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Abstract 
Rationale: Acute respiratory distress syndrome (ARDS) is frequently associated with hemodynamic instability which 
appears as the main factor associated with mortality. Shock is driven by pulmonary hypertension, deleterious effects 
of mechanical ventilation (MV) on right ventricular (RV) function, and associated-sepsis. Hemodynamic effects of ven-
tilation are due to changes in pleural pressure (Ppl) and changes in transpulmonary pressure (TP). TP affects RV after-
load, whereas changes in Ppl affect venous return. Tidal forces and positive end-expiratory pressure (PEEP) increase 
pulmonary vascular resistance (PVR) in direct proportion to their effects on mean airway pressure (mPaw). The acutely 
injured lung has a reduced capacity to accommodate flowing blood and increases of blood flow accentuate fluid 
filtration. The dynamics of vascular pressure may contribute to ventilator-induced injury (VILI). In order to optimize 
perfusion, improve gas exchange, and minimize VILI risk, monitoring hemodynamics is important.

Results:  During passive ventilation pulse pressure variations are a predictor of fluid responsiveness when conditions 
to ensure its validity are observed, but may also reflect afterload effects of MV. Central venous pressure can be helpful 
to monitor the response of RV function to treatment. Echocardiography is suitable to visualize the RV and to detect 
acute cor pulmonale (ACP), which occurs in 20–25 % of cases. Inserting a pulmonary artery catheter may be useful to 
measure/calculate pulmonary artery pressure, pulmonary and systemic vascular resistance, and cardiac output. These 
last two indexes may be misleading, however, in cases of West zones 2 or 1 and tricuspid regurgitation associated with 
RV dilatation. Transpulmonary thermodilution may be useful to evaluate extravascular lung water and the pulmonary 
vascular permeability index. To ensure adequate intravascular volume is the first goal of hemodynamic support in 
patients with shock. The benefit and risk balance of fluid expansion has to be carefully evaluated since it may improve 
systemic perfusion but also may decrease ventilator-free days, increase pulmonary edema, and promote RV failure. ACP 
can be prevented or treated by applying RV protective MV (low driving pressure, limited hypercapnia, PEEP adapted to 
lung recruitability) and by prone positioning. In cases of shock that do not respond to intravascular fluid administration, 
norepinephrine infusion and vasodilators inhalation may improve RV function. Extracorporeal membrane oxygenation 
(ECMO) has the potential to be the cause of, as well as a remedy for, hemodynamic problems. Continuous thermodi-
lution-based and pulse contour analysis-based cardiac output monitoring are not recommended in patients treated 
with ECMO, since the results are frequently inaccurate. Extracorporeal CO2 removal, which could have the capability to 
reduce hypercapnia/acidosis-induced ACP, cannot currently be recommended because of the lack of sufficient data.
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Introduction
Acute respiratory distress syndrome (ARDS) is frequently 
associated with hemodynamic instability. More than 60 % 
of patients experience hemodynamic failure [1] and around 
65  % require infusion of catecholamines [2]. Circulatory 
failure consistently appears as the main factor associated 
with mortality, an association much higher than that relat-
ing to degree of hypoxemia [3]. In ARDS, shock is driven 
by three main factors: (1) pulmonary hypertension due to 
microthrombi, arterial remodeling and vasoconstriction 
from hypoxia, acidosis and/or inflammatory mediators, 
(2) deleterious effects of mechanical ventilation on right 
ventricular (RV) function, and (3) sepsis-induced tissue 
demands coupled to hemodynamic dysfunction. Patients 
may also develop shock because of co-existent left ven-
tricular impairment by acute or chronic cardiac disease. 
Sepsis, the most common cause of shock in ARDS, may be 
associated with distributive hypovolemia, vasoplegia, and 
myocardial depression. Pulmonary hypertension-related to 
ARDS, sepsis-induced vascular dysfunction, and mechani-
cal ventilation can all combine to produce RV failure, either 
by preload insufficiency or by excessive afterload.

Hemodynamic effects of mechanical ventilation
Hemodynamic effects of ventilation on the heart are mainly 
due to changes in pleural pressure (Ppl) and changes in 
transpulmonary pressure (TP). Changes in Ppl primarily 
affect inflow to the RV and outflow from the left ventri-
cle (LV). Changes in TP primarily effect outflow from the 
RV and inflow to the LV. Change in Ppl is a key factor [4]. 
While the systemic circulation is surrounded by unvarying 
atmospheric pressure, vascular structures in the chest are 
surrounded by Ppl, which changes relative to atmospheric 
pressure throughout the respiratory cycle [5]. The decrease 
in Ppl during spontaneous inspiratory efforts, whether in a 
ventilated or non-ventilated patient, effectively lowers the 
pressure baseline of the heart relative to the rest of the body, 
and increases the gradient for the return of blood to the RV. 
The transient inspiratory increase in RV filling is passed to 
the LV over the next few beats. Release of inspiratory effort 
raises Ppl and produces a small expiratory rise in arterial 
pressure. When Ppl decreases and intracavitary cardiac 
pressures are lowered relative to atmosphere, LV afterload 
is increased because the heart needs more force to main-
tain normal arterial pressure [6]. Increased LV afterload and 
increased RV filling during repetitive large negative swings 
in Ppl can increase pulmonary blood volume considerably, 
even producing pulmonary edema when LV function is 
decreased and capillary permeability is increased.

Inflation with positive airway pressure does the oppo-
site. Increasing Ppl by positive airway pressure decreases 
LV afterload but there is little benefit for cardiac output 
because venous return simultaneously decreases. The 

increase in Ppl transiently decreases venous return to the 
RV and eventually to the LV. Falling Ppl tends to decrease 
systemic arterial pressure during expiration. The pressure 
gradient from the upstream large venous reservoir to the 
heart normally is only 4–8 mmHg [7]. Thus, by increas-
ing the right atrial back pressure, small changes in Ppl 
can exert relatively large effects on cardiac output. When 
positive end-expiratory pressure (PEEP) is present, the 
gradient for venous return is decreased throughout the 
ventilatory cycle. A reflex decrease in vascular capaci-
tance or infusion of fluid then is necessary to maintain 
the venous pressure gradient and cardiac output [6]. As 
an approximate guide, in normal subjects, about 50 % of 
the change in alveolar pressure is transmitted to Ppl. Dis-
eased lungs are stiffer so that less is transmitted. Because 
the normal right ventricle is highly compliant but has 
limited myocardial thickness and contractile power, it is 
relatively more sensitive to afterload than to variations of 
preload. However, whatever its cause, e.g., external pres-
sure or impeded RV ejection, intracavitary right atrial 
pressure is a potent determinant of venous return.

TP, the difference between alveolar pressure and Ppl, 
determines lung volume in conjunction with lung com-
pliance. When Ppl exceeds pulmonary venous pressure, 
microvascular collapse produces West zone  2 condi-
tions [8]. When regional pleural and interstitial pressures 
exceed pulmonary arterial pressure, pulmonary blood 
flow is largely obstructed through that lung region (West 
zone  1) [8]. Under both conditions, alveolar pressure 
becomes the outflow pressure for the RV and can con-
siderably increase the RV afterload [9]. This is important 
in septic, post-cardiac surgery, and ARDS patients with 
decreased RV function and low lung compliance.

The acutely injured lung has a reduced capacity to 
accommodate flowing blood due to inflammation, con-
solidation, compressive vascular collapse, and micro-
thrombosis [10] while its gas exchange barrier leaks 
easily in response to transmural hydrostatic pressure 
[11]. Increased permeability characterizes pre-alveolar, 
post-alveolar, and capillary microvessels. Because a large 
fraction of total pulmonary vascular resistance (PVR) 
dissipates across the microvasculature, increases of blood 
flow during ARDS accentuate fluid filtration. Moreover, 
depleted capillary reserve heightens both mean vascular 
pressure and its response to variations of cardiac out-
put. During controlled ventilation, tidal forces and PEEP 
increase PVR and Ppl in direct proportion to their effects 
upon mean alveolar pressure, which is clinically approxi-
mated as mean airway pressure (mPaw). PEEP is a promi-
nent but not sole determinant of mPaw, which is also 
increased by the longer duty cycles and/or higher tidal 
driving pressures that characterize greater minute venti-
lation [12]. Raising mPaw not only increases average lung 
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size but also pushes the chest wall outward by increment-
ing Ppl. Higher mPaw simultaneously distends lung units 
already open and encourages microvascular closure, 
even as it increases lung unit number by recruitment. In 
ARDS patients with highly recruitable lung units, main-
taining a relatively open lung while limiting overdisten-
tion improves vascular resistance. Yet, at high levels of 
mPaw the net result is to encourage West zone 2 condi-
tions, thereby raising effective vascular resistance within 
the aerated compartment, redirecting blood flow toward 
poorly ventilated units, increasing dead space, and after-
loading the RV [13]. Occasionally, elevated right-sided 
pressures increase shunt through a patent foramen ovale 
and in severe ARDS overdistend the afterload-sensitive 
RV. Such overdistention functionally stiffens the left ven-
tricle, which becomes interdependent of its right-sided 
counterpart via their shared septum, circumferential 
muscle fibers, and pericardial space [14]. If cardiac output 
remains unchanged, reduced left ventricular compliance 
mandates higher left atrial and pulmonary venous pres-
sures, which in turn increase the tendency for edema to 
form. The increased right atrial pressure that results from 
higher Ppl and RV afterload also imposes back pressure 
on venous return that limits effectiveness of fluid loading 
and may reduce cardiac output unless compensated by 
increased upstream filling and vascular tone. Although 
abnormally high at rest, Ppl in ARDS rises relatively little 
as mPaw increases [15], whereas PVR escalates progres-
sively. Resistance to systemic venous return can also rise 
as the vena cava is compressed at the thoracic inlet dur-
ing lung expansion [16], but this effect is usually minor. 
Conversely, selective increases of abdominal pressure 
tend to translocate blood volume into the thorax and 
therefore to increase edema formation [17].

Vascular considerations in ventilator-induced lung 
injury
Ventilator-induced lung injury (VILI) arises from static 
and dynamic forces that affect the airspaces and epithe-
lium [18]. However, the alveolus is a fragile membrane 
separating gas and blood so that once the ventilating 
forces are sufficiently high, vascular pressures and flows 
might strongly influence the severity of VILI [19]. Pul-
monary edema depletes surfactant and promotes stress-
focusing interfaces between closed and open lung units 
[20]. Experimentally, raising precapillary vascular pres-
sure intensifies VILI, as does lowering postcapillary pres-
sure if precapillary pressure is held constant [21]. The 
reason for the latter remains unclear, but one attractive 
hypothesis is that promoting West zone  2 conditions 
produces microvascular waterfalls (pressure gradients) 
that impose poorly tolerated shear stress and/or dissipate 
excessive energy across the vascular endothelium [19]. 

Directing the globally increased cardiac output of ARDS 
through fewer available vascular channels also boosts 
luminal velocity of blood flow. Experimental observations 
demonstrate that for a given combination of tidal airway 
pressures and breath frequency, reducing vascular flow 
and flow velocity downgrades capillary stress injury and 
VILI [22]. Conversely, without changing the magnitudes 
or profiles of airway and vascular pressures, reducing the 
frequency of lung stretch improves tissue tolerance [23]. 
As with the airspaces, the dynamics of vascular pressure 
may contribute to injury. Confirmatory clinical studies 
targeted specifically at defining the vascular contribu-
tion to VILI are both difficult and currently lacking. Yet, 
taken together, available experimental and anecdotal [24] 
observations suggest the value of reducing ventilatory 
and oxygen demands to avoid adverse two-way interac-
tions between ventilation and perfusion.

Hemodynamic monitoring
For optimizing perfusion, improving gas exchange, and 
minimizing VILI risk, monitoring hemodynamics is of 
utmost importance in patients with ARDS. Insertion of 
an arterial catheter allows real-time monitoring of blood 
pressure and of pulse pressure variation (PPV) (Fig.  1). 
When appropriately observed and interpreted, PPV is a 
good predictor of fluid responsiveness [25, 26]. By indi-
cating that stroke volume markedly changes during 
swings of positive pressure, high values of PPV suggest 
that the patient is fluid responsive. However, PPV is not 
valuable in cases of spontaneous breathing activity, low 
tidal volume, and low lung compliance—all conditions 
frequently encountered in ARDS. Nevertheless, if PPV 
is high (>12 to 13 %) while tidal volume or lung compli-
ance is low, it is likely that the patient is preload respon-
sive. In such cases, cardiac output should increase with 
fluid administration [25] but decrease with increments of 
PEEP [27]. In some cases of severe RV failure, a high PPV 
could be a sign of RV afterload dependence rather than of 
fluid responsiveness. This should prompt the clinician to 
assess RV function with echocardiography and/or to fol-
low the changes in PPV during passive leg raising (PLR). 
A decrease in PPV during PLR suggests fluid responsive-
ness, whereas no change could indicate the presence of 
RV afterload dependence.

A central venous catheter is mandatory in most cases 
of ARDS when vasoactive drugs are required and allows 
measurements of both central venous pressure (CVP) 
and central venous oxygen saturation (ScvO2). Although 
CVP is a poor predictor of preload responsiveness, it is 
helpful to monitor the response of RV function to treat-
ment. Measuring the esophageal pressure, a surrogate for 
Ppl, allows estimation of right atrial transmural pressure 
(right atrial pressure minus Ppl), facilitating assessment 
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of how tidal ventilation affects hemodynamics. Unfor-
tunately, routinely measuring esophageal pressure cur-
rently remains a challenge.

Echocardiography should be performed early in the 
course of management to quickly obtain information on 
ventricular dimensions and function, to assess changes 
in cardiac output in response to therapy, to observe vena 
caval dimensions during the tidal cycle, and to assess 
preload adequacy by responsiveness to tests such as PLR. 
Transthoracic echocardiography (TTE) is noninvasive 
and gives reliable information in most cases. However, 
when TTE is limited by poor echogenicity, transesopha-
geal echocardiography (TEE) may prove helpful. TEE 
more accurately detects acute cor pulmonale (ACP) than 
TTE [28]. During ARDS, assessing RV size is a key objec-
tive which may be easily attained by comparing the RV 
end-diastolic area (RVEDA) with the LV end-diastolic 
area (LVEDA) [29]. An RVEDA/LVEDA ratio between 0.6 
and 1 indicates moderate RV dilatation while an RVEDA/
LVEDA ratio >1 indicates severe RV dilatation. ACP has 
been defined as the combination of an RVEDA/LVEDA 
ratio >0.6 and the presence of a paradoxical septal motion 
during end-systole [29]. The echocardiographic examina-
tion should be completed by determination of LV ejec-
tion fraction, LV end-diastolic area, cardiac output, and 
markers of LV filling pressures.

In patients with severe ARDS or sepsis-associated 
disorders that do not respond to the initial therapy, 
advanced hemodynamic monitoring should be consid-
ered [30]. In these cases, inserting a pulmonary artery 
catheter (PAC) may be useful [30]. It allows measure-
ment of pulmonary artery pressure (PAP) and pulmonary 
artery occlusion pressure (PAOP) and calculation of pul-
monary and systemic vascular resistance. During venti-
lation with high PEEP, calculating the transmural value 
of PAOP [31] allows estimation of true LV filling pres-
sure. The PAC also allows monitoring of cardiac output 
and mixed venous oxygen saturation (SvO2), two indexes 
that serve to assess the response to key therapies (PEEP, 
fluids, drugs). In cases of tricuspid regurgitation associ-
ated with RV dilatation, measurements of cardiac output 
can be erroneous. In the context of ARDS, West zones 1 
and 2 can be abnormally extended as a result of a high 
TP, especially in cases of hypovolemia. Thus, calculated 
PVR may underestimate the true resistance of the pulmo-
nary vascular tree. In such a context, the transpulmonary 
pressure gradient (mean PAP − PAOP) remains valuable 
in assessing the degree of pulmonary vascular abnormal-
ity [32].

Transpulmonary thermodilution systems can also 
be used in complex situations [30]. Apart from cardiac 
output, the most useful transpulmonary thermodilu-
tion-derived variables are extravascular lung water and 
pulmonary vascular permeability index, particularly in 
ARDS [33]. Measurement of these indicators may help 
assess the risk of fluid overload in ARDS. Additionally, 
transpulmonary thermodilution serves to calibrate the 
pulse contour method that allows monitoring cardiac 
output in real time from a femoral artery pressure curve. 
Preload responsiveness indices such as PPV and stroke 
volume variation (SVV) are also provided by pulse con-
tour analysis. However, this technique has been reported 
as inaccurate in ARDS patients with a patent foramen 
ovale.

Multiple invasive (e.g., radial artery catheter) and non-
invasive (e.g., volume clamp and applanation tonometry) 
uncalibrated pulse contour methods have been devel-
oped in the last 10 years. However, such tools cannot be 
recommended for ARDS patients as they can only pro-
vide continuous cardiac output, PPV, and SVV values, 
and validity has been seriously questioned in the pres-
ence of sepsis and/or vasopressor use.

Key steps in hemodynamic management (Tables 1 
and 2)
In ventilated ARDS patients, the first step is to deter-
mine if tissue perfusion is adequate. In order to ensure 
adequacy of intravascular volume or preload there are 
three methods: ultrasound evaluation of inferior vena 

Fig. 1 Management of hemodynamic failure based on the monitor-
ing of pulse pressure variation (PPV). RV right ventricle, SVC superior 
vena cava, ICV inferior vena cava, CVP central venous pressure, ACP 
acute cor pulmonale, Pplateau plateau pressure
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cava dimension and filling dynamics, pulse pressure 
variation observations, and/or central venous pressure 
monitoring in response to intervention. Urine output 
and metabolic acidosis are also standard clinical indices 
of tissue perfusion. Volume resuscitation may include 
isotonic fluids and also red blood cells, especially if the 
hemoglobin is less than approximately 8 g/dL. Albumin 
may be considered, especially in cases of sepsis-related 
ARDS or severely decreased serum albumin. However, 
fluids should be administered cautiously since they may 
decrease oxygenation by increasing the quantity of pul-
monary edema, and may precipitate cor pulmonale as a 
result of the RV-specific properties in this situation of 
increased afterload [34]. Conversely, restriction of fluids 
may promote West zone 2 conditions. The risks and the 
benefits have to be carefully evaluated and use of just one 
approach to correct any parameters of fluid responsive-
ness is not appropriate since physicians have to take into 
account many other parameters such as tissue perfusion, 
oxygenation, and central venous pressure. Several experi-
mental studies of RV failure related to obstruction of pul-
monary circulation have reported the deleterious effect 
of excess fluids on cardiac output, blood pressure, and 
RV function, compared to norepinephrine [35]. Moreo-
ver, RV failure is the main factor limiting efficacy of fluid 
administration in restoring perfusion [36].

Finally, the Fluid And Catheter Treatment Trial 
(FACTT) from the ARDS Network, although carried 
out in patients who did not require vasopressor support, 
provided persuasive evidence that most ARDS benefits 

from a fluid conservative protocol when shock (vaso-
pressor dependence) is resolved. The fluid conserva-
tive protocol was associated with a significant increase 
in ventilator-free days, although it did not demonstrate 
a reduction in mortality [37]. Because the fluid con-
servative protocol was complex, the ARDS Network 
subsequently designed a simplified version of fluid man-
agement for patients with ARDS who were not in shock. 
This simplified version of fluid management, based on 
central venous pressure and urine output, was entitled 
‘FACTT-lite’, as shown in Table  1. A recent analysis of 
the FACTT-lite protocol versus the original FACTT 
protocol indicated that the FACTT-lite and FACTT 
conservative groups had similar ventilator-free days. 
Interestingly, prevalence of new-onset shock was lower 
in the FACTT-lite group than in the FACTT conserva-
tive group, while the prevalence of acute kidney injury 
was similar. This secondary analysis suggests that the 
FACTT-lite protocol had similar clinical outcomes com-
pared to the more detailed original FACTT conservative 
protocol [38]. 

Once adequacy of intravascular volume is ensured, 
the second step is to look for ACP, which is reported 
in around 20–25  % of ARDS patients [1]. In these, the 
key hemodynamic priority is to support the right ven-
tricle adequately. As emphasized above, once replete, 
further fluid expansion is usually useless and even delete-
rious. Norepinephrine has been reported to significantly 
improve RV function by restoring mean arterial pressure 
and RV blood supply, especially when deteriorated by 

Table 1 Guidelines for fluid management in ARDS patients (in the absence of shock)

The prospective randomized trial of 1000 patients in the FACTT NEJM 2006 trial [37] demonstrated the clinical value of a fluid conservative strategy in ARDS patients 
who are not in shock because there was strong evidence for more ventilator-free days (2.5 days) with a p value <0.001

Protocol meta-rules:

1. Discontinue maintenance fluids

2. Continue medications and nutrition

3. Manage electrolytes and blood products as per usual practice

4. Withhold diuretic therapy in renal failure (defined as dialysis dependence, oliguria with serum creatinine >3 mg/dL, or oliguria with serum creatinine 0–3 with 
urinary indices indicative of acute renal failure) and until 12 h after last fluid bolus or vasopressor given

Reprinted with permission of the Society of Critical Care Medicine [38]
a Recommended furosemide dosing = begin with 20 mg bolus or 3 mg/h infusion or last known effective dose. Double each subsequent dose until goal achieved 
(oliguria reversal or intravascular pressure target) or maximum infusion rate of 24 mg/h or 160 mg bolus reached. Do not exceed 620 mg/day. Also, if patient has heart 
failure, consider treatment with dobutamine

Central venous pressure (recommended) Pulmonary artery occlusion pressure 
(optional)

Mean arterial pressure ≥60 mmHg and off vaso-
pressors ≥12 h

Urine output <0.5 mL/kg/h Urine output ≥0.5 mL/
kg/h

>8 >12 Furosemidea; reassess in 1 h Furosemidea; reassess 
in 4 h

4–8 8–12 Give fluid bolus; reassess in 
1 h

Furosemidea; reassess 
in 4 h

<4 <8 Give fluid bolus; reassess in 
1 h

No intervention; reassess 
in 4 h
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high RV wall stress [39, 40]. A study performed in ARDS 
has also proposed to administer levosimendan, a calcium 
sensitizer, that could be especially indicated in this situa-
tion by its ability to restore the coupling between the RV 
(inotropic effect) and the pulmonary circulation (vasodi-
latory effect) [41]. However, more data are needed before 
recommending such an approach, which may simultane-
ously promote significant hypotension.

Inhaled selective pulmonary vasodilators have been 
proposed for patients with refractory hypoxemia. They 
may also improve RV function, but they have not yet been 
rigorously tested for this specific indication in ARDS. 
The two commonly used agents, inhaled nitric oxide 
(5–10 ppm) and inhaled prostacyclin (20–30 ng/kg/min), 
appear to have comparable efficacy in improving oxygen-
ation, though there is no evidence for improved clinical 
outcomes [42]. Both agents reduce pulmonary vascular 
resistance and improve ventilation/perfusion matching 
without inducing systemic hypotension. Their benefits 

often diminish, however, after the initial period of use. 
Systemic vasodilators have not been shown to be ben-
eficial in ARDS. Although some studies have suggested 
the possibility that anticoagulation therapy might help in 
ARDS, there have been no clinical trials to demonstrate 
improved clinical outcomes with anticoagulant therapy. 
In fact, a phase 2 clinical trial of activated protein C for 
the treatment of ARDS did not show benefit [43].

To apply a respiratory strategy aimed at unloading 
the right ventricle is a cornerstone of hemodynamic 
management. RV overload in ARDS relates to lung 
derecruitment [44], lung overdistension [45], and also 
hypoxic and hypercapnic pulmonary vasoconstriction 
[46–48], all of which are impacted strongly by ventila-
tory modalities and settings. Because severe RV failure 
has been reported to be independently associated with 
poor prognosis [1], the respiratory strategy should aim 
to promote cardiac function and limit the potentially 
adverse impact of ventilation. Recently, four risk factors 

Table 2 Key points for management of hemodynamic failure in ventilated ARDS

PH pulmonary hypertension, MV mechanical ventilation, VR venous return, LV left ventricle, RV right ventricle, PPV pulse pressure variations, CVP central venous 
pressure, RAP right atrial pressure, Ppl pleural pressure, PT transpulmonary pressure, mPaw mean airway pressure, Peso esophageal pressure, IVC inferior vena 
cava, PAC pulmonary artery catheter, TPT transpulmonary thermodilution, PAP pulmonary artery pressure, PAOP pulmonary artery occlusion pressure, MPAP mean 
pulmonary artery pressure, CO cardiac output, PVR pulmonary vascular resistance, SvO2 mixed venous blood oxygen saturation, EVLW extravascular lung water, PVPI 
pulmonary vascular permeability index, ACP acute cor pulmonale, PE pulmonary edema, AKI acute kidney injury, NE norepinephrine, PP prone position, HFOV high 
frequency oscillation ventilation, SB spontaneous breathing, vaECMO venoarterial ECMO, ECCO2R extracorporeal CO2 removal
a The opposite effects are observed when Ppl decreases
b Different studies have reported a cutoff value of 14 cmH2O for prognosis improvement. See for instance Ref. [79]

Hemodynamic failure Incidence Causes Prognosis

60–70 % Sepsis
PH
MV

+++

HL interactions Increase in Ppla Increase in PT, mPaw

Decrease in VR
Decrease in LV afterload
Decrease in Lung edema

Increase in RV afterload

Hemodynamic monitoring PPV CVP/RAP ECHO PAC/TPT device

Is mandatory
May indicate preload respon-

siveness
May indicate RV afterload 

dependency

Should be used
High when RV failure
Of limited value due to trans-

mitted pressure (Ppl)
Transmural pressure (RAP-

Peso) is more accurate

Is mandatory
May detect ACP
May measure IVC size

Could be considered
PAP
Transmural PAOP when high 

PEEP
MPAP − PAOP
CO and PVR can be erroneous
SvO2
EVLW, PVPI (TPT)

RV support Fluids Catecholamines Respiratory strategy Others

Excessive fluids is deleterious
  Inefficacy
  Risk of ACP
  Risk of PE

Conservative strategy is  
beneficial after resolution 
of shock

  Increase in ventilator-free 
days

  Decrease in new onset of 
shock

  Decrease in AKI?

NE is the drug of choice
Calcium sensitizer improves 

RV coupling but cannot be 
recommended

Optimize P/F
Limit PaCO2 <48 mmHg
Limit driving pres-

sure <18 cmH2Ob

Adapt PEEP (recruit without 
overdistend)

Consider PP
Avoid HFOV with high PEEP 

baseline
Avoid vigorous SB

Selective pulmonary vasodila-
tors could be considered

ECCO2R has to be evaluated 
to prevent VILI and protect 
the RV
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promoting RV failure have been reported, i.e., pneumo-
nia as a cause of ARDS, a PaO2/FiO2 ratio <150 mmHg, 
a driving pressure ≥18 cmH2O, and a PaCO2 ≥48 mmHg 
[1]. When all factors are present, the risk of RV failure 
exceeds 60 %, whereas when no factor is present the risk 
is less than 10 %. All but the first of these can be modu-
lated by adjusting the respiratory settings. Risk factor 
avoidance helps optimize hemodynamics, reverse pre-
existing RV failure, and improve prognosis [49]. Ide-
ally, PEEP should be optimized so as to benefit alveolar 
patency while avoiding deleterious (or even accomplish-
ing beneficial) effects on the pulmonary circulation, 
thereby unloading the right ventricle. On the one hand, 
sufficient PEEP is required to avoid lung derecruitment 
and the contribution to RV afterload induced by lung 
collapse [44]. On the other hand, PEEP-induced lung 
overdistension sequentially impairs the pulmonary cir-
culation, RV function, and hemodynamics [50–52]. 
This was recently illustrated using strain and strain 
rate echocardiography in normal lungs in pigs. In that 
study, high PEEP (above a value of 15  cmH2O) applied 
to normal lungs promoted overdistension and dramati-
cally worsened systemic hemodynamics owing to RV 
systolic dysfunction [53]. Respiratory modalities that 
promote high mPaw and lung overdistension should be 
avoided. These may include high frequency oscillation 
about a high PEEP baseline, an approach which has been 
reported to worsen prognosis, presumably as a result of 
the hemodynamic impairment [54] and RV failure [55]. 
From a hemodynamic point of view, vigorous spontane-
ous breathing also has to be avoided. Forceful inspiratory 
efforts augment transvascular pressure and the tendency 
for lung edema to form [56]. Interstitial pressure that 
surrounds the alveoli and the leaky vessels that perfuse 
them is traditionally equated with pressure at the pleural 
surface but may be regionally higher or lower within the 
mechanically heterogeneous injured lung [57]. Moreo-
ver, because the inflating force (including that needed 
to overcome airflow resistance) originates at the pleura, 
transmicrovascular pressures are especially high dur-
ing forceful spontaneous efforts [58] (Fig.  2). Finally, 
asynchronous ventilation and pendelluft [59, 60] could 
potentially impair the pulmonary circulation and RV 
function. Prone positioning (PP), by virtue of its ability to 
improve the uniformity of ventilation [61] and to attenu-
ate and redistribute VILI [62], may unload the right ven-
tricle. In two studies, PP actually restored RV function in 
patients with a previously overloaded right ventricle [63, 
64]. Such observations tally well with the capacity of PP 
to improve prognosis [65], which seems unexplained by 
amelioration of gas exchange [66]. In studies reporting 
such PP-induced improvement in RV function, the indi-
cation for proning was exclusively the severity of lung 

injury based on the PaO2/FiO2 ratio. It remains to be seen 
whether a strategy of turning patients prone on the basis 
of the existence of RV overloading is effective and could 
improve prognosis.

Place for extracorporeal circulation and its 
consequences
ECMO has potential to be the cause of, as well as a rem-
edy for, hemodynamic problems in ARDS. Venovenous 
extracorporeal membrane oxygenation (vvECMO) is 
used with increased frequency to avoid life-threatening 
refractory hypoxemia, and to reduce harm from ventila-
tion in patients with severe ARDS [67]. By its ability to 
increase blood oxygenation, vvECMO may also help to 
limit pulmonary artery hypertension and then to unload 
the right ventricle [68]. Venoarterial ECMO (vaECMO) 
not only avoids hypoxemia but also provides hemody-
namic stability in cases of cardiogenic shock provoked 
by various causes and refractory to medical treatment 
[69]. Venovenous extracorporeal CO2 removal (ECCO2R) 
is an approach that allows lower extracorporeal blood 
and sweep gas flows than vvECMO and vaECMO, and 
is primarily used to avoid unacceptable hypercapnia, 
acidosis, and/or injurious ventilator settings—condi-
tions that impact the heart as well as lungs [67]. The fol-
lowing choices have recently been recommended [70, 
71] (Fig.  3): vvECMO can be indicated in patients with 
severe ARDS within 7  days after onset and with persis-
tent life-threatening hypoxemia unresponsive to opti-
mized supportive therapy; vaECMO can be considered 

Fig. 2 Hypothetical effect of the pleural pressure during controlled 
and spontaneous breathing on transvascular pressure. In this 
illustration the lung distends to the same 30 cmH2O transpulmonary 
pressure by three combinations of alveolar and pleural pressure. If 
the luminal microvascular pressure is equivalent to 15 cmH2O, and 
interstitial pressure is assumed equal to pleural pressure, then the 
fluid-filtering transvascular pressure (PTV) in this extreme example 
would theoretically range from 5 to 25 cmH2O
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when ARDS is combined with severe cardiogenic shock 
with a very low cardiac output and reduced LV ejection 
fraction (confirmed by echocardiography and need for 
significant inotropic support and/or norepinephrine at 
dosages >0.5 µg/kg/min). Currently, ECCO2R cannot be 
recommended for ARDS without reservation owing to 
lack of sufficient data.

All ECMO techniques carry hemodynamic risks and 
their use requires expertise, experience, careful adher-
ence to routine, and an interdisciplinary approach [70]. 
Recommendations for hemodynamic monitoring and 
therapy in patients under ECMO with hemodynamic 
instability are still in development. Hemodynamic moni-
toring includes continuous monitoring of arterial blood 
pressure, repeated echocardiography [72], and continu-
ous recording of extracorporeal blood flow, especially 

in the case of vaECMO. Of note, continuous thermodi-
lution-based and pulse contour analysis-based cardiac 
output monitoring are not recommended in patients 
under ECMO, since the first may lead to erroneous 
results caused by indicator loss into the extracorporeal 
circuit [73] and the second may underestimate cardiac 
output [74]. Accurate recording of the fluid intake and 
output is important because a positive fluid balance has 
been identified as an independent predictor of outcome 
of patients receiving ECMO [75]. In general, hemody-
namic therapy requires a careful approach regarding vol-
ume replacement and vasopressor use. Hypovolemia may 
induce venous collapse during extracorporeal extraction 
of blood, causing cannula ‘suctioning’ and ‘chatter’ that 
result in flow reduction and hemolysis [76]. On the other 
hand, volume overload can aggravate lung edema, which 

moderate/severe ARDS        
PaO2/FIO2 
< 150 
begin ≤ 7 days 
 

- VT = 6 ml/kg/PBW 
- PEEP ≥ 12 cm H2O 
- prone posi#on 
- neuromuscular blockade 

PaO2/FIO2 
< 70 ≥ 3 h 
< 100 ≥ 6 h 
 -MAP ≥ 65 mmHg 

PaO2/FIO2 > 70 
-pH < 7.20 ≥ 6 h 
-Pplat > 28 cm H2O ≥ 6 h 

-Echo:  
sPAP > 40 mmHg, 
acute cor pulmonale  

   NOR ≤ 0.5 µg/kg/min 

+ NOR > 0.5 µg/kg/min 
 +/- severe LV-dysfunc#on 

vv-ECMO va-ECMO hemodynamic 
management 

avoid 
hypovolemia: 

-cannula cha$er 
-NOR ↑ 
-organ perfusion ↓ 

avoid 
hypervolemia: 
-lung edema 
-prognosis ↓ 

Monitoring: 
-MAP, ECMO-flow, Echo 
-pulse contour analysis (?) 
-daily fluid balance 
-SvO2, lactate 

  } 

Consider* 

ECCO2-R 

Fig. 3 Proposed algorithm regarding indications for ECMO/ECCO2R and hemodynamic management during ECMO/ECCO2R in patients with severe 
ARDS at risk of hemodynamic instability. Readers have to be cautioned that this algorithm was not previously validated. VT tidal volume, Pplat inspira-
tory plateau pressure, MAP mean arterial pressure, NOR norepinephrine, SvO2 central venous oxygen saturation. Asterisk as re-emphasized in the 
text, this is currently not evidence-based data
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in turn worsens outcome [75]. Therefore, the hemody-
namic support is optimized by a balanced strategy of 
fluid infusions (small boluses, e.g., 250 mL) and vasopres-
sors under repeated monitoring (MAP, echocardiogra-
phy, central venous oxygen saturation, and lactate).

Hemodynamic problems during ECMO and specific 
potential solutions are as follows: systemic vasodilation—
start a vasoconstrictor (e.g., norepinephrine); left ven-
tricular dysfunction—consider starting inotropes (e.g., 
epinephrine or levosimendan; note lack of an adequate 
evidence base for the latter recommendation in this spe-
cific setting); right ventricular dysfunction—optimize 
(reduce) preload, start pulmonary vasodilators (e.g., pros-
tacyclin) or catecholamines (e.g., epinephrine, norepi-
nephrine). Early evaluation and adequate management 
have the potential to improve outcome [77], and vaE-
CMO could be considered a potentially useful interven-
tion for severe cases of ACP-induced circulatory failure/
shock syndrome (Fig.  3). ECCO2R has the capability to 
reduce hypercapnia/acidosis-induced ACP as shown in 
an experimental setting recently [78] and also may ena-
ble low or ‘supra-low’ tidal volume ventilation which in 
turn may attenuate the harmful effects of high inspira-
tory pressure and lung overinflation on the right ventri-
cle. It is reasonable to consider ECCO2R as an advanced 
therapeutic option in ARDS patients who are at risk for 
decompensated shock due to severe RV failure, even 
though there is not yet convincing evidence in the litera-
ture; further studies are clearly required. In bypassing the 
failing right heart, vaECMO has potential to ‘buy time’ as 
a temporary but complete replacement for both lung and 
circulatory functions.

Conclusions
Both the underlying lung pathology and mechanical ven-
tilation result in hemodynamic challenges for patients 
with ARDS. Acute lung injury restricts the functioning 
vascular bed, increases lung vascular permeability, and 
promotes vascular narrowing in response to inflamma-
tion, hypoxemia, and acidosis. Hemodynamic instability 
may arise from high airway pressures if they adversely 
alter the gradient for venous return, distend the ‘baby 
lung’, and raise the ejection impedance of the afterload-
sensitive right ventricle. Higher lung stress and vascular 
flow, such as during vigorous spontaneous breathing, 
encourage the development of VILI. Although adequate 
diastolic filling is essential to maintain forward output, 
RV overdistension not only impedes venous return and 
reduces the functional compliance of the interdependent 
left ventricle but may also compromise its own perfusion 
adequacy. In passively ventilated patients in shock, moni-
toring signals linked to the tidal cycle and ventricular 
loading help predict preload and afterload dependence 

of the right ventricle. Interventions directed toward 
improving compensation of the compromised RV include 
reduction of unnecessary systemic oxygen demand, 
optimized fluid resuscitation, appropriate lung recruit-
ment, prone positioning, avoidance of acidosis, mainte-
nance of oxygenation, and well-selected pharmacologic 
agents. In severe cases, varied options for extracorpor-
eal gas exchange can be deployed to reduce ventilatory 
and cardiac workloads while compensating for impaired 
oxygenation. Once shock is resolved, a fluid conservative 
protocol may reduce the duration of positive pressure 
ventilation. Successfully managing the complex hemo-
dynamics of the ventilated patient with ARDS is key to 
patient survival. Doing so in this setting requires guid-
ance from a deep understanding of the underlying princi-
ples of cardiopulmonary physiology, rendering it difficult 
to enumerate definitive, specific, and universally applica-
ble guidelines.
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