balloon catheters for that
purpose.

Diaphragmatic M-mode sonography can provide
valuable information in the evaluation of patients during
partial ventilatory support. Simultaneous recordings of
M-mode diaphragmatic sonography and airway pressures
waveforms can allow visualizing that each patient’s
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inspiratory effort triggers the ventilator appropriately
(Fig. 4). Therefore, real-time hemi-diaphragmatic sonog-
raphy could be used in the evaluation of patient—ventilator
interactions in clinical practice, in order to detect cases of
patient—ventilator asynchrony (Figs. 5, 6). In these cases,
diaphragmatic sonography could even allow a proper
adjustment of the ventilator settings in order to optimize
synchronization of the patient’s inspiratory effort with the
assisted mechanical breath. This hypothesis, however,
needs to be prospectively tested. Mechanical ventilation
in controlled mode and possibly with high levels of partial
ventilatory assist, can also result in ventilator-induced
diaphragm dysfunction [17, 45]. Recent preliminary data
suggest that sonographic assessment of the diaphragm can
provide a noninvasive measurement of diaphragmatic
thickness and allows to observe a progressive diaphragm
thinning, as shown in seven patients receiving MV [14].

Post-operative diaphragmatic dysfunction

Diaphragmatic dysfunction contributes to the etiology of
postoperative pulmonary complications after thoracic and
abdominal surgery, leading to delayed weaning and pro-
longed stay in ICU. Kim et al. [12] demonstrated that the
diaphragmatic inspiratory amplitude during deep breath-
ing predicted changes in vital capacity throughout seven
postoperative days in patients undergoing liver lobec-
tomy. The best cutoff values of diaphragmatic inspiratory
amplitude for detecting 30 and 50 % decreases of vital
capacity from preoperative values, as calculated by
receiver operating characteristic analysis, were 36 and

1 M-mode

Fig. 8 Simultaneous recording of the esophageal pressure and
M-mode diaphragmatic sonography. Notice the perfect synchroni-
zation of the beginning of diaphragmatic contraction and the drop
of the esophageal pressure (first vertical line). The second vertical
line indicates the end of inspiration and the maximal pressure drop
in the esophageal pressure

24 mm, with sensitivity of 94 and 81 % and specificity of
76 and 91 %, respectively (p < 0.001). In another study
in cardiothoracic surgery patients by Lerolle et al. [4], a
maximal positive diaphragmatic excursion of less than
25 mm was associated with severe diaphragmatic dys-
function as defined by a negative value of the Gilbert
index [46]. The latter is an index which evaluates the
diaphragm contribution to respiratory pressure swings
during quiet ventilation and is calculated as the ratio of
gastric pressure swing to transdiaphragmatic pressure
swing; a negative value indicates a paradoxical motion of
the diaphragm. This ultrasonographic threshold had an
excellent negative likelihood ratio, which was confirmed
by assessing patients with uncomplicated postoperative
course, none of them having their maximal diaphragmatic
excursion <25 mm [4]. Such studies highlight the
advantages of a fully noninvasive technique, which is
now increasingly available in the ICU, to focus on
patients at high risk for postoperative respiratory
complications.

Weaning from mechanical ventilation

Sonography may also be of help during weaning from
mechanical ventilation. Jiang et al. [15] performed a
B-mode ultrasonographic evaluation of the diaphragmatic
movements by measuring the liver/spleen displacement
during spontaneous breathing trials. This examination
proved to be a good predictor for extubation outcome.
Using a mean cutoff value of 1.1 cm of liver and spleen
displacement, the sensitivity and specificity to predict
successful extubation was 84.4 and 82.6 % respectively,
better than traditional weaning parameters used in the
trial, such as rapid shallow breathing index and Pi max
[15]. Patients with adequate spontaneous tidal volume but
poor diaphragmatic excursion were more likely to fail a
breathing trial compared to patients with adequate spon-
taneous tidal volume and good diaphragmatic movement;
this can be explained by the fact that spontaneous tidal
volume represents the result of the combined activation
of all respiratory muscles used without specifically mea-
suring the contribution of the diaphragm, whereas
diaphragmatic excursion represents the final result of
combined diaphragmatic strength, intrathoracic and intra-
abdominal pressures [15]. The authors suggested that
diaphragmatic movement was a more sensitive and
specific parameter than volume-associated weaning
parameters in predicting extubation outcome. Patients
who recruit accessory respiratory muscles to maintain
adequate tidal volumes may therefore experience more
difficulties to sustain spontaneous breathing and fail
extubation more often [15]. Kim et al. [16] investigated
diaphragmatic dysfunction diagnosed by M-mode ultra-
sonography (vertical excursion <10 mm or paradoxic
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movements) in 88 medical intensive care unit patients, and
they found a prevalence of ultrasonographic diaphragmatic
dysfunction of 29 %. Patients with diaphragmatic dysfunc-
tion had longer weaning times and total ventilation times
than patients without diaphragmatic dysfunction. Their
results also suggest that ultrasonography of the diaphragm
may be useful in identifying patients at high risk of difficult
weaning. However, the role of diaphragmatic excursion as a
predictor of extubation outcome in the weaning process
remains to be further evaluated.

Future applications and conclusions

Data on diaphragmatic sonography are still scarce com-
pared to cardiac or lung ultrasound applications in ICU
patients. For the ICU physician, already familiar with the
ECHO machine for cardiac or lung applications, the
learning curve of the diaphragmatic sonography is very
short. Future research on diaphragmatic sonography in the
ICU environment might evaluate the relationship between
diaphragmatic thickness and displacement, assess patient-
ventilator asynchrony, compare thickness and diaphrag-
matic displacement with more invasive parameters
evaluating the diaphragmatic strength (transdiaphrag-
matic pressure at rest and during maximal efforts), titrate
external PEEP to overcome auto-PEEP in order to
improve ventilator trigger delay and synchrony, follow
diaphragmatic atrophy or recovery from atrophy in
patients suffering from critical illness polyneuromyopathy
or assess diaphragmatic function in patients during pro-
longed or difficult weaning from mechanical ventilation.
One additional interesting point could be the assessment
of diaphragmatic relaxation. Abnormalities of diaphrag-
matic relaxation have been reported as a marker of
impaired contractile performance [47, 48]. Diaphragmatic
relaxation rate is so far measured using the trans-dia-
phragmatic pressure. As illustrated by Figs. Ic, 4 and 8,
diaphragmatic relaxation could be evaluated noninva-
sively by diaphragmatic sonography.

G.H. PAPAGEORGIOU -1.C.U. -

1 Height= 5.13 mm
Time = 302 msec REATHING .

Slope = 1.7T0 cmis |
2 Height= 6.94 mm y
Time = 238 msec £ :

Slope = 2.50 cmis
3 Height= 0.27 mm

Time = 671 msec
| __Slope = 0.05 cmis |
4 Height= 0.00 mm

Time =2111 msec

Slope = 0.00 cmis |

o s ——

Fig. 9 Diaphragmatic contraction in M-mode sonography during a
spontaneous breathing trial in a patient suffering from critical
illness neuromyopathy (the scale at the bottom represent time in
seconds). Diaphragmatic weakness is evidenced by the very small
diaphragmatic displacement (0.5 cm)

Ultrasonography appears to be a promising tool in the
evaluation of diaphragmatic function in ICU patients [49].
It has the advantage of being fully noninvasive and is
becoming widely available in an increasing number of
ICUs, bypassing limitations of previously used methods
for this purpose. Diaphragmatic ultrasonography provides
qualitative and quantitative information regarding dia-
phragmatic function, as part of an overall respiratory
assessment in ICU patients. Apart from clear findings,
such as during diaphragmatic paralysis, ultrasonographic
evaluation of diaphragmatic function may become helpful
in identifying a subpopulation of ICU patients at high risk
of further respiratory complications. Further research
regarding ultrasonographic diaphragmatic evaluation in
pathologies such as sepsis, ventilator-induced diaphrag-
matic dysfunction and ICU neuromyopathy are
anticipated with great interest.
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