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Abstract

Cardiopulmonary interaction is a fundamental physiological process during spontaneous breathing, but it is
profoundly altered in critically ill patients receiving mechanical ventilation (MV). Positive-pressure
ventilation modifies intrathoracic, pleural, and transpulmonary pressures, with major effects on pulmonary
vascular hemodynamics and right ventricular performance. Among these consequences, acute pulmonary
hypertension (aPH) has emerged as a clinically relevant yet frequently underrecognized complication. This
review summarizes the current evidence on cardiopulmonary interaction during spontaneous breathing
and MV, with particular emphasis on the mechanisms driving aPH and right ventricular dysfunction in
critically ill patients. A narrative review was performed using PubMed, Embase, Scopus, Web of Science, and
the Cochrane Library. Free-text terms and controlled vocabulary related to positive-pressure ventilation,
right ventricular dysfunction, pulmonary hypertension (PH), pulmonary vascular resistance (PVR), right
heart catheterization, intensive care, and respiratory compliance were combined using Boolean operators.
Priority was given to studies involving adult patients, including systematic reviews, observational studies,
clinical trials, and relevant reference lists. During spontaneous breathing, cardiopulmonary interaction is
governed by negative intrathoracic pressure, venous return (VR), transpulmonary pressure, and
physiological ventilation-perfusion relationships. In contrast, MV reverses this physiological pressure
profile and may reduce VR, increase right ventricular afterload, impair ventricular interdependence, and
increase PVR. High tidal volumes, excessive positive end-expiratory pressure, increased plateau pressure,
hypercapnia, hypoxemia, alveolar overdistension, and diffuse lung injury all contribute to aPH, potentially
disrupting right ventricle-pulmonary artery coupling and promoting right ventricular dysfunction. MV
profoundly reshapes cardiopulmonary physiology and may precipitate aPH and right ventricular
dysfunction. Early recognition of these mechanisms and the application of protective ventilatory strategies
are essential to reduce pulmonary and hemodynamic complications.
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Introduction

Physiological interactions occur among the different systems and organs of the human body. The heart and
lungs are no exception, as they function in a closely integrated manner. This relationship involves a series of
mechanisms that, under normal conditions, operate in a coordinated and orderly fashion. From an
anatomical standpoint, the heart and lungs also lie in close proximity within the same thoracic cavity [1-3].
However, heart-lung interaction extends far beyond simple anatomical contiguity. A mechanical, functional,
and even neuroendocrine interrelationship exists between these two systems [3, 4]. This interaction is so
extensive that approximately 280 billion pulmonary capillaries perfuse between 300 million and 480
million alveoli [5].

The respiratory system generates negative pressure through contraction of the respiratory muscles, a
process that depends on the integrity of neural pathways originating in the bulbar respiratory centers [5].
This negative pressure allows the lungs to expand in a bellows-like manner. During this process, the alveoli
distend, and gas exchange occurs between inspired oxygen and exhaled carbon dioxide [2, 5].

By contrast, the cardiovascular system, composed of the heart as a propulsive pump and an extensive
vascular network, operates through two major circuits: a) the systemic circulation, whose main vessel is the
aorta and its branches, and whose function is to deliver oxygenated blood to peripheral tissues; and b) the
pulmonary circulation, which carries venous blood through the right atrium, right ventricle (RV), and
pulmonary artery to the alveolar-capillary membrane, where carbon dioxide and oxygen exchange takes
place [5, 6].

In critically ill patients receiving mechanical ventilation (MV), these mechanisms are profoundly
altered. This is particularly evident in those who require MV as a life-support intervention during critical
illness. MV reverses the physiological pressure profile normally required to expand the lungs and maintain
gas exchange, thereby inducing major changes in cardiopulmonary physiology [2, 7-10]. As a result, acute
pulmonary hypertension (aPH) and right ventricular dysfunction may develop [1]. The occurrence of aPH
represents a major hemodynamic event because it may increase right ventricular systolic pressure and
reduce venous return (VR), potentially leading to acute cor pulmonale and right ventricular failure [11].
These effects are closely related to the tidal volume (VT) and positive end-expiratory pressure (PEEP)
applied during ventilation [1].

MV is often indispensable in critically ill patients because of disease severity. However, it is not
physiologically neutral, particularly when associated with aPH and right ventricular failure, conditions that
may substantially increase mortality.

Objective and methods

The aim of this narrative review is to describe, on the basis of current evidence, the cardiopulmonary
interaction that occurs during spontaneous breathing and MV, with particular emphasis on the
development of aPH. This remains an underrecognized complication that should not be overlooked, as it
may induce right ventricular dysfunction and directly affect morbidity and mortality in critically ill patients.
The relevance of this review lies in its integrated analysis of cardiopulmonary interaction from
spontaneous breathing to MV, while also providing practical tools to minimize or prevent the adverse
effects of ventilatory support.

The literature search included PubMed, Embase, Scopus, Web of Science, and the Cochrane Library.
Free-text terms and controlled vocabulary (MeSH and Emtree) related to positive-pressure MV, right
ventricular dysfunction, pulmonary hypertension (PH), pulmonary vascular resistance (PVR), right heart
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catheterization, intensive care, and respiratory compliance were used. Terms were combined using the
Boolean operators AND and OR. Studies involving adult patients, systematic reviews, observational
research, and clinical trials were prioritized. Relevant reference lists were also manually reviewed. Articles
were searched first in English and subsequently in Spanish, especially landmark literature on MV from
earlier years, in order to include the fundamental concepts on which current knowledge is based.

Cardiorespiratory physiology
Ventilation

For ventilation to occur, a pressure gradient must exist between the atmosphere and the alveolus. Thus,
inspiration occurs when alveolar pressure (PAlv) falls below atmospheric pressure. This indicates that
physiological ventilation occurs under negative-pressure conditions. Alveoli cannot expand autonomously
[5]- Rather, they expand according to the pressure difference between pleural pressure (Ppl) and PAlv. This
difference is known as transpulmonary pressure (TP), according to the following formula [2, 5]:

TP = Alveolar pressure — Pleural pressure

Ppl changes from approximately -5 cmH,0 during expiration to -8 cmH,0 during inspiration, causing
PAlv to reach subatmospheric values of approximately -1 cmH,0 during inspiration, thereby allowing air to
enter the alveoli [5]. Thus, TP is approximately +5 cmH,0 during expiration and rises to +7 cmH,0 during
inspiration [2, 5, 6]. Understanding the changes that occur in both Ppl and TP is crucial, as these pressures
influence cardiovascular hemodynamics. Cardiac chambers and great vessels are primarily affected by Ppl,
whereas pulmonary capillaries are mainly affected by TP [1].

Inspiration is an active process involving the diaphragm primarily and secondarily the intercostal
muscles, whereas expiration is passive and results from the elastic recoil of the lungs and chest wall in
opposite directions [2, 5]. The inspired VT is directly related to TP. However, there is a limit, known as the
critical closing point, at which inspiration ceases because the inspiratory muscles have reached their
maximum effort, thereby giving way to expiration [5].

Both inspiration and expiration occur because of a property of the respiratory system known as
compliance, or distensibility, which is defined as the relationship between the volume of gas entering the
lungs and the pressure required to distend them [2, 5, 7, 8].

During expiration, alveoli tend to collapse. From a physical standpoint, the elastic properties of alveoli
favor their obliteration, since they are governed by Laplace’s law [5].

According to this law, the smaller the radius, the greater the pressure, and vice versa. Therefore, at
constant surface tension, alveoli with a smaller radius have higher pressure and tend to empty into alveoli
with lower pressure or larger radius, thereby promoting collapse [2, 5].

Physiologically, two mechanisms promote alveolar stability and prevent collapse (Figure 1).

a) Alveolar interdependence: Because adjacent alveoli share walls or septa, retraction or stretching of
one immediately distends its neighbor, thereby preventing collapse. During inspiration, the
outermost lung regions are directly exposed to negative Ppls. These pressures tend to distend the
more peripheral alveoli, leaving the more central alveoli less ventilated and more prone to collapse.
Through alveolar interdependence, both central and peripheral alveoli are distended almost
uniformly. Distension of one alveolus leads to distension of adjacent alveoli [5].

b) Surfactant: This is the other major mechanism that reduces the tendency toward alveolar collapse.
Surfactant is a lipoprotein whose main function is to reduce surface tension at the alveolar air-
liquid interface [5-7]. It is synthesized and secreted by type Il pneumocytes and forms a lining layer
within the alveolus. This substance is fundamental to respiratory physiology, since its absence leads
to alveolar collapse [5-7]. This phenomenon is one of the mechanisms contributing to acute
respiratory distress syndrome, whose pathophysiological core includes impaired surfactant
production and function, ultimately leading to alveolar collapse and severe respiratory failure [8, 9].
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» Surfactant reduces surface tension
at the air-liquid interface, thereby
preventing alveolar collapse.
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Figure 1. Mechanisms of alveolar stability. Alveolar stability is maintained mainly by alveolar interdependence and surfactant,
which prevent collapse.

Right-sided hemodynamics and pulmonary circulation

Two circulatory systems supply blood to the lungs: a) the bronchial circulation, supplied by the bronchial
artery, which receives only 2% of total cardiac output (CO); and b) the pulmonary circulation, which
receives 100% of right ventricular output. Another important difference between these systems is that the
bronchial arteries do not participate directly in gas exchange. However, they contribute to the physiological
shunt, that is, the portion of deoxygenated blood that bypasses alveolar gas exchange. In addition, they are
not part of the alveolar-capillary network [5].

The walls of the pulmonary artery are thinner than those of systemic arteries because they are
capacitance vessels operating under low-pressure conditions. This makes them more compressible and
distensible [5]. Because of their intrathoracic and juxta-alveolar location, they are exposed to changes in
intrapleural, alveolar, and TPs [5, 12]. This underscores the importance of understanding the physical
changes that occur within the respiratory system.

Pressures in the pulmonary circulation differ substantially from those in the systemic circulation. For
example, left ventricular pressures are approximately 120 mmHg, whereas right ventricular pressures are
around 25 mmHg. Physiologically, systemic arterial pressures are approximately 120/80 mmHg, whereas
pulmonary artery pressures are approximately 25/8 mmHg [5, 6, 12]. These values clearly illustrate the
marked differences between the two circulatory systems.

To understand right heart hemodynamics, it is important to recall that VR represents the amount of
blood flow per minute returning from the venous circulation to the right atrium [3, 5-8, 12, 13]. VR is
therefore determined by: a) right atrial pressure (RAP), which acts as the opposing back pressure; b) mean
systemic filling pressure (MSFP), which drives blood toward the right heart; and c) resistance to venous
return (RVR), two-thirds of which is venous, with the remaining third contributed by small pulmonary
arteries and arterioles. MSFP represents the equilibrium pressure generated by the interaction between
total blood volume and venous capacitance. Each of these variables directly affects VR, which behaves as a
dependent variable within this system [5, 7].

For example, when RAP increases from 0 to +8 mmHg, VR progressively falls until it reaches zero,
inevitably resulting in retrograde venous stasis. Conversely, when RAP falls below -2 mmHg, VR reaches a
plateau because the right atrium becomes suction-like, causing collapse of the veins entering the thorax [7].
RAP is therefore a key determinant of the pressure gradient driving VR, whereas MSFP varies
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proportionally with circulating volume and changes in venous tone. For example, sympathetic stimulation,
by inducing systemic vasoconstriction, can increase MSFP from 7 to 17 mmHg, thereby promoting
sustained blood flow toward the right atrium. Conversely, sympathetic inhibition decreases MSFP. Thus, VR
depends on the interaction among RAP, MSFP, and RVR [6].

In healthy adults, normal values are approximately as follows: VR 5 L/min, MSFP 7 mmHg, RAP 0
mmHg, and RVR 1.4 mmHg-min/L. These values favor blood return to the right atrium [6].

Once blood flow reaches the right atrium, constituting right-sided preload, and then the RV, it travels
through the pulmonary artery and its branches toward the pulmonary capillaries, where gas exchange
occurs. Oxygenated blood then returns through the pulmonary veins to the left atrium and left ventricle,
from which it is ejected into the aorta during ventricular systole against its impedance, a physical
phenomenon known as left ventricular afterload. From this arises the physiological concept of CO, whose
normal value is approximately 5 L/min [5, 6, 8, 12]. Both the right and left ventricles generate their
respective outputs. In the right-sided chambers, maintaining adequate CO is essential to eject sufficient
blood volume and pressure into the pulmonary artery, since this same blood flow subsequently reaches the
left atrium and left ventricle. This demonstrates the functional interdependence of the cardiac chambers [5,
6].

There is also a direct relationship between VR and CO. Whereas VR reflects the volume of blood
returning from the peripheral circulation, CO is the volume of blood pumped by the heart into the great
vessels each minute. Under normal conditions, VR equals CO. This becomes evident in clinical practice in
conditions that reduce VR, such as moderate-to-severe hemorrhage, acute venous dilation, or obstruction of
the great veins, all of which eventually lead to a decrease in CO [6].

However, because of the central role of CO in cardiac physiology, it depends not only on VR but also on
other regulatory mechanisms. One of these is the Frank-Starling law, which states that when blood flow to
the heart increases, myocardial fibers are stretched and contractile force rises accordingly [5, 6, 8, 12, 13].
Another is the Bainbridge reflex, which consists of an increase in heart rate in response to stimulation of
stretch receptors located in the atrial walls [6]. This increase in heart rate may improve cardiac
performance. It has also been described that sympathetic stimulation and parasympathetic withdrawal act
as positive inotropic and chronotropic influences, respectively [6, 13].

PVR

PVR represents the force opposing normal blood flow within the pulmonary circulation [5, 6, 14, 15]. It is
defined by the following formula:

PVR is directly proportional to the difference between mean pulmonary arterial pressure (mPAP) and
wedge pressure (W) and inversely proportional to CO, multiplied by a conversion factor of 80. Normal PVR
values range from 20 to 120 dyn-s-cm™.

Physiologically, approximately one-third of PVR arises from the pulmonary arteries, one-third from the
pulmonary capillaries, and one-third from the pulmonary veins [5].

PVR depends on the vascular transmural pressure gradient and on whether pulmonary vessels are
alveolar or extra-alveolar in location [5]. In alveolar vessels, during normal expiration, the transmural
gradient increases, the vessel diameter increases, and PVR decreases. During inspiration, the gradient and
vessel diameter decrease, thereby increasing PVR. In extra-alveolar vessels, when Ppl becomes more
negative during inspiration, the vessels distend and PVR decreases. During expiration, however, these
vessels are compressed and PVR increases. Thus, during spontaneous breathing, PVR exhibits two peaks:
the first at the onset of expiration because of extra-alveolar vessel constriction, and the second at the end of
inspiration because of narrowing of alveolar vessels. Therefore, PVR reaches its lowest value at functional
residual capacity [5, 6, 12]. These physiological observations show that any increase in extravascular
pressure reduces pulmonary arterial diameter and thereby increases PVR [1].
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Distribution of pulmonary blood flow and the ventilation/perfusion relationship

In the upright or seated patient, pulmonary blood flow is not distributed uniformly. Greater blood flow is
observed in dependent lung regions, even though intravascular pressures are higher in these areas. This
distribution is made possible by the phenomena of pulmonary vascular recruitment and distension [5, 6, 8,
9,12].

As early as 1964, West et al. studied the relationship between ventilation and perfusion, leading to the
description of the so-called West zones, which remain in use today [12, 16]. These zones are determined by
the relationship among three variables at the pulmonary level: PAlv, pulmonary arterial pressure (PAP),
and pulmonary venous pressure (PVP) [2, 3,5, 6, 8,9, 12, 16]. Zone 1 is characterized by PAlv being greater
than PAP, which in turn is greater than PVP. This leads to compression of pulmonary vessels because of
elevated PAlv and results in increased shunting. Intrapulmonary zone 1 corresponds to the uppermost lung
regions and is characterized by being better ventilated than perfused. Zone 2 is characterized by PAP
greater than PAlv, which in turn is greater than venous pressure, and corresponds to the middle lung
regions. Zone 3 is characterized by PAP greater than PVP, which is greater than PAlv [5, 6, 8, 9, 12]. These
are the best-perfused but less well-ventilated regions and correspond to the most dependent lung areas
[12].

Taken together, these phenomena mean that the lung apices tend to have a ventilation/perfusion (V/Q)
ratio > 1 and are therefore better ventilated than perfused, whereas the lower lung regions tend to have a
V/Q ratio < 1 because they are more perfused [5, 6, 8, 9, 12].

This raises an important question: what happens when the V/Q relationship is altered? Two major
effects may occur, both under physiological and pathological conditions. The first is the shunt effect, which
occurs when V/Q is < 1. This happens when alveoli are hypoventilated or collapsed while remaining
excessively perfused. Under these circumstances, the affected alveolus is inadequately ventilated despite
being perfused. Pulmonary blood flow is therefore redirected toward alveoli that are better ventilated,
producing a diversion from poorly ventilated areas toward adequately ventilated ones. This is known as the
shunt effect. Examples include pneumonia, acute pulmonary edema, atelectasis, and states of pulmonary
hyperperfusion [2, 5, 6, 8,9, 12].

The second alteration occurs when the alveolus is well ventilated but poorly perfused or not perfused
at all, giving rise to the alveolar dead-space effect, in which V/Qis > 1 [2, 5, 6, 8, 9, 12]. The classic example
is pulmonary embolism, in which a branch of the pulmonary artery is occluded by a thrombus, impairing
perfusion and gas exchange and causing refractory hypoxemia despite preserved alveolar structure.
Another example occurs during positive-pressure MV, in which PAlv may become sufficiently high to
compress pulmonary capillaries, resulting in V/Q > 1 [6-9, 12, 17].

Under normal conditions, these effects remain in dynamic balance, thereby preserving V/Q stability.

What happens during MV?
Mechanical ventilation

MV is a temporary and often unavoidable form of ventilatory and oxygenation support in the intensive care
unit. It does not directly cure pulmonary or cardiovascular disease; rather, it provides the support needed
to totally or partially replace respiratory muscle function through the generation of positive airway
pressure and the application of PEEP. In addition, it delivers oxygen-enriched gas through the inspired
oxygen fraction (FiO,) and helps optimize the V/Q relationship [2, 7-9]. Based on these goals, the
indications for MV include hypoxemic respiratory failure, hypercapnic respiratory failure, airway
protection in patients with depressed consciousness, ventilatory failure with impending respiratory arrest,
severe hemodynamic instability, and general anesthesia [2, 7].

To achieve these objectives, MV uses volume-controlled or assisted modes and pressure-controlled or
assisted modes.
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In volume-controlled ventilation, the ventilator delivers a preset VT selected by the operator. In this
setting, VT is the independent variable. However, to deliver this VT, the respiratory system inevitably
generates a certain pressure, both in the airway and globally. This pressure is the dependent variable. It
varies according to the programmed VT, respiratory system compliance, airway resistance, and patient
effort. In pressure-controlled ventilation, the operator sets the inspiratory pressure, which becomes the
independent variable. In this mode, VT is the dependent variable and depends on the set pressure, lung
compliance, airway resistance, inspiratory time, and, when present, patient effort [2, 7].

Mechanical ventilation is not physiologically neutral

During critical illness, cardiovascular physiology changes dramatically and may itself prompt the initiation
of MV [18]. Although the need for MV in such patients is undeniable, it is also well established that MV is not
physiologically neutral. Gattinoni et al. [10] referred to the nonphysiological increases in TP generated by
increases in airway and Ppls during positive-pressure ventilation. The application of positive-pressure MV
produces profound changes in both respiratory and cardiovascular physiology [2, 7-10].

In patients receiving positive-pressure ventilation, airway pressure rises, leading to an increase in
intrathoracic pressure and greater external constraint on the heart [2]. Regardless of the ventilatory mode
used, pulmonary physiology is inevitably altered. MV shifts the system from physiological negative-
pressure breathing to nonphysiological positive-pressure ventilation in order to permit inspiration [10]. TP
becomes more positive because alveolar and Ppls increase. This may, in turn, promote pulmonary edema
and inflammation [10].

Cardiopulmonary interaction during MV

MV also induces substantial cardiovascular changes. In mechanically ventilated patients, ventricular
systolic and diastolic volumes decrease, and these changes become more pronounced as PEEP levels rise [2,
7-10, 19]. In addition, the increase in TP raises RAP, which becomes more dependent on intrathoracic
conditions and volemia. This increase in RAP inevitably reduces VR [2, 19, 20]. These phenomena are even
more pronounced in states of hypovolemia, such as sepsis, hemorrhage, or major burns, in which collapse
of the inferior vena cava is frequently observed, an unfavorable event for both right- and left-sided
hemodynamics [12].

At the same time, the increase in intrathoracic pressure causes a rise in pericardial pressure [2].
Consequently, filling of the cardiac chambers depends not only on intracavitary pressure but also on
pericardial pressure. PEEP increases pericardial pressure, thereby reducing left ventricular end-diastolic
volume and impairing ventricular filling [2].

Within the right-sided chambers, elevation of intrathoracic pressure increases RAP and reduces the
gradient between systemic venous pressure and right ventricular diastolic pressure. As a result, VR, right
ventricular filling, and right ventricular stroke volume all decrease [2, 20, 21].

Both Ppl and TP affect right-sided hemodynamics [20, 21]. Changes in Ppl influence VR and right
ventricular volume, that is, right ventricular preload, and therefore left ventricular end-systolic volume. By
contrast, variations in TP primarily affect right ventricular end-systolic volume and left ventricular preload
[1,20-23].

Pressure changes also occur within the cardiac chambers. Any pressure change arising in one ventricle
may affect the other. This mutual influence and dependence between the ventricles is known as ventricular
interdependence. It is possible because both ventricles share myocardial fibers, the interventricular septum
is a mobile structure capable of adapting to pressure changes, and the pericardium is a relatively
nondistensible membrane surrounding both ventricles [13]. During MV, the reduction in VR leads to a
decrease in right ventricular end-diastolic volume. However, when pulmonary resistance increases because
of lung or chest wall factors, hemodynamic changes become predominantly pressure-driven rather than
volume-driven.
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Higher PEEP levels may increase PVR through compression of alveolar pulmonary capillaries, thereby
increasing right ventricular afterload, right ventricular systolic pressure, and wall stress [1, 20]. This rise in
right-sided pressures may favor leftward shift of the interventricular septum and further impair
biventricular hemodynamics [2, 23, 24]. These observations reinforce the concept that pressure-related
phenomena, rather than volume changes alone, are major determinants of hemodynamic impairment
during MV.

Does aPH develop during MV?
Concept of PH

Based on the work of Kovacs et al. [25], it is now accepted that normal resting mPAP is 14 + 3.3 mmHg.
However, this pressure may increase pathologically, leading to the syndrome known as PH. According to
the 2022 European Society of Cardiology/European Respiratory Society guidelines, PH is a
pathophysiological disorder that may encompass multiple clinical conditions and may be associated with a
wide variety of respiratory and cardiac diseases, resulting in substantial morbidity and mortality [26, 27].

PH is a progressive pathophysiological disorder currently defined by a mPAP > 20 mmHg at rest, with
PVR used to further characterize the hemodynamic phenotype, particularly in precapillary disease [26, 28].
Sustained increases in pulmonary pressure and afterload may ultimately lead to right ventricular
dysfunction and failure.

The 2022 ESC/ERS guidelines define PH as a mPAP > 20 mmHg measured by right heart
catheterization [26]. Precapillary PH is defined as mPAP > 20 mmHg, pulmonary arterial wedge pressure
(PAWP) < 15 mmHg, and PVR > 2 Wood units. Isolated postcapillary PH is defined as mPAP > 20 mmHg,
wedge pressure > 15 mmHg, and PVR < 2 Wood units. Combined post- and precapillary PH is defined as
mPAP > 20 mmHg, wedge pressure > 15 mmHg, and PVR > 2 Wood units. Exercise PH is considered when
the relationship between mPAP and CO is > 3 mmHg/L/min. Finally, a more recently recognized category,
unclassified PH, refers to elevated mPAP (> 20 mmHg) with low PVR (< 2 Wood units) and low wedge
pressure (< 15 mmHg). These patients do not fulfill criteria for either precapillary or postcapillary PH and
may present with congenital heart disease, liver disease, airway disease, lung disease, or hyperthyroidism.

Clinical follow-up is recommended in such cases [26, 27, 29, 30]. These definitions are summarized in
Table 1.

Table 1. Hemodynamic definitions of PH.

Definition Haemodynamic characteristics
PH mPAP >20 mmHg
Pre-capillary PH mPAP >20 mmHg
PAWP <15 mmHg
PVR >2 WU
IpcPH mPAP >20 mmHg
PAWP >15 mmHg
PVR <2 WU
CpcPH mPAP >20 mmHg
PAWP >15 mmHg
PVR >2 WU
Exercise PH mPAP/CO slope between rest and exercise >3 mmHg/L/min

CO: cardiac output; CpcPH: combined post- and precapillary pulmonary hypertension; IpcPH: isolated postcapillary pulmonary
hypertension; mPAP: mean pulmonary arterial pressure; PAWP: pulmonary arterial wedge pressure; PH: pulmonary
hypertension; PVR: pulmonary vascular resistance; WU: Wood units. Some patients present with elevated mPAP (> 20 mmHg)
but low PVR (< 2 WU) and low PAWP (< 15 mmHg); this haemodynamic condition may be described by the term ‘unclassified
PH’. Reprint with permission form [26]. © European Respiratory Society.
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From a clinical standpoint, PH is also classified into five groups: Group 1, pulmonary arterial
hypertension (PAH); Group 2, PH associated with left heart disease; Group 3, PH associated with lung
disease and/or hypoxemia; Group 4, PH associated with pulmonary artery obstruction; and Group 5, PH
associated with multifactorial and/or unclear mechanisms [26, 27, 29, 30] (Figure 2).

aPH and MV

The development of aPH in patients receiving positive-pressure ventilation is one of its major deleterious
consequences [11].

During positive-pressure MV, each insufflation delivered by the ventilator provides the programmed
VT. VT promotes the formation of new West zones [ and Il by generating PAlv greater than pulmonary
arterial and venous pressures [5, 9, 21]. This, in turn, increases dead space and creates regions with a high
V/Q ratio, that is, regions that are well ventilated but poorly perfused. The addition of PEEP further
accentuates this phenomenon [31]. According to West and Luks [12], both mechanisms promote capillary
collapse, leading to increased pulmonary pressure due to alveolar compression. As higher VT and PEEP
levels are programmed, PAP increases further, thereby increasing the likelihood of aPH [1].

These concepts are especially applicable to noninjured lungs. However, in most cases, mechanically
ventilated lungs are affected by conditions such as pneumonia, pulmonary edema, acute respiratory
distress syndrome, or atelectasis. From a ventilatory standpoint, these conditions are characterized by
reduced Pa0,/FiO,, low static compliance reflecting stiff lungs, elevated driving pressure, higher PEEP
requirements, increased shunt, hypoxemia, and a tendency toward hypercapnia. These phenomena
promote the coexistence of alveolar units that are well perfused but poorly ventilated, units that are well
ventilated but poorly perfused, and units with relatively preserved V/Q relationships, all heterogeneously
distributed throughout both lungs. This heterogeneity contributes to the development of aPH through
multiple mechanisms related both to the injured lungs themselves and to MV per se [32].

Patient position should also be considered. During MV, patients are generally supine, a position that
favors the development of atelectasis in dependent lung regions because fluid and thoracic contents settle
gravitationally over the lower lung zones, thereby worsening V/Q mismatch.

Therefore, the model proposed by West and Luks [12] does not fully explain the multifactorial
pulmonary mechanisms involved, especially in patients with injured lungs, diffuse alveolar damage, and the
supine position. Rather, it explains only part of the pathogenesis of aPH. In this setting, aPH is also driven by
hypoxic vasoconstriction, hypercapnia, pulmonary microemboli, alveolar edema with reduced lung
compliance, and, fundamentally, by the use of high PEEP and VT [33]. Taken together, these mechanisms
increase total PVR and ultimately lead to aPH.

This increase in right ventricular afterload caused by elevated PVR results in increased ventricular wall
tension, greater wall stress, reduced coronary perfusion, and ischemia of the right ventricular free wall [2-
4]. Under these conditions, the RV must generate higher pressure to open the pulmonary valve. Vonk
Noordegraaf et al. [4] proposed that these mechanisms lead to hypoxic vasoconstriction and subsequent
precapillary aPH [3, 34]. In our study entitled Hemodynamic Behavior and Mortality During Mechanical
Ventilation, an observational prospective analytical study of 18 patients, we found that the development of
aPH was associated with higher mortality, metabolic acidosis, hypoxemia, hypercapnia, greater shunt,
elevated wedge pressure, and stiff lungs, and that higher PEEP was associated with a greater increase in
PVR [35]. These findings are consistent with the current literature.

Moreover, this acute increase in right ventricular afterload has a marked adverse effect on right
ventricular physiology, since the RV belongs to a high-flow, high-compliance, low-resistance system with
limited contractile reserve and poor adaptation to acute increases in PAP [34]. The rise in PVR leads to
progressive disruption of RV-pulmonary artery coupling and may ultimately result in right ventricular
dysfunction and failure [14, 15].
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GROUP 1 Pulmonary arterial hypertension (PAH)
1.1 Idiopathic
1.1.1 Non-responders at vasoreactivity testing
1.1.2 Acute responders at vasoreactivity testing
1.2 Heritablea
1.3 Associated with drugs and toxins®
1.4 Associated with:
1.4.1 Connective tissue disease
1.4.2 HIV infection
1.4.3 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis
1.5 PAH with features of venous/capillary (PVOD/PCH) involvement
1.6 Persistent PH of the newborn
GROUP 2 PH associated with left heart disease

2.1 Heart failure:

2.1.1 with preserved ejection fraction

2.1.2 with reduced or mildly reduced ejection fractionP
2.2 Valvular heart disease

2.3 Congenital/acquired cardiovascular conditions leading to post-capillary PH

GROUP 3 PH associated with lung diseases and/or hypoxia
3.1 Obstructive lung disease or emphysema
3.2 Restrictive lung disease
3.3 Lung disease with mixed restrictive/obstructive pattern
3.4 Hypoventilation syndromes
3.5 Hypoxia without lung disease (e.g. high altitude)

3.6 Developmental lung disorders

GROUP 4 PH associated with pulmonary artery obstructions
4.1 Chronic thrombo-embolic PH
4.2 Other pulmonary artery obstructions®

GROUP 5 PH with unclear and/or multifactorial mechanisms
5.1 Haematological disordersd
5.2 Systemic disorders®
5.3 Metabolic disordersf
5.4 Chronic renal failure with or without haemodialysis
5.5 Pulmonary tumour thrombotic microangiopathy

5.6 Fibrosing mediastinitis

Figure 2. Clinical classification of PH. @ Patients with heritable PAH or PAH associated with drugs and toxins might be acute
responders. P Left ventricular ejection fraction for HF with reduced ejection fraction: < 40%; for HF with mildly reduced ejection
fraction: 41-49%. © Other causes of pulmonary artery obstructions include: sarcomas (high or intermediate grade or
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angiosarcoma), other malignant tumours (e.g., renal carcinoma, uterine carcinoma, germ-cell tumours of the testis), non-
malignant tumours (e.g., uterine leiomyoma), arteritis without connective tissue disease, congenital pulmonary arterial stenoses,
and hydatidosis. ¢ Including inherited and acquired chronic haemolytic anaemia and chronic myeloproliferative disorders. ©
Including sarcoidosis, pulmonary Langerhans’s cell histiocytosis, and neurofibromatosis type 1. f Including glycogen storage
diseases and Gaucher disease. HF: heart failure; HIV: human immunodeficiency virus; PAH: pulmonary arterial hypertension;
PCH: pulmonary capillary haemangiomatosis; PH: pulmonary hypertension; PVOD: pulmonary veno-occlusive disease. Reprint
with permission form [26]. © European Respiratory Society.

In critically ill patients, right-sided hemodynamics are continuously exposed to powerful pulmonary
vasoconstrictive stimuli. Consistent with our findings, Garnica Escamilla et al. [36] proposed that the
vascular endothelium may trigger vasoconstriction and PH in the presence of tissue hypoxia, lactic acidosis,
hypercapnia, sepsis, and pulmonary embolism in genetically susceptible individuals, ultimately leading to
pulmonary artery remodeling with smooth muscle proliferation [3, 4, 33-35]. Hypoxic vasoconstriction is
particularly common in lung regions where alveoli are hypoventilated or nonventilated because they are
occupied or collapsed. Blood that does not undergo gas exchange is redirected toward unaffected alveoli
capable of alveolar-capillary exchange, thereby generating intrapulmonary shunt [2, 15]. During our
investigation, we found that increased intrapulmonary shunt and reduced static compliance correlated with
higher mPAPs [35]. This suggests that the greater the degree of alveolar collapse and hypoventilation, the
greater the intrapulmonary shunt toward better ventilated alveoli in the setting of low-compliance lungs
and diffuse alveolar damage.

PEEP is essential in ventilated patients because it helps prevent atelectasis, reverse hypoxemia, and
homogenize pulmonary ventilation [2, 7-9, 37]. Despite its clear utility, PEEP also carries risks and may
amplify the hemodynamic disturbances inherent to positive-pressure ventilation [37]. At lower levels, PEEP
may reduce right ventricular preload by decreasing VR; when excessive or poorly tolerated, it may increase
PVR, reduce right ventricular stroke volume, raise right ventricular end-diastolic pressure, and impair CO
through pulmonary capillary compression and overdistension [2, 7-9, 11, 37]. The acute rise in right-sided
pressures may cause leftward shift of the interventricular septum, with secondary impairment of left
ventricular filling [2, 7-9, 11, 23]. This phenomenon further illustrates how ventricular interdependence
may be adversely affected by MV [38]. ARDS is a classic example and may lead to acute cor pulmonale as a
consequence of right ventricular failure [2].

Abrupt and sustained increases in RAP may also favor reopening of the foramen ovale or aggravate a
pre-existing right-to-left shunt. This occurs when RAP transiently exceeds left atrial pressure, allowing
deoxygenated venous blood to pass into the left atrium through the foramen ovale. In this context, PEEP
may increase right-to-left shunting in patients with a patent foramen ovale, especially when right-sided
pressures rise; however, no absolute PEEP threshold can be considered universally predictive [39-41].
Reopening of the foramen ovale should be suspected in cases of hypoxemia refractory to increases in FiO,
[39-43].

In addition to elevated PEEP and VT, other ventilatory mechanics parameters may contribute to aPH.
One of these is plateau pressure (Pplat), which reflects PAlv [2, 9, 37]. High Pplat values imply alveolar
overdistension and an increased risk of barotrauma [2, 9, 11, 37]. Excessive Pplat may increase RV
afterload and favor the development of aPH. Accordingly, RV-protective approaches generally aim to keep
Pplat below 27 cmH,0 whenever feasible. These variables should be continuously monitored in all
mechanically ventilated patients.

A clinical approach derived from studies in ARDS has identified four variables associated with acute cor
pulmonale and right ventricular failure in mechanically ventilated patients: pneumonia as the cause of
ARDS, Pa0,/Fi0, < 150 mmHg, driving pressure = 18 cmH,0, and PaCO, = 48 mmHg [44]. When several of
these factors are present simultaneously, the risk of right ventricular dysfunction increases substantially.

Taken together, these observations indicate that critically ill patients receiving positive-pressure MV
may develop aPH through multiple pathophysiological mechanisms arising from cardiopulmonary
interaction [17, 19, 21, 31, 34, 38] (Figure 3).
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Prevention of pulmonary and right-sided hemodynamic complications
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Figure 3. Acute pulmonary hypertension during mechanical ventilation.

To prevent, or at least minimize, the effects of MV on right-sided hemodynamics, the concept of lung- and
RV-protective ventilation has been proposed. The goals of this strategy are as follows:

1.

AR R

Use a low VT of 4-6 mL/kg predicted body weight; the more severely injured the lungs, the lower

the VT should be whenever feasible [43].

Avoid high Pplat and keep it < 27 cmH,0 [44].

Avoid high driving pressure, ideally < 17 cmH,0 [44].

Maintain individualized PEEP, avoiding both alveolar collapse and overdistension [43, 44].

Correct hypoxemia, hypercapnia, and acidosis early [44].
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Promote early prone positioning when Pa0,/FiO, is < 150 mmHg [43, 44].
Avoid aggressive recruitment maneuvers [43].

Avoid fluid overload [45, 46].

© N o

Consider invasive hemodynamic monitoring to distinguish hypovolemia from right ventricular
failure when clinically indicated [44].

In summary, preventing respiratory and hemodynamic complications in critically ill patients admitted
to the intensive care unit and receiving MV requires a lung- and RV-protective strategy. The RV is often
overlooked when MV is instituted. To address this, alveolar overdistension, hypoxemia, hypercapnia,
acidosis, and fluid overload should be avoided, and invasive hemodynamic monitoring may be considered
to enable early recognition of right ventricular dysfunction whenever clinically appropriate (Figure 4).

Objective Protective Ventilation Strategy:

Lung and Right Ventricular

Low Tidal Volume
4-6 mL/kg PBW

Protective Ventilation Strategy

® Plateau Pressure
< 27 cmH,0

. Individualized PEEP
Lo ."- Avoid Collapse & Overdistension
;;—@—— p

® Avoid Fluid

Protect the Lungs & Right Ventricle Avoid Aggressive Recruit
Overload

Maneuvers

® Use Invasive
Hemodynamic Monitoring

(‘) Goal: Prevent Alveolar Overdistension, Hypoxemia, Hypercapnia,

Acidosis & Right Heart Dysfunction

Figure 4. Prevention of pulmonary and right heart complications during mechanical ventilation. PBW: predicted body
weight; PEEP: positive end-expiratory pressure.

These complications may also occur during anesthesia with positive-pressure ventilation. However,
because ventilation in this setting is generally transient and applied to less severely injured lungs, typically
with substantially lower pressure settings than those used in critically ill patients, their incidence is lower.
Nevertheless, both settings share the same underlying pathophysiological mechanisms, including reduced
VR, changes in ventricular preload and afterload, and a potential increase in right ventricular load. Under
general anesthesia, the clinical relevance of these mechanisms becomes especially important in patients
with COPD, PH, right ventricular dysfunction, hypovolemia, one-lung ventilation, cardiothoracic surgery,
obesity, laparoscopic surgery with pneumoperitoneum, and related scenarios [47, 48].
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Conclusions
The balance of normal cardiopulmonary interaction may be disrupted during critical illness.

Under such circumstances, MV is essential and often unavoidable. Ventilatory support must be
provided whenever clinically indicated. Despite its clear benefits in critically ill patients, positive-pressure
MV simultaneously induces a series of nonphysiological changes. The shift from the physiology of negative-
pressure breathing to the pathophysiology of positive-pressure ventilation results in hemodynamic
alterations even at relatively low levels of VT and PEEP. However, when VT, PEEP, Pplat, and driving
pressure are elevated, the likelihood of aPH and right ventricular dysfunction increases substantially.

The development of aPH (mPAP > 20 mmHg) is profoundly deleterious to right ventricular function
because it abruptly increases right ventricular afterload, thereby favoring right ventricular dysfunction,
reopening of the foramen ovale, reduced left ventricular preload, and leftward displacement of the
interventricular septum. In severe cases, these changes may impair left ventricular filling and contribute to
obstructive hemodynamic compromise.

Preventing right ventricular dysfunction should therefore be considered a major clinical goal. Every
appropriate measure should be taken to minimize its occurrence, including early implementation of
protective ventilation strategies.
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