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Abstract: Acute respiratory distress syndrome (ARDS) is the most severe form of acute respiratory failure
characterized by diffuse alveolar and endothelial damage. The severe pathophysiological changes in lung
parenchyma and pulmonary circulation together with the effects of positive pressure ventilation profoundly
affect heart lung interactions in ARDS. The term pulmonary vascular dysfunction (PVD) refers to the
specific involvement of the vascular compartment in ARDS and is expressed clinically by an increase in
pulmonary arterial (PA) pressure and pulmonary vascular resistance both affecting right ventricular (RV)
afterload. When severe, PVD can lead to RV failure which is associated to an increased mortality. The effect
of PVD on RV function is not only a consequence of increased pulmonary vascular resistance as afterload is a
much more complex phenomenon that includes all factors that oppose efficient ventricular ejection. Impaired
pulmonary vascular mechanics including increased arterial elastance and augmented wave-reflection
phenomena are commonly seen in ARDS and can additionally affect RV afterload. The use of selective
pulmonary vasodilators and lung protective mechanical ventilation strategies are therapeutic interventions
that can ameliorate PVD. Prone positioning and the open lung approach (OLA) are especially attractive
strategies to improve PVD due to their effects on increasing functional lung volume. In this review we will
describe some pathophysiological aspects of heart-lung interactions during the ventilatory support of ARDS,
its clinical assessment and discuss therapeutic interventions to prevent the occurrence and progression of

PVD and RV failure.

Keywords: Acute respiratory distress syndrome (ARDS); pulmonary vascular dysfunction (PVD); pulmonary
vascular resistance (PVR); lung protective ventilation; positive end-expiratory pressure (PEEP); pulmonary vascular

mechanics; prone positioning; open lung approach (OLA)

Submitted Sep 20, 2017. Accepted for publication Nov 30, 2017.
doi: 10.21037/atm.2017.12.07
View this article at: http://dx.doi.org/10.21037/atm.2017.12.07

Introduction considered the first therapeutic intervention consistently

. . . improvin mes (2,3). B n the strict limitation
The acute respiratory distress syndrome (ARDS) is the most proving outcomes (2,3). Based on the strict tato

severe form of acute respiratory failure still linked to a high
morbidity and mortality (1). One of the major advances
in the management of ARDS has been the introduction
of lung protective ventilation strategies which can be
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of tidal volumes and inspiratory alveolar pressures these
strategies aim at preventing ventilation induced lung
injury (VILI) by minimizing tidal overdistension and

recruitment (4). However, the heterogenous nature of
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Clinical Expression Potentiallly modifiable factors Potential Interventions
Gas exchange impairment Correct gas exchange abnormalities
Mild PAH Hypoxemia Avoid acidosis
Respiratory Acidosis
Moderate PAH

Interstitial/alveolar lung oedema Judicious fluid/hemodynamic management
RV dysfunction

Lung Heterogeneity Lung protective Ventilation
Collapse Reduce Lung heterogeneity
Severe PAH Overdistension Prone Positioning
Cor Pulmonale

Lung Recruitment-individualized PEEP
RV Failure
Pulmonary vascular mechanics Selective pulmonary vasodilation

PA vasconstriction Reduce lung heterogeneity

PA elastance

Wave-reflection phenomena

MOD

Figure 1 Pulmonary vascular dysfunction in ARDS. PAH, pulmonary artery hypertension; RV, right ventricular; MOD, multi-organ
dysfunction; ARDS, acute respiratory distress syndrome.

the parenchymal lung involvement creates important Pulmonary vascular dysfunction (PVD)

ional diff h | lify 1 i
regional difterences ‘ a.t greatly amphty e tssue The pulmonary vascular involvement in ARDS was first
strain that can trigger an inflammatory response in those .
areas receiving a disprovortionately hich local tidal described more than 40 years ago (6). Now referred to as

Vv
& prop y g PVD, this term encompasses the structural and functional

pathophysiological changes affecting the vascular compartment
and the RV in ARDS. These changes include pulmonary
vasoconstriction induced by hypoxia and/or the release of

volume (5). The ventilator management of ARDS has
mainly focused on preventing the deleterious effects of
mechanical ventilation on the alveolar compartment.
Surprisingly, the effects on the vascular spaces
have received much less attention, even though the
pathophysiological involvement of the microcirculation

vasoactive inflammatory mediators, microvascular thrombosis,
reduction in functional lung volume, direct inflammatory
) . . endothelial damage and vascular remodeling phenomena (12).
and its effect on pulmonary hemodynamics and right .. ge . Cng Phe 12

The clinical expression of PVD is an increase in pulmonary
arterial (PA) pressure and vascular resistance (PVR). It

should be considered as a continuum during the course

ventricular (RV) function have been known for long
(6-8). Furthermore, the close link between the airway
and vascular spaces in the pathophysiology of VILI has . . .
been well established experimentally and is referred to of ARDS ranging from mild pulmonary hypertension,
as vascular VILI (9). Recently, a unifying parameter,

the inspiratory driving pressure, has been identified as

invariably present in most ARDS patients, to more
severe pulmonary hypertension and ultimately RV failure
(Figure 1). Although not unequivocally established (13)
accumulating clinical data strongly suggest a prognostic link
between PVD and outcome in ARDS (11,14). Furthermore,
an elevated physiological dead-space, an indirect marker

the single most relevant independent factor mediating
outcome in ARDS (10). This easy to measure parameter,
obtained by substracting total PEEP from plateau pressure,
is closely related to th lic tidal strain i d on th
e o.se y rea e: o the eye 1(.: 1qat strailt 1@pose on .e of PVD as it reflects early microvascular alterations, has
functional ventilated lung. Being an expression of the ratio . . . .
been a consistent independent predictor of ARDS mortality
(15,16). In nearly 25% of patients PVD evolves to its most

severe form acute cor-pulmonale with overt RV failure (17)

between the delivered tidal volume and lung compliance,
driving pressure integrates information on the effects of

idal vol 1 d PEEP. An el d
tdal volume, plateau pressure an n clevate in which the reported associated mortality has been as high

driving pressure is not only a risk factor for damaging the as 60-70% (1),

alveolar compartment but has also been recognized as the
main independent ventilatory factor causing PVD (11).

In this report, we will discuss key pathophysiological Pathophysiological aspects of pulmonary and RV
aspects of the interaction between the lung, the pulmonary hemodynamics
c1rculaF10n and the right heart .and. discuss managem.ent The effects of mechanical ventilation
strategies to prevent the negative impact of mechanical

ventilation on this interaction in ARDS. The pulmonary circulation is a low pressure—low
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resistance circuit that together with the RV and the lung
shares a common physical space in the thoracic cavity.
Their operation and interaction are thus influenced by the
pressure level surrounding these structures, the pleural
pressure, and the cyclic changes in the lung distending
pressure, the transpulmonary pressure (i.e., the alveolar
minus pleural pressure). During normal breathing pleural
and transpulmonary pressure swings are of very low
magnitude, slightly above and below atmospheric levels
minimizing lung stress, facilitating venous return and
optimizing ventilation and perfusion matching. This
balance is profoundly affected during positive pressure
ventilation. The operating pressure is increased to a
continuous level, the positive end-expiratory pressure
(PEEP) which is transmitted to the right atrium directly
reducing the pressure gradient for venous return. In
addition, transpulmonary pressure swings above PEEP
become significantly higher affecting RV afterload. Both,
RV and pulmonary circulation can normally adapt to these
changes. However, under pathological conditions such as
ARDS, where higher than normal pressures are applied in
a heterogeneously diseased lung, this adaptation capacity is
critically challenged.

Pulmonary vascular mechanics

To accommodate the entire output of the RV, normal
pulmonary vessels are highly distensible offering a low
resistance to flow. This low PA elastance is essential to
maintain RV efficiency, that is, the effective transfer of power
from the ejecting ventricle to the pulmonary circulation at
the lowest energetic cost. This critical dependency between
RV and pulmonary vascular mechanics is represented
by the concept of ventricular-vascular coupling (18).
In patients with pulmonary hypertension, the increase in
proximal arterial elastance, described as arterial stiffness,
is believed to mark the beginning of the transition from a
compensated to a non-compensated RV dysfunction and is
a strong predictor of mortality (19,20). Increased proximal
arterial elastance may also be an important early component of
PVD during ARDS due to the predominant vasoconstrictive
state caused by hypoxemia, hypercapnic and metabolic acidosis,
vasoactive mediators and the reduction of functional lung
volume (Figure I). Most of these factors primarily affect medial
and distal PA segments but result in dilation of proximal
segments that become stiffer (21). It has been established that
this increase in PA elastance is probably as important as an
elevated PVR in increasing RV load (22). Another important
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but less studied factor that affects ventricular-vascular coupling
is related to wave reflection phenomena. Ventricular systole
generates a pressure and flow wave that travels through
the pulmonary circulation and is reflected in the distally
branching arterial tree. When the forward pressure and
flow waves generated during RV systole meet the backward
returning wave, pressure is increased and flow decreased. In
the normal pulmonary circulation wave reflection phenomena
are negligible as reflected waves arrive during the diastolic
period. However, in pathological conditions with increased PA
elastance and resistance, reflected waves are regularly present
travel faster and thus arrive earlier during systole affecting
RV ejection and efficiency (23). The site of the reflected
wave arrival can often be seen by a notching in the ejective
phase of the systolic portion of the PA waveform and the
pressure increase above this point is the amplified load that
the RV has to overcome. Pulmonary wave reflections have
been documented in patients with pulmonary hypertension
by time domain analysis of the pulmonary artery pressure
waveform (24) but have not been evaluated in ARDS patients.
In a recent experimental ARDS study PA wave reflections
had an important contribution to RV afterload and could be
modulated by the lung condition (23) (Figure 2).

Clinical assessment of pulmonary
hemodynamics and RV function

Pulmonary artery catheter

One of the reasons of the reduced attention devoted to
PVD in ARDS may be related to the intrinsic difficulty to
properly assess pulmonary circulation and RV function at
the bedside. The pulmonary artery catheter was essential
in the detection and first description of PVD (6) but, its
current clinical use has declined significantly. It provides
a direct continuous monitoring of pulmonary artery
pressure waveforms and it measures PA occlusion pressure
and RV cardiac output by thermodilution. This allows to
calculate pulmonary vascular resistance (PVR), i.e., the
ratio of mean transpulmonary arterial pressure drop to
cardiac output, the main clinical estimate of RV afterload.
By using mean values however, PVR represents only the
steady-state opposition to ventricular output neglecting
the pulsatile nature of pulmonary flow and pressure which
can significantly contribute to RV load. The calculation of
PVR is also based on assumptions, such as that flow occurs
through a rigid tube without branching and ignores the
role of inertance and blood viscosity, that are not met in
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Figure 2 Correlates of functional lung volume and pulmonary vascular mechanics. A sequence of 3 different levels of PEEP performed
during a decremental PEEP trial in an experimental porcine model of ARDS is presented. The sequence corresponds to the same animal
in different moments of the protocol. For each PEEP level the corresponding CT image and the pulmonary arterial (PA) waveform are
displayed. This example illustrates how the size of the functional (aerated) lung has a profound impact on pulmonary vascular mechanics: on
the absolute pressure values (SPAP, systolic PA pressure), the pulmonary arterial pulse pressure (PAP), the effect of wave-reflection presented
as the site of the incidence of the reflected wave seen as a distinctive notching in the systolic portion (Pi) and the augmented pressure due
to the effect of the backward reflected pressure wave represented as AP. This augmented pressure is an additional load component that the
RV must overcome during ejection due to wave reflection phenomena. Note that despite the lower levels of PEEP, RV afterload is greatly

increased as shown by the higher PA values, higher PA pulse pressure and higher augmented pressure. PEEP, positive end-expiratory

pressure; ARDS, acute respiratory distress syndrome; RV, right ventricular.

the pulmonary circulation. In fact, RV afterload is a much
more complex concept that should include all the factors
that oppose efficient ventricular ejection including vascular
stiffness and ventricular-vascular coupling phenomena
that better describe the dynamically changing conditions
in which the RV must operate. More specific methods
to assess total RV load and pulmonary circulation such
as PA impedance and its components, arterial elastance
and advanced instantaneous flow and pressure waveform
analysis would be needed to more comprehensively assess
RV afterload. Although such methods have provided very
useful mechanistic insights in the pathophysiology of heart-
lung interactions they are not available for clinical use.

Echocardiography

Echocardiography has become a very useful first line
bedside diagnostic tool to assess RV function (25) and to
detect the presence of PVD (17). It informs about RV
dimensions and function and can provide estimates of
RV outflow, PA pressure and assess preload dependency.

© Annals of Translational Medicine. All rights reserved.

It also evaluates parameters that describe the interaction
between RV and pulmonary circulation such as an estimate
of PVR (26), RV ejection efficiency (27) and speckle
tracking (28). Echocardiography provides the currently
accepted diagnostic criteria for moderate PVD: pulmonary
artery systolic pressure >40 mmHg and severe PVD: RV to
left ventricular end-diastolic area ratio <0.6 and end-systolic
paradoxical septum motion (11). However, echocardiographic
assessment of PVD is not always easy due to the complex
RV shape and the quality of the acoustic window
often compromised in ventilated patients. In addition,
echocardiography only offers intermittent evaluations
precluding the longitudinal assessment over time and during
specific interventions or changing conditions.

Management strategies to improve heart-lung
interactions in ARDS

Whether the clinical expression of PVD remains as a mild
pulmonary hypertension or evolves to acute cor-pulmonale
depends on the extent of the intrinsic vascular involvement
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related to ARDS, but also on the clinical and ventilatory
management. General therapeutic interventions such as
the specific treatment of the precipitating cause of ARDS,
adequate hemodynamic management with judicious fluid
administration, especially in the post-resuscitation phase
and correction of gas exchange abnormalities are mandatory.
Implementing therapeutic strategies directly aimed at
improving or reversing factors related to the development
of PVD would be of particular interest (Figure I).

Pulmonary vasodilators

Selective pulmonary vasodilators such as inhaled nitric
oxide (iNO), prostacyclin and epoprostenol are attractive
therapeutic options for PVD as they directly reduce PA
pressure and PVR without systemic hemodynamic effects (29).
Data on the most studied agent, iNO are inconclusive
and clinical trials have not demonstrated any outcome
benefit (30). However, the study protocols tested to date
have not been specifically targeted to improve PVD which
may require different doses and therapeutic strategies.
Interestingly iNO is still a commonly used rescue therapy
in ARDS patients (31). The role of other vasodilators such
as phosphodiesterase-5 inhibitors or endothelin-receptor
antagonists in the treatment of PVD in ARDS is not known.

Lung protective ventilation strategies

The role of mechanical ventilation is of particular interest
as it constitutes a potentially modifiable factor that, with the
appropriate settings, can modulate heart-lung interactions.
The use of high tidal volumes, plateau and driving pressures
have shown to directly cause (11,32) or worsen PVD (33).
Lung protective ventilation strategies have therefore an
important role in the prevention of the occurrence and
progression of PVD and RV failure (34). Recently described
RV protective ventilation strategies recommend the
limitation of plateau and driving pressures by using low tidal
volumes and moderate levels of PEEP (35). The importance
of functional lung volume is also increasingly recognized
and is well explained by the u-shaped relation between
lung volume and PVR. At high lung volumes compression
of alveolar vessels directly increases PVR. At low volumes
the lung tends to collapse triggering hypoxic pulmonary
vasoconstriction, affecting extra-alveolar vessels’ geometry
and causing capillary de-recruitment. Collapse also increases
lung heterogeneity and reduces the size of the functional
lung that participates in tidal ventilation. In this condition,
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and depending on the amount of lung collapse which can be
extensive in ARDS (36,37), even recommended lower tidal
volumes can cause significant lung overdistension (38) with
obvious negative consequences for both air and vascular
spaces. This may explain, at least in part, why the reported
incidence of PVD in the era of lung protective ventilation is
still high (11,14).

The role of PEEP

During mechanical ventilation lung volume is critically
affected by the level of PEEP. In ARDS lungs normally
aerated and non-dependent overinflated lung regions often
coexist with dependent lung collapse. In such conditions,
the theoretical beneficial effects of lower PEEP on
pulmonary circulation and RV function can be offset by
the negative consequences of collapse whereas high levels
can be either beneficial when promoting recruitment or
detrimental when contributing to further overdistension.
In other words, how PEEP affects lung volume is a major
determinant of its effects on afterload (Figure 2). A good
example illustrating this comes from a recent study on the
prevalence of PVD in which patients developing acute
cor pulmonale were in fact ventilated with lower levels of

PEEP (11).

Promne positioning

One effective way to reduce lung heterogeneity is prone
positioning. By modulating the vertical pleural pressure
gradient, proning homogenizes the regional distribution
of transpulmonary pressures reexpanding dependent lung
regions (39). This increase in functional lung volume by
recruitment may well be one of the main mechanisms
behind the described RV unloading effects of prone
positioning (40,41).

In a recent randomized controlled trial in severe ARDS
patients lung protective ventilation in the prone position
resulted in a significant improvement in survival and
interestingly in less cardiovascular dysfunction (42). Proning
also usually results in better oxygenation and carbon dioxide
elimination, which per se contributes to RV unloading.

The open lung approach (OLA)

A potentially more efficient way to reduce lung
heterogeneity and prevent PVD is the OLA ventilation
strategy. It aims at restoring the functional size of the lung

atm.amegroups.com Ann Transl Med 2018;6(2):27
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Figure 3 Example of changes in airway, transpulmonary and pulmonary arterial pressure in response to lung recruitment. This example
presents the simultaneous recording of airway, transpulmonary and pulmonary arterial pressures in a patient during cardiac surgery in
which two consecutive maneuvers were performed. Clear systolic and pulse PA pressure changes occur after each maneuver. The circles
highlight the condition reached after recruitment when final protective ventilator settings were adjusted with a PEEP level of 10 and a
reduced driving pressure which corresponds to a reduced transpulmonary driving pressure and pulmonary artery pulse pressure. Also note
that expiratory transpulmonary pressure remains positive after the first recruitment suggesting an open lung condition. In the lower panel
selected individual PA waveforms from different moments of the sequence are presented. Note the different morphology and amplitude.

PEEP, positive end-expiratory pressure; PA, pulmonary arterial.

by combining lung recruitment with an individualized
selection of PEEP. Beneficial effects on PVD of such

effects of recruitment on PA pressures, pulsatility and
waveform morphology in a cardiac surgery patient.

a strategy have been recently demonstrated in patients
submitted to cardiac surgery (43). Recruitment immediately
after bypass weaning resulted in improved RV function
assessed by echocardiography. Figure 3 illustrates the

© Annals of Translational Medicine. All rights reserved.

Key to the OLA strategy is the appropriate individual
selection of PEEP after lung recruitment. By using clinical
parameters such as dynamic compliance a decremental
PEEP trial aims at finding the minimum level i.e., the
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open lung PEEP that prevents lung collapse (44,45).
By maintaining this level, ventilation can then be set
at the minimum possible driving pressure to minimize
tidal overdistension. When successfully applied in a
responding patient this strategy places tidal ventilation at
the nadir of the PVR-lung volume relationship and the
individualized PEEP level represents the best compromise
between lung collapse and overdistension. Open lung
PEEP levels frequently reach initial values of 15 to
17 cmH,0O that in a recent randomized controlled trial
were not associated with negative hemodynamic effects
when compared with the standard ARDSnet strategy (45).
The effects of open lung PEEP on PVD has been recently
evaluated in an experimental ARDS model by advanced
analysis of pulmonary vascular mechanics. Open lung
PEEP levels averaged 19 cmH,O and resulted in less
wave refection phenomena and a lower PA effective
elastance without affecting oxygen delivery and systemic
hemodynamics when compared to 10 cmH,O PEEP a level
commonly used in ARDS patients (23).

Conclusions

ARDS is still associated to a high mortality and the
importance of pulmonary vascular and RV involvement in its
pathophysiology and prognosis is increasingly recognized.
The way the heart and the lungs interact during mechanical
ventilation in ARDS is complex and difficult to evaluate at
the bedside. Classic hemodynamic assessment such as PVR
has important limitations as RV afterload is dynamically
affected by many other factors related to pulmonary
vascular mechanics and ventricular vascular coupling. Better
understanding the complex pathophysiology governing heart
lung interactions during the mechanical ventilatory support
of ARDS is essential to adequately implement therapeutic
interventions to prevent the occurrence and progression of
both pulmonary and vascular dysfunction. The adoption of
these therapeutic interventions should be considered early in
the course of ARDS in order to impact outcome.
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