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Abstract: Heart and lung sharing the same anatomical space are influenced by each other.
Spontaneous breathing induces dynamic changes in intrathoracic pressure, impacting
cardiac function, particularly the right ventricle. In intensive care units (ICU), mechanical
ventilation (MV) and therefore positive end-expiratory pressure (PEEP) are often applied,
and this inevitably influences cardiac function. In ventilated patients, the use of positive
pressures leads to an increase in intrathoracic pressure and, consequently, to a reduction
in the right ventricular preload and thus cardiac output. The clinician working in the
intensive care unit must be able to assess the effects MV has on the heart in order to set it up
appropriately and to manage any complications. The echocardiographic evaluation of the
ventilated patient has the main purpose of studying the right ventricle; in fact, they are the
ones most affected by PEEP. It is therefore necessary to assess the size, thickness, and systolic
function of the right ventricle. In the mechanically ventilated patient, it may be difficult to
assess the volemic status and fluid responsiveness, in fact, the study of the inferior vena
cava (IVC) is not always reliable in these patients. In patients with MYV, it is preferable to
assess fluid responsiveness with dynamic methods such as the end-expiration occlusion
(EEO) test, passive leg raise (PLR), and fluid challenge (FC). The study of the diaphragm is
also essential to identify possible complications, manage weaning, and provide important
prognostic information. This review describes the basis for echocardiographic evaluation
of the mechanically ventilated patient with the aim of supporting the clinician in managing
the consequences of MV for heart-lung interaction.

Keywords: mechanical ventilation; echocardiography; venous return; TAPSE; inferior vena
cava; stroke volume; right ventricle; fluid challenge; diaphragm
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1. Introduction

The heart is in the thorax cavity where it occupies the juxtacardiac fossa and is,
therefore, a pressure chamber within a pressure chamber. For this reason, the heart and the
lungs are inevitably influenced by each other [1]. Some examples are chronic pulmonary
heart in patients with chronic obstructive pulmonary disease or pulmonary hypertension.
The heart and the lungs work as a single functional unit whose purpose is to ensure
an adequate body oxygen supply. The first to study heart-lungs mechanical interaction
was the physiologist Stephen Hales. He demonstrated that, by inserting a glass column
into the carotid artery of a horse, blood pressure varied with breathing. Nowadays, the
clinician cannot fail to be conscious of the influence that the respiratory system has on
the cardiovascular system; in fact, this interaction plays a fundamental role, especially in
critical patients requiring mechanical ventilation (MV). In these patients, hemodynamics,
already compromised by the underlying pathology, can be further destabilized by incorrect
ventilation to the point of even fatal outcomes. Regardless of what type of mechanical
ventilation the patient requires, from fully controlled to simple continuous positive airway
pressure (CPAP), the common denominator is the use of positive pressures.

Statistical Methodology

This review was conducted in accordance with PRISMA guidelines [2].

2. Heart-Lung Interaction in Spontaneous Ventilation

Heart and lungs work together to ensure sufficient oxygen supply to the body. In fact,
the oxygen delivery (DO2) is the product of the oxygen content in arterial blood for cardiac
output [3]. Cardiac hemodynamics can be influenced by two pressures: intrathoracic
pressure and transpulmonary pressure (the difference between alveolar pressure and the
intrathoracic pressure). During inspiration, intrathoracic pressure becomes more negative,
and it is transmitted to the right atrium, whereas the lowering of the diaphragm causes
an increase in intrabdominal pressure; this causes an increase in the gradient between
the right atrium and the extra thoracic veins, therefore favoring venous return. Thus,
during spontaneous inspiration, there is an increase in the preload and consequently the
right ventricular (RV) stroke volume. The pulmonary vascular bed is directly affected by
intrapleural pressure; even during spontaneous ventilation it does not determine clinically
significant alterations [4]. During inspiration, the increment of lung volume compresses
the alveolar vessels, resulting in an increase in the right ventricular afterload, but the effect
of the enhanced venous return predominates and consequently the right stroke volume
increases [5]. The relation between pulmonary vascular resistance (PVR) and lung volume
is bimodal with minimal resistance near the functional residual capacity (FRC), which
is the volume remaining in the lungs after a normal, passive exhalation. There are two
types of intraparenchymal pulmonary vessels: intra-alveolar vessels that are compressed
by increasing lung volume and extra-alveolar vessels that expand as lung volume increases.
At volumes below the FRC, effects on extra-alveolar vessels prevail and PVR decreases.
Above the FRC, effects on intra-alveolar vessels prevail and PVR increases [6,7]. Also,
hypoxia leads to vasoconstriction and therefore to an increase in the pulmonary vascular
resistance and right ventricular afterload [8]. The left and right ventricles are affected by
two types of interaction that explain the ventricular interdependence: parallel interaction
and serial interaction; it should be specified that the following interaction and physiologi-
cal variations are negligible in healthy subjects, but they assume great relevance during
mechanical ventilation and cardiovascular pathology like pulmonary hypertension. The
first is explained by the increase in right ventricular tele-diastolic volume; this causes a shift
in the interventricular septum to the left with a subsequent reduction in left ventricular
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filling and, consequently, to cardiac output [9]. The latter is caused by the increment in
the right ventricular stroke volume during inspiration, not immediately transmitted to an
increase in the left ventricular preload because, even in healthy patients, the pulmonary
transit time (PTT, the time needed for blood to be transferred from the right ventricle to the
left ventricle) is almost 8-10 s [10]. So, during the next expiration, the left ventricle preload
is increased. These two phenomena are the explanations for the reduction in stroke volume
during inspiration. Relative to the left ventricle (LV), during inspiration there is a reduction
in stroke volume. This is due to ventricular interdependence (shown above) and the fact
that the LV has to fight both the negative intrapleural pressure in order to contract, and to
overcome an increased afterload. This increased afterload results from peripheral vessels,
which are not within the thorax, being unaffected by intrapleural pressure. In summary,
during the various phases of the respiratory cycle, the stroke volume emitted by the two
ventricles varies in a complementary manner (during inspiration the stroke volume of
the right ventricle increases and that of the left ventricle decreases, and vice versa during
exhalation), so that the average stroke volume during some cardiac cycles (average of tens
of seconds) is equivalent for the two ventricles [1](Figure 1).
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Figure 1. During spontaneous inspiration, there is a decrease in intrathoracic pressure (and thus
right atrial pressure) and an increase in intra-abdominal pressure. This combined effect leads to
increased right ventricular preload. Concurrently, during inspiration, there is an overall reduction in
pulmonary vascular resistances (prevalence of reduction in extralveolar vascular resistances exceed
the increase in intra-alveolar vascular resistances) resulting in a net reduction in right ventricular
afterload. Increased venous return and reduced right afterload results in increased right ventricular
stroke volume (RVSV). By serial and parallel interaction (see text), this reduces the left ventricular
afterload. Only when the left ventricle is preload dependent (e.g., severe hypovolemia, cardiac
tamponade, etc.) is there a reduction in the left ventricular stroke volume (LVSV).

3. Heart-Lung Interaction in Mechanical Ventilation

In ventilated patients, the use of positive pressures leads to an increase in intrapleural
pressure and consequently a reduction in the transmural gradient of the right atrium, which
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results in a reduction in venous return, right ventricular stroke volume, and, consequently,
to cardiac output. This reduction in the right ventricular preload can be advantageous in
some patients such as those in acute pulmonary edema but can be dangerous in patients
where the preload is already reduced, such as in septic and/or hypovolemic shock [11].
Mechanical ventilation should be set up with extreme caution using low positive pressures
(i.e., max. 8 mL/kg tidal volume) in patients in which right filling is compromised as in
cardiac tamponade, or in those where the right ventricular afterload is already increased as
in pulmonary hypertension or pulmonary embolism. The use of positive end-expiratory
pressure (PEEP) plays two contrasting roles on vascular pulmonary resistances and conse-
quently on the right ventricle afterload: on the one hand, it helps to ventilate more alveoli
and consequently reduces vasoconstriction due to hypoxia reducing the right ventricle
afterload. On the other hand, it increases intra-alveolar vascular resistance by increasing
lung volumes. Thus, the use of high volumes leads to an increase in the right ventricular
afterload, which in combination with a reduction in venous return results in a reduced
right ventricle stroke volume, and so a reduction in the left ventricular preload (serial
ventricular interdependence, see above) and, consequently, to cardiac output. The influence
of mechanical ventilation on cardiac output has always been a matter of controversy. On
one hand, the cardiac output suffers from reduced filling due to reduced venous return,
but on the other hand, the increase in the intrathoracic pressure (and so an increase on the
pericardial pressure) leads to a reduction in left ventricular transmural pressure (differ-
ence between intraventricular pressure and intrapericardial pressure), reducing intramural
tension and thus the left ventricle stroke work. In addition, the increase in intrathoracic
pressure generates a gradient in intravascular pressures between the thoracic aorta (on
which PEEP acts by increasing transmural pressure) and the abdominal aorta, which is
exposed to neutral atmospheric pressure, thus determining a “pump effect” between the
thoracic and abdominal aortas, in effect reducing the afterload to the left ventricle [7].
Which of the major left ventricle effects (preload reduction and afterload reduction) poten-
tially may affect cardiac output more depends on the patient’s specific clinical condition.
Indeed, patients with congestive heart failure (CHF) and left ventricular dysfunction may
benefit from both preload and afterload reduction, as this can improve the coupling be-
tween reduced ventricular function and reduced afterload, leading to increased cardiac
output [12,13]. On the other hand, in hypovolemic patients with preserved contractile
function, the effect on the preload reduction will predominate, adding to the reduced mean
systemic filling pressure (MSFP) due to the reduced “stressed volume” of venous vessels [1]
(Table 1, Figure 2).

Table 1. Hemodynamic changes in spontaneous breathing versus positive pressure ventilation.

Positive Pressure

Spontaneous Inhalation Ventilation

Intrapleural pressure
Venous return
Right ventricular stroke

volume
Pulmonary vascular
resistances
Left ventricular stroke
volume
Left ventricular afterload

* The effect depends on volume: at high volumes, increased vascular resistance predominates; at low volumes,
reduced vasoconstriction due to hypoxia relief is dominant.
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Figure 2. Hemodynamic changes in positive pressure ventilation.

4. Echocardiographic Evaluation in Mechanical Ventilation

The clinician who must manage mechanically ventilated patients has to be able to
manage not only the patient from a respiratory aspect, but above all, to monitor the
influence of ventilation on hemodynamics to prevent and/or control any complications
that may occur and to choose the ventilatory support best suited to patient’s condition
(Figure 3). Echocardiography is a valuable tool for rapid, noninvasive bedside assessment
of right ventricular (RV) function in MV patients, which can provide important prognostic
information. In a study by Hongmin Zhang et al. [14], septic patients requiring mechanical
ventilation were divided into four groups based on RV function:

- Normal RV function;

- Right ventricular failure (RVF) without right ventricular systolic dysfunction (RVSD);
- RVSD without RVE;

- Combined RVF and RVSD.

RVF was defined as a ratio of RV to LV end-diastolic area (RVEDA/LVEDA) > 0.6
combined with a central venous pressure (CVP) > 8 mmHg. RVSD was defined as a
tricuspid annular plane systolic excursion (TAPSE) < 16 mm or a fractional area change
(FAC) < 35%. Patients with combined RVF and RVSD had the highest levels of positive
end-expiratory pressure (PEEP) and the highest 30-day mortality rate [14].
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reduction of venous return
and the incease in the
outflow  gradient are
deleterious in these
patients.

Figure 3. Conditions in which PEEP is useful. CO: cardiac output, IVS: interventricular septum, LV:
left ventricular, LVSV: left ventricular stroke volume, PEEP: positive end-expiratory pressure, RV:
right ventricular. * Kuhn et al. Management of Mechanical Ventilation in Decompensated Heart
Failure [15]. ** Madhivathanan et al. Perioperative implications of pericardial effusions and cardiac
tamponade [16].

5. Right Ventricular Echocardiographic Evaluation

Dimensions: Right ventricle dilation can occur during MV. The right ventricle dimen-
sions are obtained in end-diastole from the four-chamber view from the apical window;
it is very important to obtain a well-oriented image; by changing the cutting planes, this
may appear larger or smaller than it really is. To obtain an optimal window, the transducer
should be rotated to the maximum plane obtainable and positioned above the cardiac apex
with the plane passing through the center of the left ventricle cavity [17]. RV dilatation
is defined by a diameter >41 mm at the base and 35 mm at the medium level. The basal
diameter of the right ventricle should also be compared with the diameter of the left ventri-
cle. Indeed, in patients with pulmonary embolism, an RV/LV > 0.9 was found to be an
independent predictor of hospital mortality.

RV wall thickness: It should be measured from the subcostal window, in end-diastole,
using the zoom at a distance from the tricuspid ring equal to the distance of the tricuspid
anterior flap when it is fully open and parallel to the wall. Care should be taken to
exclude the pericardium, trabeculae, and papillary muscles from the measurement. A value
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greater than 5 mm is indicative of hypertrophy [17,18]. In patients undergoing mechanical
ventilation, especially when this is performed for prolonged periods, there may be an
increase in the right ventricle wall thickness due to increased afterload [19].

Interventricular septum: During mechanical ventilation, there can be a posterior
displacement of the interventricular septum due to both the increase in intrathoracic
pressure per se and the potential increase in right afterload when using excessive PEEP or
tidal volume (TV). Generally, this paradoxical septal movement affects the entire cardiac
cycle, whereas the movement due to volume overload is only diastolic (as in large interatrial
defects). This phenomenon can reduce cardiac output due to the principle of ventricular
interdependence [20]. This movement can create in the parasternal short axis a D-shaped
appearance of the left ventricle. Thus, there will be an increase in the eccentricity index
represented by the ratio of the anteroposterior to the septolateral diameter with a cutoff
of 1 [17]. It is not always easy to visually identify reverse movement of the septum in the
short-axis view. For less obvious forms, a more objective method such as left ventricular
radial strain could be employed. Indeed, it has been shown that in patients ventilated for
moderate-severe ARDS by COVID-19 and with paradoxical septal movement, there was
an alteration in the radial strain of the left ventricle. However, further research is needed to
elucidate this association [21] (Figure 4).

Figure 4. D-shaped appearance of the left ventricle.

Fractional area change (FAC): The percentage of FAC is calculated as (end-diastolic
area—end-systolic area)/end-diastolic area x 100. It is reduced if less than 35%. The FAC
can be measured in four chambers, including in the image the entire right ventricle in both
systole and diastole. The RV area at end-systole and end-diastole should be plotted, taking
care to include the trabeculae in the RV cavity [17,18].

Tricuspid annular plane systolic excursion (TAPSE) and S” wave: The TAPSE is an
index of RV longitudinal function. It is widely used for its simplicity of measurement and
reproducibility. It is measured in four apical chambers by placing the M-mode on the lateral
tricuspid annulus and measuring the excursion; the cutoff is 17 mm. Although it has high
prognostic value, it represents the function of a single RV segment. It may be reduced in
cases of normal right-sided function such as, for example, in cardiac surgery or be normal
in regional hypokinesia [22]. Another index of RV longitudinal function is the " wave; it
is measured laterally at the level of the tricuspid annulus by PW-Doppler in systole, and
correct alignment is important for correct sampling. It is normal when greater than or equal
to 10 cm/s [23].

Right ventricular strain: Right ventricular longitudinal strain (RVLS) is the application
of speckle-tracking echocardiography (STE) for the study of the longitudinal function of
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the right ventricle, making it independent of preload [24]. It can be determined through
an image obtained from an RV-focused apical four-chamber (A4C) view, synchronized
with the ECG. Optimizing the frame rate between 60 and 90 frames per second, as close
to the heart rate as possible, is crucial for accurate measurement. There is no single,
universally accepted approach to RVLS analysis. Some authors consider the free wall RVLS
(fwRVLS), which analyzes only three segments of the right ventricle free wall (basal, middle,
and apical). The normal value for fwRVLS is less than —23%, with less negative values
indicating RV dysfunction. Other authors advocate for a six-segment approach, including
the three segments of the posterior interventricular septum (IVS). The normal value in this
case is less than —20% [25]. Performing the STE for the right ventricle can be challenging
in critically ill patients, as the directly retrosternal position of the right ventricle, poor
patient compliance, and presence of physical barriers (dressings, electrodes, etc.) can make
acquisition of RV-focused A4C views more complex. However, Vos et al. demonstrated that
suitable images for RVLS analysis could be obtained in about 70% of patients; moreover,
they observed that patients with reduced RVLS also had higher acute physiology, chronic
health evaluation (APACHE) IV score, and 30-day mortality, even in a small group of
patients who had regular TAPSE and S’-TDI values. Another noteworthy finding was that
RVLS increased (less negative) in mechanically ventilated patients as PEEP increased [26].
Shuyuan Wang et al. found reduced RVGLS values in mechanically ventilated patients with
acute respiratory failure compared to those who were not mechanically ventilated. Notably,
this reduction in RVGLS was independent of PEEP levels. RVGLS demonstrated superior
sensitivity in detecting right ventricular dysfunction compared to traditional parameters
like TAPSE and FAC [27]. McErlane et al. analyzed fwRVGLS in mechanically ventilated
patients with COVID-19, and found that those with fwRVGLS > 20% had a higher 30-day
mortality [28].

Systolic pulmonary arterial pressure (sPAP): The pressure difference between the
atrium and the right ventricle can be determined with the transthoracic echocardiogram by
means of the tricuspid regurgitant peak velocity (TRV). TRV can be obtained by positioning
the continuous Doppler at the level of the tricuspid regurgitant. Using the simplified
Bernoulli equation, we can estimate the sPAP, which is given by 4x TRV2 + right atrial
pressure (RAP) [29]. RAP is estimated based on the size and collapsibility of the inferior
vena cava (IVC). The most recent guidelines recommend using only TRV to avoid errors
due to inaccurate RAP estimation. This has even more plausibility considering that IVC
size and collapsibility are not always reliable in ventilated patients [30]. The TRV is not
accurate in cases of pulmonary stenosis and severe tricuspid insufficiency.

Atrial dimensions and function: Current understanding of the prognostic value of
atrial assessment in mechanically ventilated patients remains limited. However, it is known
that PEEP influences atrial pressure and function. Left atrial volume can be measured using
the biplane method of disks by tracing the endocardial borders in four and two chambers.
Right atrial volume, on the other hand, can be measured by using either the single plane
area—length or the disks summation technique in the apical four chambers [18]. Studies
have shown a reduction in both left and right atrial volumes in MV patients as PEEP
values increase. As with atrial volume, it has been shown that both the right and left atrial
strain decreases with increasing PEEP in MV patients [31]. Left atrial strain is measured by
tracing the endocardial border in the four-chamber view, while right atrial strain is assessed
in the apical view by focusing on the right ventricle [32]. Strain measurements offer the
advantage of being independent of the angle of insonation, and of being a semi-automatic
technology. This is a significant advantage in critical care settings where obtaining optimal
echocardiographic views can be challenging.
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Estimation of left ventricular filling pressures: As we mentioned previously, the use
of PEEP leads to a decrease in the left ventricular preload and afterload. This can be
beneficial in patients with an elevated pulmonary capillary wedge as they can help the left
ventricle with a sort of unloading. More attention should be given to patients with reduced
left preload, such as in severe hypovolemia or severe right ventricular dysfunction [33].
Echocardiographic evaluation of left atrial pressure (LAP), which correlates most closely
with wedge pressure, is therefore useful. It is then necessary to assess the transmitral
flow pattern with the E/A ratio. Other fundamental parameters are septal e’ velocity
(altered if less than 7), lateral e’ velocity (altered if less than 10), E/e’ ratio (altered if greater
than 14), left atrial volume (altered if greater than 34 mL/m?), and tricuspid jet velocity
(altered if greater than 2.8 m/s), In patients with a preserved ejection fraction, the presence
of at least three of these positive parameters is indicative of diastolic dysfunction and
therefore elevated left atrial pressure (LAP). In patients with reduced ejection fraction, an
E/A ratio > 2 is indicative of elevated LAP, while an E/A ratio < 0.8 and E < 50 cm/s
is indicative of normal LAP. In intermediate cases, other parameters should be used [34].
While echocardiographic assessment of LAP can be useful in selecting patients who may
benefit from mechanical ventilation, it can be misleading in patients who are already
mechanically ventilated. In these patients, increased pericardial pressure can lead to a
reduction in left ventricular end-diastolic volume and consequently an increase in end-
diastolic pressure, which, however, is not indicative of preload in this case [35]. In these
cases, invasive hemodynamic parameters will be necessary to determine preload.

Inferior vena cava (IVC): In the intensive care unit, there is often a need to quickly
assess a patient’s volemic status to understand whether the patient needs fluids. One of the
quickest methods is the assessment of the inferior vena cava and its variability with breath
phases (AIVC). It should be assessed in longitudinal scanning from the subcostal window
1 to 2 cm from the junction with the right atrium. Normal values are a diameter < 21 mm
collapsing more than 50%. Under spontaneous breathing conditions, the IVC collapses in
inhalation due to increased venous return. In ventilated patients, assessment of the inferior
vena cava is unreliable, although there are several studies with conflicting results. During
MYV with positive pressures, there will be an increase in intrapleural pressure at the end
of exhalation, which will lead to a reduction in the pressure gradient between the right
atrium and systemic veins, resulting in an increase in the diameter of the IVC at the end of
exhalation and a reduction in AIVC. According to some authors, there is differing validity
of AIVC depending on the ventilation settings; it is a good predictor of fluid response in
patients ventilated with TV > 8 mL/kg and PEEP < 5 cm H,O, poor if TV < 8 mL/kg or
PEEP > 5 cm H,O [36].

Internal jugular vein: There are various ways to study the internal jugular vein
(IJV); the most validated in ventilated patients is the distensibility index, calculated as
(JVmax — IJVmin)/IJVmin, expressed as a percentage. It is sampled at the level of the
cricoid cartilage, in the transverse plane by measuring the maximum and minimum diame-
ters with the M-mode [37]. A IJV distensibility index > 18% showed good sensitivity and
specificity for predicting fluid responsiveness [38] (Table 2).
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Parameter Evaluating

Pathologic Cutoff

Table 2. Echocardiographic parameters to evaluate right ventricular response to mechanical ventilation.
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Global RV <359 AAC view implication as r}fed (C)II: 1 sometimes it may be
systolic function ° indicator of b eré ocir kl)a necessary to change
RVSD o e the tilt of the
ultrasound beam to
improve the definition
of the
endocardial edges.
Prognostic May be Iower
e implication as after cardiac
TAPSE, S’ Is“o;%lﬁg?un;iltiz T%?EEH; Cli}r;m AA4C view indicator of surgery, need for
Y RVSD, good ultrasound
Easy to obtain alignment
If TR is more
than trivial:
easy to obtain,
A4C view, Useful for undzf:s}fcitr)sated
. PLAX view ~ Aassessmentol i oo ere TR or
ndex of RV TRV >3.4m/s (anterior probe afterload RVSD Need for good
afterload PAPs > 40 mmHg tlt), Chta.nges o&/er May be difficult ultrasound alignment
SAX view tﬁg&?& = to obtain in
adjusting trivial TR
PEEP and PS
therapy
Index of RV iE:Oigin Otsiu; Combination of
TAPSE/sPAP arterial- TAPSE/PAPs < 0.5 See above p Clj‘ o, pitfalls for
ratio ventricular mm/mmHg * TSX%SEOV% TAPSE and
coupling P AIim PAPs.

FAC: fractional area changes, IVS: interventricular septum, PEEP: positive end-expiratory pressure, PLAX:
parasternal long axis, PS: pressure support, RV: right ventricle, RVSD: right ventricular systolic dysfunction, SAX:
short axis, sSPAP: systolic pulmonary arterial pressure, TR: tricuspid regurgitation, TRV: tricuspid regurgitant peak

velocity. * [13].

6. Echocardiography and Volume Management

In critically ill patients, particularly those with left ventricular dysfunction, it is difficult

to manage the volemic state, as there is a frequent fear that water overload may lead the
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patient into pulmonary edema [39]. Despite this concern, the initial therapeutic approach in
a patient in the context of a low output syndrome is volemic optimization, followed possibly
by the introduction of vasoactive drugs or the use of mechanical circulatory support
systems [40]. The use of bedside ultrasound can be a noninvasive and inexpensive tool that
allows multiple observations to predict and monitor over time the patient’s therapeutic
response. Echocardiographic examination in the critical area, including in ventilated
patients, in order to assess the efficacy or possible harm caused by fluid administration, is
based on the evaluation of data to define fluid responsiveness and fluid tolerance (Figure 5).

US evaluating volume
status

Fluid tolerance

Static pa;ameters ‘
IVC<8mm, | LVEDA+ Lung US
AIVC > 12% in Efeavg <7 - B Lines: EVLW

MV with VT>
8ml/kg

C) Suprahepatic
vein

Figure 5. Ultrasound in assessing the volemic status of ventilated patients involves the analysis of
fluid responsiveness and fluid tolerance. CVP: central vein pressure, EVLW: extravascular lung water,
FC: fluid challenge, LVEDA: left ventricular end-diastolic area, MV: mechanical ventilation, IVC
inferior vena cava, AIVC: (IVC max diameter—IVC min diameter)/IVC max diameter, LVOT-VTL:
left ventricular outflow tract velocity time integral; PCWP: pulmonary capillary wedge pressure, PLR:
passive leg raise, US: ultrasound, VExUS: venous excess ultrasound, VT: tidal volume.

Fluid responsiveness:

The classical definition of fluid responsiveness is the increase in SV of 15% after
administration of a bolus of 500 mL of crystalloids in 10-15 min [41]. Echocardiographic
methods to reveal a patient’s fluid responsiveness are distinguished into static and dynamic.
As respiratory dynamics affect the right ventricular preload, static methods appear more
fallacious and are influenced by numerous variables, so greater reliability is attributed to
dynamic methods. Conceptually, patients with greater changes in SV during inspiration
will be more likely fluid responders [41].

Static parameters include:

- IVC diameter in ventilated patient predicts fluid responsiveness with a specificity
of 95% when the end-expiratory diameter is <8 mm [41], while a reduction in IVC
diameter during inspiration of 18% could predict fluid responsiveness in septic, venti-
lated patients with 90% of sensibility and specificity [42]. Commonly, in patients with
right heart failure and severe tricuspid regurgitation, it is common to observe IVC
dilatation regardless of volume status.

- Left ventricular end diastolic area (LVEDA), as measured with transesophageal
echocardiography in ICU at an angle of 0° or 90° (respectively four chamber view
and two chamber view), is not sufficient alone to predict fluid responsiveness. It is
worth mentioning that one observational study found that the combination of LVEDA
(<21 cm?) and the ratio of PW Doppler of left ventricular early filling (E peak wave)
and the tissue Doppler of the mitral anulus (e’avg) as E/e’avg (<7) could predict
fluid responsiveness in patients undergoing coronary surgeries without heart failure
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with reduced left ventricular function (HFrEF) and with an AUC of 0.9 [43]. Static
parameters are less useful in patients with severe left ventricular dysfunction as they
are unable to evaluate the response of the cardiovascular system to the fluid adminis-
tration. Therefore, the data derived from these parameters must be considered only as
part of the clinical-instrumental evaluation of the patient, and necessarily integrated
with the dynamic parameters, especially in ventilated and critically ill patients with
ventricular dysfunction.

Dynamic parameters:
Echocardiographic dynamic parameters are based on measuring changes in the left

ventricular stroke volume (SV) after a preload-enhancing maneuver. One of the quickest

and most effective methods to assess the change in SV following a diagnostic maneuver
(listed below) is to observe the change in the velocity-time integral (VTI) obtained by
pulsed wave Doppler (PW), placing the sample volume at the left ventricular outflow tract
(LVOT) in an apical five-chamber image (A5C) [44].

@

@)

®)

Fluid challenge (FC): The fluid challenge is based on the administration of a 500 mL
bolus of crystalloids in 10-15 min and subsequent observation of SV change. A change
greater than 15% defines fluid responsiveness [45]. When monitoring SV with pulse-
contour analysis, a minifluid challenge can be useful in place of echocardiography.
By administering 100 cc of crystalloids in one minute, the 6% change in SV (which
turns out to be too small to be detected by the echocardiographic method of VTI on
LVOT) predicts fluid responsiveness to a global bolus of 250 cc of crystalloids [46].
In a small observational study of 30 patients admitted to cardio-thoracic intensive
care, it was observed that in patients responsive to a fluid challenge (FC), but not
in nonresponders, administration of a bolus of crystalloids during FC improved
ventriculo-arterial coupling, reducing arterial elastance and consequently systemic
arterial resistances [47].

Passive leg raise (PLR): PLR works analogous to the FC; however, instead of adminis-
tering a bolus of fluid from the outside, elevation of the legs and supination of the
trunk results in a shift of approximately 300-500 cc of blood from the splanchnic
venous compartment and lower extremities to the right ventricle; thus, similar to the
FC, the cutoff for defining fluid responsiveness is a SV change of 15% (calculated as
the change in LVOT-VTI). It is essential to remember that for proper performance of
the test, the patient must initially be positioned in a semisupine position, with the
trunk tilted about 45°, and then, concurrently with leg raising, the trunk is moved to
a supine position. In addition, it is necessary to exclude the influence of adrenergic
stimulation determined by pain [48].

Occlusion tests: In ventilated patients, as described above, inspiration augments
PEEP, which reduces venous return to the right ventricle. Thus, if the left ventricle is
preload dependent, through serial and parallel interaction, then the left ventricle SV is
reduced while the opposite happens during end-expiration. This concept is the basis
for the end-expiration occlusion (EEO) test and end-inspiration occlusion (EIO) test.
Ventilation interruption during end-expiration for 15 s (EEO) followed by ventilation
interruption during end-inspiration for 15 s (EIO) can enhance the observation of
LVSV variation in echocardiography. The combination of EEO and EIO was tested in
30 ventilated patients and the absolute variation in SV of 13% was able to predict fluid
responsiveness with a sensitivity and specificity of 93% (AUC 0.973) [49]. In general,
dynamic parameters are useful to predict fluid responsiveness in ventilated patients
with tidal volume (TV > 8 mL/kg), while in particular, the EEO test, PLR, and FC are
useful to assess even patients with lung protective ventilation (TV < 8 mL/kg) [50].
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Choosing the method to evaluate fluid responsiveness depends on the specific clinical
context with which the physician must interact. For example, patients who have arterial
or large femoral vascular access (e.g., short-term mechanical circulation support systems)
will be unable to practice PLR. Echocardiography-assessed FC presents the natural limit
represented by the patient’s acoustic window, particularly valid in patients who have un-
dergone recent cardiac surgery in which it is not always easy to obtain adequate alignment
of the ultrasound beam to the LVOT. Occlusion tests can be performed only in patients who
are not breathing spontaneously.

Fluid tolerance cannot be defined through a quantitative variable; it represents the abil-
ity of the patient’s cardio-respiratory system to tolerate a fluid bolus without progressing to
organ dysfunction [51]. While hemodynamic parameters (CVP and PCWP) can help define
poor fluid tolerance (e.g., if CVP > 12 mmHg and PCWP > 18 mmHg), these parameters
are not always readily available and depend on the interaction with biventricular function.
An easy way to assess fluid tolerance is through bedside ultrasonography, specifically to
assess pulmonary congestion status with lung ultrasound (LUS), which indirectly detects
left ventricular dysfunction (systolic and/or diastolic) and splanchnic congestion status
through Doppler profile assessment of renal, suprahepatic, and portal veins (venous excess
ultrasound, VExUS) defining right ventricular dysfunction (systolic and/or diastolic) [52].
The presence of extravascular lung water (EVLW) evidenced at LUS by the presence of
B-lines (>3-4 per field of observation) in the ultrasonographic fields predicted by the Blue
protocol defines impaired fluid tolerance; in addition, the occurrence following a FC of
more than two B-lines per field of observation predicts nonresponsiveness to fluids with an
AUC of 0.74 [53,54]. Through the integrated analysis of portal venous flows, renal venous
flows, and suprahepatic venous flows, it is possible to obtain the VExUS score, which
dichotomizes patients into fluid tolerant (VExUS score 0-1) and fluid intolerant (VExUS
score 2-3) [55] (Figure 5).

7. Diaphragm Anatomy and Physiology

The diaphragm is a dome-shaped muscle when in the relaxed phase. It separates the
thoracic from the abdominal cavity. It consists of two structures: the central aponeurosis
and a muscular portion. The central aponeurosis consists of noncontractile tissue of a
fibrous nature, and it is shaped like a clover with an anterior and two lateral leaves. The
muscular portion, on the other hand, is composed of fast and slow muscle fibers and is
divided into three parts: the sternal, the costal, and the lumbar. It attaches internally to the
aponeurosis and externally to the ribs, to the sternum, and to the lumbar spine [56]. The
portion of the diaphragm that inserts into the chest wall is called the apposition zone. Dur-
ing inhalation, the contraction of the muscle fibers and their consequent shortening leads
to the lowering of the dome, allowing the expansion of the thoracic cavity; it also favors
the closure of the gastro-esophageal junction to prevent gastro-esophageal reflux during
inhalation. In relation to the pressures, during inhalation, there is a reduction in intrapleural
pressure and subsequent entry of air, and oppositely an increase in intra-abdominal pres-
sure. The difference between the intra-abdominal pressure and the intrapleural pressure
constitutes the transdiaphragmatic pressure, which represents the actual force produced by
the contraction of the diaphragm [57].

8. Diaphragmatic Dysfunction in Mechanically Ventilated Patients in the
Intensive Care Unit

Alterations in diaphragmatic function are not uncommon in intensive care; these can be
up to 80% in patients who require mechanical ventilation for a prolonged period and have
difficulty weaning [58,59]. One of the disorders that can be observed in critically ill patients
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in intensive care is diaphragmatic paralysis. Unilateral diaphragmatic paralysis may occur
in patients who have been subject to coronary artery bypass surgery. It can occur either from
a direct nerve injury due to its close anatomical proximity to the internal mammary artery,
or from degeneration induced by low temperatures due to ice for cardiac cooling. Phrenic
nerve injury has shown impact on short- and medium-term prognosis in bypass and chronic
obstructive pulmonary disease (COPD) patients [59]. The first to report on ventilation-
induced diaphragm dysfunction (VIDD) was Levine in 2008 [60]. In the first twenty-
four hours of using mechanical ventilation, diaphragm muscle weakness can already be
observed in some individuals. This may be caused by an incorrect setting of mechanical
ventilation. Ewan C Goligher et al. identified four mechanisms underlying diaphragmatic
myotrauma in mechanically ventilated patients: it can be caused by over-assistance of the
ventilator and thus atrophy of the muscles, under-assistance of the ventilator and thus
damage due to muscle fatigue, but also by dyssynchrony, or the use of a high value of
PEEP [61]. The development of mechanical ventilation-induced diaphragmatic muscle
weakness can be a cause of difficult weaning from ventilation and is correlated with a longer
need for ventilatory assistance and a prolonged stay in intensive care [62]. Diaphragmatic
dysfunction secondary to mechanical ventilation has been demonstrated in numerous
studies on both animals and humans [60,63,64]. At the molecular level, increased oxidative
stress, activation of proteolytic pathways, and mitochondrial dysfunction with loss of
muscle strength have been shown to underlie this process [65]. Very often MV acts on a
diaphragm already compromised by other causes such as sepsis-related myopathy [66]. In
addition, the use of certain drugs such as volatile anesthetics, propofol, or corticosteroids
represents a risk factor in the development of VIDD [67].

9. Echocardiographic Assessment of Diaphragmatic Function

Considering the necessity for the clinician working in the intensive care unit to be able
to recognize diaphragmatic dysfunction, the easiest usable, low-cost, radiation-free tool
available at the patient’s bedside is ultrasound. This technique finds its main purpose in
the assessment of diaphragmatic function through the study of movement, quantification
of the thickness, and thickening fraction. Diaphragmatic thickness can be measured in
M-mode using a high-frequency probe (>10 Mhz). The probe should be positioned on
the mid-axillary line, approximately between the eighth and eleventh rib; in this position
the apposition zone can be seen. This position is preferred because it is the least affected
by cranio-caudal variability in the thickness of the diaphragm itself [68]. The right flank
is preferable so that the liver acts as ultrasound window. On ultrasound, the diaphragm
appears as a structure consisting of three echogenic layers: two outer hyperechogenic layers
represented by the pleural and peritoneal membranes, and internally by the hypoechogenic
muscular layer. Measurements should be taken at the end of exhalation, excluding the
outer layers. Diaphragmatic thickness differs widely depending on where it is measured;
for this reason it is advisable to mark a reference point and always take measurements at
the same point. Other variables that can influence diaphragmatic thickness are gender, a
sedentary lifestyle [69,70], and position [71]. Reference values are 0.19 £ 0.04 cm in men
and 0.14 £ 0.03 cm in women. If the diaphragmatic thickness is measured during maximal
inspiratory and expiratory effort, the thickening fraction can be obtained [tdi% = (tdi end
inspiration — tdi end expiration)/tdi endexpiration x 100]; this value is preferable to basic
thickness as it is less affected by interindividual variability. Reference values range from 60%
to 260% for the left hemidiaphragm and from 57% to 200% for the right hemidiaphragm in a
seated patient [72]. Another fundamental parameter to assess is diaphragmatic movement.
It can be obtained by using a low-frequency probe (1-5 MHz), placing the probe just below
the costal arch, on the right hemiclavicular line, and pointing it dorsally. This will use
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the liver as an acoustic window. Actually, the probe can also be positioned to the left,
in this case using the spleen as the acoustic window. After displaying the diaphragm
movement in B-mode (qualitative mode), the clinician can switch to M-mode, where the
respiratory movement made by the diaphragm will appear as a hyperechogenic curve
(Figure 6). The slope of this curve will then be measured and expressed in cm/s [62]. The
difference between the position of the diaphragm at functional residual capacity and total
lung capacity (TLC) is the maximum diaphragmatic excursion, whereas the difference
between the FRC position and the end-inhalation position during resting breathing is the
tidal excursion [72]. Impaired diaphragmatic movement is indicative of diaphragm muscle
weakness. It is necessary not only to check that the diaphragm is moving, but also to study
the relationship of the movements with the phases of breathing; in fact, in diaphragmatic
paralysis there is a paradoxical movement with a rise during inhalation. Therefore, even
with the use of B-mode, it is possible to rule out diaphragmatic paralysis.

Figure 6. Diaphragm movement in M-mode.

10. Evaluation of the Diaphragm in Ventilated Patient

In ventilated patient, the use of echocardiographic monitoring of diaphragmatic
function can be useful at all the steps in mechanical ventilation, as it can help to discern
which patient needs mechanical ventilation [73], to diagnose possible complications, and
to guide the clinician in weaning. Not all ultrasound parameters are usable in these
patients; e.g., in assisted ventilation, the diaphragmatic excursion is not reliable as it
may be the result of passive insufflation [74]. Goligher et al. [61] in their study showed
that a reduction in diaphragmatic thickness correlated with a lower daily probability of
release from ventilation, prolonged ICU admission, and a higher risk of complications.
An increase in diaphragmatic thickness is associated with longer ventilation. This may be
due to excessive or reduced respiratory effort. It also showed that a thickening fraction
between 15% and 30% during the first three days after admission to the ICU was found
to be associated with the shortest duration of ventilation [62,67]. One of the most difficult
issues in intubated patients is to choose the right timing for extubation; indeed, a failed
extubation prolongs the time spent in the ICU and consequently has a high prognostic
impact. Three studies evaluated tdi% as an index of successful extubation, showing that
this parameter has good sensitivity and specificity, with a cutoff ranging from 30 to 36%
depending on the study [75-77].

Author Contributions: Conceptualization, G.B. and A.M.; writing—original draft preparation,
F.C.D.F. and D.D.; writing—review and editing, A.D., B.L., VR. and M.C; visualization, M.C.P,, FI,
G.E.M,, S.S. and M.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



J. Clin. Med. 2025, 14,77 16 of 19

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Grbler, M.R; Wigger, O.; Berger, D.; Blchlinger, S. Basic concepts of heart-lung interactions during mechanical ventilation. Swiss
Med. Wkly. 2017, 147, w14491. [CrossRef] [PubMed]

2. Liberati, A.; Altman, D.G,; Tetzlaff, J.; Mulrow, C.; Getzsche, P.C.; Ioannidis, ].P.A.; Clarke, M.; Devereaux, PJ.; Kleijnen, J.; Moher,
D. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions:
Explanation and elaboration. . Clin. Epidemiol. 2009, 62, e1-e34. [CrossRef]

3. Marini, M.; Caretta, G.; Vagnarelli, F; Luca, F,; Biscottini, E.; Lavorgna, A.; Procaccini, V.; Riva, L.; Vianello, G.; Aspromonte, N.;
et al. Gli effetti emodinamici della pressione positiva di fine espirazione. G. Ital. Cardiol. 2017, 18, 505-512. [CrossRef]

4. Shekerdemian, L.; Bohn, D. Cardiovascular effects of mechanical ventilation. Arch. Dis. Child. 1999, 80, 475-480. [CrossRef]
[PubMed]

5.  Wise, R.A.; Robotham, J.L.; Summer, W.R. Effects of spontaneous ventilation on the circulation. Lung 1981, 159, 175-186.
[CrossRef] [PubMed]

6. Abel, ].G.; Salerno, T.A.; Panos, A.; Greyson, N.; Rice, T.W.; Teoh, K.; Lichtenstein, S.V. Cardiovascular Effects of Positive Pressure
Ventilation in Humans. Ann. Thorac. Surg. 1987, 43, 198-206. [CrossRef]

7. Luecke, T.; Pelosi, P. Clinical review: Positive end-expiratory pressure and cardiac output. Crit. Care 2005, 9, 607-621. [CrossRef]
[PubMed]

8.  Dunham-Snary, K.J.; Wu, D.; Sykes, E.A.; Thakrar, A.; Parlow, L.R.; Mewburn, ].D.; Parlow, J.L.; Archer, S.L. Hypoxic Pulmonary
Vasoconstriction. Chest 2017, 151, 181-192. [CrossRef]

9. Mahmood, S.S.; Pinsky, M.R. Heart-lung interactions during mechanical ventilation: The basics. Ann. Transl. Med. 2018, 6, 349.
[CrossRef]

10. Jossart, A.; Gerber, B.; Houard, L.; Pilet, B.; O’connor, S.; Gilles, R. Distribution of normalized pulmonary transit time per
pathology in a population of routine CMR examinations. Int. J. Cardiovasc. Imaging 2023, 40, 149-156. [CrossRef]

11.  Vieillard-Baron, A.; Matthay, M.; Teboul, J.L.; Bein, T.; Schultz, M.; Magder, S.; Marini, ].J. Experts’ opinion on management of
hemodynamics in ARDS patients: Focus on the effects of mechanical ventilation. Intensiv. Care Med. 2016, 42, 739-749. [CrossRef]

12.  Scharf, S.M.; Pinsky, M.R.; Magder, S. Respiratory-Circulatory Interactions in Health and Disease; Dekker, M., Ed.; CRC Press: Boca
Raton, FL,, USA, 2001.

13.  Kaneko, Y,; Floras, J.S.; Usui, K,; Plante, ]J.; Tkacova, R.; Kubo, T.; Ando, S.-I.; Bradley, T.D. Cardiovascular Effects of Continuous
Positive Airway Pressure in Patients with Heart Failure and Obstructive Sleep Apnea. N. Engl. |. Med. 2003, 348, 1233-1241.
[CrossRef]

14. Zhang, H.; Huang, W.; Zhang, Q.; Chen, X.; Wang, X.; Liu, D. Critical Care Ultrasound Study Group Prevalence and prognostic
value of various types of right ventricular dysfunction in mechanically ventilated septic patients. Ann. Intensiv. Care 2021, 11, 108.
[CrossRef]

15. Kuhn, B.T; Bradley, L.A.; Dempsey, T.M.; Puro, A.C.; Adams, ].Y. Management of Mechanical Ventilation in Decompensated
Heart Failure. . Cardiovasc. Dev. Dis. 2016, 3, 33. [CrossRef]

16. Madhivathanan, P.; Corredor, C.; Smith, A. Perioperative implications of pericardial effusions and cardiac tamponade. BJA Educ.
2020, 20, 226-234. [CrossRef] [PubMed]

17. Rudski, L.G.; Lai, WW,; Afilalo, J.; Hua, L.; Handschumacher, M.D.; Chandrasekaran, K.; Solomon, S.D.; Louie, E.K.; Schiller,
N.B. Guidelines for the Echocardiographic Assessment of the Right Heart in Adults: A Report from the American Society of
Echocardiography. J. Am. Soc. Echocardiogr. 2010, 23, 685-713. [CrossRef]

18. Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A;
Kuznetsova, T.; et al. Recommendations for Cardiac Chamber Quantification by Echocardiography in Adults: An Update from
the American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Heart ]. Cardiovasc.
Imaging 2015, 16, 233-271. [CrossRef]

19. Vieillard-Baron, A.; Prin, S.; Chergui, K.; Dubourg, O.; Jardin, F. Echo-Doppler Demonstration of Acute Cor Pulmonale at the
Bedside in the Medical Intensive Care Unit. Am. . Respir. Crit. Care Med. 2002, 166, 1310-1319. [CrossRef] [PubMed]

20. Clancy, D.J.; Mclean, A.; Slama, M.; Orde, S.R. Paradoxical septal motion: A diagnostic approach and clinical relevance. Australas.
J. Ultrasound Med. 2018, 21, 79-86. [CrossRef]

21. Evrard, B.; Woillard, J.-B.; Legras, A.; Bouaoud, M.; Gourraud, M.; Humeau, A.; Goudelin, M.; Vignon, P. Diagnostic, prognostic
and clinical value of left ventricular radial strain to identify paradoxical septal motion in ventilated patients with the acute
respiratory distress syndrome: An observational prospective multicenter study. Crit. Care 2023, 27, 424. [CrossRef] [PubMed]

22. Smolarek, D.; Gruchata, M.; Sobiczewski, W. Echocardiographic evaluation of right ventricular systolic function: The traditional

and innovative approach. Cardiol. |. 2017, 24, 563-572. [CrossRef]


https://doi.org/10.4414/smw.2017.14491
https://www.ncbi.nlm.nih.gov/pubmed/28944931
https://doi.org/10.1016/j.jclinepi.2009.06.006
https://doi.org/10.1714/2700.27611
https://doi.org/10.1136/adc.80.5.475
https://www.ncbi.nlm.nih.gov/pubmed/10208959
https://doi.org/10.1007/BF02713914
https://www.ncbi.nlm.nih.gov/pubmed/7026909
https://doi.org/10.1016/S0003-4975(10)60396-7
https://doi.org/10.1186/cc3877
https://www.ncbi.nlm.nih.gov/pubmed/16356246
https://doi.org/10.1016/j.chest.2016.09.001
https://doi.org/10.21037/atm.2018.04.29
https://doi.org/10.1007/s10554-023-02976-x
https://doi.org/10.1007/s00134-016-4326-3
https://doi.org/10.1056/NEJMoa022479
https://doi.org/10.1186/s13613-021-00902-9
https://doi.org/10.3390/jcdd3040033
https://doi.org/10.1016/j.bjae.2020.03.006
https://www.ncbi.nlm.nih.gov/pubmed/33456955
https://doi.org/10.1016/j.echo.2010.05.010
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1164/rccm.200202-146CC
https://www.ncbi.nlm.nih.gov/pubmed/12421740
https://doi.org/10.1002/ajum.12086
https://doi.org/10.1186/s13054-023-04716-y
https://www.ncbi.nlm.nih.gov/pubmed/37919787
https://doi.org/10.5603/CJ.a2017.0051

J. Clin. Med. 2025, 14,77 17 of 19

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wu, V.C.-C,; Takeuchi, M. Echocardiographic assessment of right ventricular systolic function. Cardiovasc. Diagn. Ther. 2018, 8,
70-79. [CrossRef] [PubMed]

Cameli, M.; Mondillo, S.; Galderisi, M.; Mandoli, G.E.; Ballo, P; Nistri, S.; Capo, V.; D’Ascenzi, F; D’Andrea, A.; Esposito, R.; et al.
L’ecocardiografia speckle tracking: Roadmap per la misurazione e 1'utilizzo clinico. G Ital Cardiol. 2017, 18, 253-269.

Tadic, M.; Nita, N.; Schneider, L.; Kersten, J.; Buckert, D.; Gonska, B.; Scharnbeck, D.; Reichart, C.; Belyavskiy, E.; Cuspidi, C.; et al.
The Predictive Value of Right Ventricular Longitudinal Strain in Pulmonary Hypertension, Heart Failure, and Valvular Diseases.
Front. Cardiovasc. Med. 2021, 8, 698158. [CrossRef] [PubMed]

Vos, M.E.; Cox, E.G.M,; Schagen, M.R.; Hiemstra, B.; Wong, A.; Koeze, J.; van der Horst, I.C.C.; Wiersema, R.; SICS Study Group.
Right ventricular strain measurements in critically ill patients: An observational SICS sub-study. Ann. Intensiv. Care 2022, 12, 92.
[CrossRef] [PubMed]

Wang, S.; Bashir, Z.; Chen, E.W,; Kadiyala, V.; Sherrod, C.F,; Has, P; Song, C.; Ventetuolo, C.E.; Simmons, J.; Haines, P. Invasive
Mechanical Ventilation Is Associated with Worse Right Ventricular Strain in Acute Respiratory Failure Patients. J. Cardiovasc. Dev.
Dis. 2024, 11, 246. [CrossRef]

McErlane, J.; McCall, P.; Willder, J.; Berry, C.; Ben Shelley, B. Right ventricular free wall longitudinal strain is independently
associated with mortality in mechanically ventilated patients with COVID-19. Ann. Intensiv. Care 2022, 12, 104. [CrossRef]
Parasuraman, S.; Walker, S.; Loudon, B.L.; Gollop, N.D.; Wilson, A.M.; Lowery, C.; Frenneaux, M.P. Assessment of pulmonary
artery pressure by echocardiography—A comprehensive review. IJC Heart Vasc. 2016, 12, 45-51. [CrossRef]

Humbert, M.; Kovacs, G.; Hoeper, M.M.; Badagliacca, R.; Berger, R ML.E; Brida, M.; Carlsen, J.; Coats, A.].S.; Escribano-Subias, P;
Ferrari, P; et al. 2022 ESC/ERS Guidelines for the Diagnosis and Treatment of Pulmonary Hypertension. Eur. Heart ]. 2022, 43,
3618-3731. [CrossRef] [PubMed]

Franchi, F; Faltoni, A.; Cameli, M.; Muzzi, L.; Lisi, M.; Cubattoli, L.; Cecchini, S.; Mondillo, S.; Biagioli, B.; Taccone, ES.;
et al. Influence of Positive End-Expiratory Pressure on Myocardial Strain Assessed by Speckle Tracking Echocardiography in
Mechanically Ventilated Patients. BioMed Res. Int. 2013, 2013, 918548. [CrossRef]

Badano, L.P; Kolias, T.].; Muraru, D.; Abraham, T.P; Aurigemma, G.; Edvardsen, T.; D'Hooge, J.; Donal, E.; Fraser, A.G.; Marwick,
T.; et al. Standardization of left atrial, right ventricular, and right atrial deformation imaging using two-dimensional speckle
tracking echocardiography: A consensus document of the EACVI/ASE/Industry Task Force to standardize deformation imaging.
Eur. Heart ]. Cardiovasc. Imaging 2018, 19, 591-600. [CrossRef]

Alviar, C.L.; Miller, PE.; McAreavey, D.; Katz, ].N.; Lee, B.; Moriyama, B.; Soble, ].; van Diepen, S.; Solomon, M.A.; Morrow, D.A.
Positive Pressure Ventilation in the Cardiac Intensive Care Unit. . Am. Coll. Cardiol. 2018, 72, 1532-1553. [CrossRef]

Nagueh, S.F,; Smiseth, O.A.; Appleton, C.P; Byrd, B.F, 3rd; Dokainish, H.; Edvardsen, T.; Flachskampf, F.A ; Gillebert, T.C.; Klein,
A.L,; Lancellotti, P.; et al. Recommendations for the Evaluation of Left Ventricular Diastolic Function by Echocardiography: An
Update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc.
Echocardiogr. 2016, 29, 277-314. [CrossRef] [PubMed]

Smiseth, O.A.; Morris, D.A.; Cardim, N.; Cikes, M.; Delgado, V.; Donal, E.; Flachskampf, F.A.; Galderisi, M.; Gerber, B.L.; Gimelli,
A.; et al. Multimodality imaging in patients with heart failure and preserved ejection fraction: An expert consensus document of
the European Association of Cardiovascular Imaging. Eur. Heart |.-Cardiovasc. Imaging 2021, 23, e34—e61. [CrossRef]

Si, X.; Xu, H,; Liu, Z.; Wu, J.; Cao, D.; Chen, J.; Chen, M.; Liu, Y.; Guan, X. Does Respiratory Variation in Inferior Vena Cava
Diameter Predict Fluid Responsiveness in Mechanically Ventilated Patients? A Systematic Review and Meta-analysis. Anesthesia
Analg. 2018, 127, 1157-1164. [CrossRef]

Chayapinun, V.; Koratala, A.; Assavapokee, T. Seeing beneath the surface: Harnessing point-of-care ultrasound for internal
jugular vein evaluation. World J. Cardiol. 2024, 16, 73-79. [CrossRef]

Guarracino, F; Ferro, B.; Forfori, F.; Bertini, P.; Magliacano, L.; Pinsky, M.R. Jugular vein distensibility predicts fluid responsiveness
in septic patients. Crit. Care 2014, 18, 647. [CrossRef]

Cooke, K.L.; Snyder, P.S. Fluid therapy in the cardiac patient. Veter. Clin. N. Am. Small Anim. Pract. 1998, 28, 663-676. [CrossRef]
[PubMed]

Guarracino, F; Bertini, P.; Pinsky, M.R. Management of cardiovascular insufficiency in ICU: The BEAT approach. Minerva
Anestesiol. 2021, 87, 476-480. [CrossRef] [PubMed]

Musu, M.; Guddelmoni, L.; Murgia, F.; Mura, S.; Bonu, F.; Mura, P.; Finco, G. Prediction of fluid responsiveness in ventilated
critically ill patients. J. Emerg. Crit. Care Med. 2020, 8, 26. [CrossRef]

Barbier, C.; Loubieres, Y.; Schmit, C.; Hayon, ].; Ricdme, J.-L.; Jardin, F.; Vieillard-Baron, A. Respiratory changes in inferior vena
cava diameter are helpful in predicting fluid responsiveness in ventilated septic patients. Intensiv. Care Med. 2004, 30, 1740-1746.
[CrossRef]

Kim, H.-B,; Soh, S.; Song, ].-W.; Kim, M.-Y.; Kwak, Y.-L.; Shim, J.-K. Combination of Static Echocardiographic Indices for the
Prediction of Fluid Responsiveness in Patients Undergoing Coronary Surgery: A Pilot Study. J. Clin. Med. 2021, 10, 1886.
[CrossRef]


https://doi.org/10.21037/cdt.2017.06.05
https://www.ncbi.nlm.nih.gov/pubmed/29541612
https://doi.org/10.3389/fcvm.2021.698158
https://www.ncbi.nlm.nih.gov/pubmed/34222387
https://doi.org/10.1186/s13613-022-01064-y
https://www.ncbi.nlm.nih.gov/pubmed/36190597
https://doi.org/10.3390/jcdd11080246
https://doi.org/10.1186/s13613-022-01077-7
https://doi.org/10.1016/j.ijcha.2016.05.011
https://doi.org/10.1093/eurheartj/ehac237
https://www.ncbi.nlm.nih.gov/pubmed/36017548
https://doi.org/10.1155/2013/918548
https://doi.org/10.1093/ehjci/jey042
https://doi.org/10.1016/j.jacc.2018.06.074
https://doi.org/10.1016/j.echo.2016.01.011
https://www.ncbi.nlm.nih.gov/pubmed/27037982
https://doi.org/10.1093/ehjci/jeab154
https://doi.org/10.1213/ANE.0000000000003459
https://doi.org/10.4330/wjc.v16.i2.73
https://doi.org/10.1186/s13054-014-0647-1
https://doi.org/10.1016/S0195-5616(98)50061-7
https://www.ncbi.nlm.nih.gov/pubmed/9597720
https://doi.org/10.23736/S0375-9393.20.14613-3
https://www.ncbi.nlm.nih.gov/pubmed/32755093
https://doi.org/10.21037/jeccm.2020.03.03
https://doi.org/10.1007/s00134-004-2259-8
https://doi.org/10.3390/jcm10091886

J. Clin. Med. 2025, 14,77 18 of 19

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Blanco, P. Rationale for using the velocity—time integral and the minute distance for assessing the stroke volume and cardiac
output in point-of-care settings. Ultrasound J. 2020, 12, 21. [CrossRef]

Messina, A.; Calabro, L.; Pugliese, L.; Lulja, A.; Sopuch, A.; Rosalba, D.; Morenghi, E.; Hernandez, G.; Monnet, X.; Cecconi,
M. Fluid challenge in critically ill patients receiving haemodynamic monitoring: A systematic review and comparison of two
decades. Crit. Care 2022, 26, 186. [CrossRef]

Biais, M.; de Courson, H.; Lanchon, R.; Pereira, B.; Bardonneau, G.; Griton, M.; Sesay, M.; Nouette-Gaulain, K. Mini-fluid
Challenge of 100 mL of Crystalloid Predicts Fluid Responsiveness in the Operating Room. Anesthesiology 2017, 127, 450-456.
[CrossRef]

Huette, P.; Abou-Arab, O.; Longrois, D.; Guinot, P-G. Fluid expansion improve ventriculo-arterial coupling in preload-dependent
patients: A prospective observational study. BMC Anesthesiol. 2020, 20, 171. [CrossRef]

Monnet, X.; Teboul, J.-L. Passive leg raising: Five rules, not a drop of fluid! Crit. Care 2015, 19, 18. [CrossRef]

Jozwiak, M.; Depret, F; Teboul, J.-L.; Alphonsine, J.-E.; Lai, C.; Richard, C.; Monnet, X. Predicting Fluid Responsiveness in
Critically Ill Patients by Using Combined End-Expiratory and End-Inspiratory Occlusions With Echocardiography. Crit. Care
Med. 2017, 45, e1131-e1138. [CrossRef]

Sanchez, J.I.A.; Ruiz, ].D.C.; Fernandez, J.J.D.; Zuiiiga, W.EA.; Ospina-Tascén, G.A.; Martinez, L.E.C. Predictors of fluid
responsiveness in critically ill patients mechanically ventilated at low tidal volumes: Systematic review and meta-analysis. Ann.
Intensiv. Care 2021, 11, 28. [CrossRef]

Kenny, J.-E.S. Assessing Fluid Intolerance with Doppler Ultrasonography: A Physiological Framework. Med. Sci. 2022, 10, 12.
[CrossRef]

Melo, R.H.; dos Santos, M.H.C.; Ramos, EJ.D.S. Beyond fluid responsiveness: The concept of fluid tolerance and its potential
implication in hemodynamic management. Crit. Care Sci. 2023, 35, 226-229. [CrossRef]

Bar, S.; Yee, C.; Lichtenstein, D.; Sellier, M.; Leviel, F.; Arab, O.A.; Marc, J.; Miclo, M.; Dupont, H.; Lorne, E. Assessment of
fluid unresponsiveness guided by lung ultrasound in abdominal surgery: A prospective cohort study. Sci. Rep. 2022, 12, 1350.
[CrossRef]

Nair, S.; Sauthoff, H. Assessing Extravascular Lung Water With Ultrasound: A Tool to Individualize Fluid Management? J. Infensiv.
Care Med. 2020, 35, 1356-1362. [CrossRef]

Kenny, ].5.M.; Prager, R.; Rola, P.; Haycock, K.; Basmaji, J.; Hernandez, G. Unifying Fluid Responsiveness and Tolerance With
Physiology: A Dynamic Interpretation of the Diamond-Forrester Classification. Crit. Care Explor. 2023, 5, €1022. [CrossRef]
[PubMed]

Downey, R. Anatomy of the Normal Diaphragm. Thorac. Surg. Clin. 2011, 21, 273-279. [CrossRef] [PubMed]

De Troyer, A.; Wilson, T.A. Action of the diaphragm on the rib cage. J. Appl. Physiol. 2016, 121, 391-400. [CrossRef] [PubMed]
Vetrugno, L.; Guadagnin, G.M.; Barbariol, F.,; Langiano, N.; Zangrillo, A.; Bove, T. Ultrasound Imaging for Diaphragm Dysfunction:
A Narrative Literature Review. |. Cardiothorac. Vasc. Anesthesia 2019, 33, 2525-2536. [CrossRef]

Cohen, AJ,; Katz, M.G; Katz, R.; Mayerfeld, D.; Hauptman, E.; Schachner, A. Phrenic Nerve Injury After Coronary Artery
Grafting: Is It Always Benign? Ann. Thorac. Surg. 1997, 64, 148-153. [CrossRef]

Levine, S.; Nguyen, T,; Taylor, N.; Friscia, M.E.; Budak, M.T.; Rothenberg, P; Zhu, J.; Sachdeva, R.; Sonnad, S.; Kaiser, L.R.; et al.
Rapid Disuse Atrophy of Diaphragm Fibers in Mechanically Ventilated Humans. N. Engl. ]. Med. 2008, 358, 1327-1335. [CrossRef]
Goligher, E.C.; Brochard, L.J.; Reid, W.D.; Fan, E.; Saarela, O.; Slutsky, A.S.; Kavanagh, B.P.; Rubenfeld, G.D.; Ferguson, N.D.
Diaphragmatic myotrauma: A mediator of prolonged ventilation and poor patient outcomes in acute respiratory failure. Lancet
Respir. Med. 2019, 7, 90-98. [CrossRef]

Haaksma, M.E.; Atmowihardjo, L.; Heunks, L.; Spoelstra-De Man, A.; Tuinman, PR. Ultrasound imaging of the diaphragm: Facts
and future. A guide for the bedside clinician. Neth. J. Crit. Care 2018, 26, 6.

Powers, S.K.; Shanely, R.A.; Coombes, ].S.; Koesterer, T.].; McKenzie, M.; Van Gammeren, D.; Cicale, M.; Dodd, S.L. Mechanical
ventilation results in progressive contractile dysfunction in the diaphragm. J. Appl. Physiol. 2002, 92, 1851-1858. [CrossRef]
[PubMed]

Knisely, A ; Leal, S.M.; Singer, D.B. Abnormalities of diaphragmatic muscle in neonates with ventilated lungs. |. Pediatr. 1988, 113,
1074-1077. [CrossRef] [PubMed]

Jaber, S.; Petrof, B.].; Jung, B.; Chanques, G.; Berthet, ].-P.; Rabuel, C.; Bouyabrine, H.; Courouble, P.; Koechlin-Ramonatxo, C.;
Sebbane, M.; et al. Rapidly Progressive Diaphragmatic Weakness and Injury during Mechanical Ventilation in Humans. Am. J.
Respir. Crit. Care Med. 2011, 183, 364-371. [CrossRef]

Dubé, B.-P.; Dres, M. Diaphragm Dysfunction: Diagnostic Approaches and Management Strategies. . Clin. Med. 2016, 5, 113.
[CrossRef]

Dres, M.; Goligher, E.C.; Heunks, L.M.A.; Brochard, L.]. Critical illness-associated diaphragm weakness. Intensiv. Care Med. 2017,
43,1441-1452. [CrossRef]


https://doi.org/10.1186/s13089-020-00170-x
https://doi.org/10.1186/s13054-022-04056-3
https://doi.org/10.1097/ALN.0000000000001753
https://doi.org/10.1186/s12871-020-01087-7
https://doi.org/10.1186/s13054-014-0708-5
https://doi.org/10.1097/CCM.0000000000002704
https://doi.org/10.1186/s13613-021-00817-5
https://doi.org/10.3390/medsci10010012
https://doi.org/10.5935/2965-2774.20230012-en
https://doi.org/10.1038/s41598-022-05251-6
https://doi.org/10.1177/0885066619855000
https://doi.org/10.1097/CCE.0000000000001022
https://www.ncbi.nlm.nih.gov/pubmed/38094087
https://doi.org/10.1016/j.thorsurg.2011.01.001
https://www.ncbi.nlm.nih.gov/pubmed/21477776
https://doi.org/10.1152/japplphysiol.00268.2016
https://www.ncbi.nlm.nih.gov/pubmed/27283911
https://doi.org/10.1053/j.jvca.2019.01.003
https://doi.org/10.1016/S0003-4975(97)00288-9
https://doi.org/10.1056/NEJMoa070447
https://doi.org/10.1016/S2213-2600(18)30366-7
https://doi.org/10.1152/japplphysiol.00881.2001
https://www.ncbi.nlm.nih.gov/pubmed/11960933
https://doi.org/10.1016/S0022-3476(88)80585-7
https://www.ncbi.nlm.nih.gov/pubmed/3142983
https://doi.org/10.1164/rccm.201004-0670OC
https://doi.org/10.3390/jcm5120113
https://doi.org/10.1007/s00134-017-4928-4

J. Clin. Med. 2025, 14,77 19 of 19

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

Haaksma, M.E.; van Tienhoven, A.].; Smit, ] M.; Heldeweg, M.L.; Lissenberg-Witte, B.I.; Wennen, M.; Jonkman, A.; Girbes, AR,;
Heunks, L.; Tuinman, P.R. Anatomical Variation in Diaphragm Thickness Assessed with Ultrasound in Healthy Volunteers.
Ultrasound Med. Biol. 2022, 48, 1833-1839. [CrossRef]

Scarlata, S.; Mancini, D.; Laudisio, A.; Raffaele, A.I. Reproducibility of diaphragmatic thickness measured by M-mode ultrasonog-
raphy in healthy volunteers. Respir. Physiol. Neurobiol. 2019, 260, 58-62. [CrossRef]

Carrillo-Esper, R.; Pérez-Calatayud, A.A.; Arch-Tirado, E.; Diaz-Carrillo, M.A ; Garrido-Aguirre, E.; Tapia-Velazco, R.; Pefia-Pérez,
C.A.; Monteros, L.E.-D.L.; Meza-Marquez, ].M.; Flores-Rivera, O.1; et al. Standardization of Sonographic Diaphragm Thickness
Evaluations in Healthy Volunteers. Respir. Care 2016, 61, 920-924. [CrossRef]

Hellyer, N.J.; Andreas, N.M.; Bernstetter, A.S.; Cieslak, K.R.; Donahue, G.F; Steiner, E.A.; Hollman, ].H.; Boon, A.J. Comparison of
Diaphragm Thickness Measurements Among Postures Via Ultrasound Imaging. Phys. Med. Rehabil. J. 2017, 9, 21-25. [CrossRef]
Saad, M.; Pini, S.; Danzo, F.; Mirizzi, EM.; Arena, C.; Tursi, F.; Radovanovic, D.; Santus, P. Ultrasonographic Assessment of
Diaphragmatic Function and Its Clinical Application in the Management of Patients with Acute Respiratory Failure. Diagnostics
2023, 13, 411. [CrossRef]

Suttapanit, K.; Wongkrasunt, S.; Savatmongkorngul, S.; Supatanakij, P. Ultrasonographic evaluation of the diaphragm in critically
ill patients to predict invasive mechanical ventilation. J. Intensiv. Care 2023, 11, 40. [CrossRef]

Schepens, T.; Fard, S.; Goligher, E.C. Assessing Diaphragmatic Function. Respir. Care 2020, 65, 807-819. [CrossRef]

Ferrari, G.; De Filippi, G.; Elia, E; Panero, F; Volpicelli, G.; Apra, F. Diaphragm ultrasound as a new index of discontinuation
from mechanical ventilation. Ultrasound J. 2014, 6, 8. [CrossRef] [PubMed]

DiNino, E.; Gartman, E.J.; Sethi, ].M.; McCool, F.D. Diaphragm ultrasound as a predictor of successful extubation from mechanical
ventilation. Thorax 2014, 69, 431-435. [CrossRef]

Farghaly, S.; Hasan, A.A. Diaphragm ultrasound as a new method to predict extubation outcome in mechanically ventilated
patients. Aust. Crit. Care 2017, 30, 37—43. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ultrasmedbio.2022.05.008
https://doi.org/10.1016/j.resp.2018.12.004
https://doi.org/10.4187/respcare.03999
https://doi.org/10.1016/j.pmrj.2016.06.001
https://doi.org/10.3390/diagnostics13030411
https://doi.org/10.1186/s40560-023-00690-3
https://doi.org/10.4187/respcare.07410
https://doi.org/10.1186/2036-7902-6-8
https://www.ncbi.nlm.nih.gov/pubmed/24949192
https://doi.org/10.1136/thoraxjnl-2013-204111
https://doi.org/10.1016/j.aucc.2016.03.004
https://www.ncbi.nlm.nih.gov/pubmed/27112953

	Introduction 
	Heart–Lung Interaction in Spontaneous Ventilation 
	Heart–Lung Interaction in Mechanical Ventilation 
	Echocardiographic Evaluation in Mechanical Ventilation 
	Right Ventricular Echocardiographic Evaluation 
	Echocardiography and Volume Management 
	Diaphragm Anatomy and Physiology 
	Diaphragmatic Dysfunction in Mechanically Ventilated Patients in the Intensive Care Unit 
	Echocardiographic Assessment of Diaphragmatic Function 
	Evaluation of the Diaphragm in Ventilated Patient 
	References

