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ABSTRACT

Acute right heart syndrome is a sudden deterioration in right ventricular performance, resulting in right ventric-
ular failure and confers significant in-hospital morbidity and mortality. In critically ill patients, the syndrome is 
often undiagnosed and untreated, as these patients do not usually exhibit the common clinical manifestations 
of the condition, making the diagnosis challenging for the intensivist. In this narrative review we focus on the 
pathophysiology of acute right heart syndrome, in critical illness, diagnostic modalities used to assess right ven-
tricular function and management of acute right heart syndrome, including mechanical ventilation strategies 
and circulatory support.

Keywords: critical illness, right heart failure, pulmonary artery pressure, mechanical ventilation, echocardiog-
raphy.

INTRODUCTION

Acute right heart syndrome (ARHS) may 
be defined as sudden deterioration in the 
right ventricular (RV) function and failure 
of the RV of the heart to deliver adequate 
blood flow to the pulmonary circulation, 
resulting in systemic hypoperfusion (1). In 
the context of critical illness, ARHS is as-
sociated with poor outcomes and increased 
mortality (2). Evidence of central venous 
pressure (CVP) overload in conjunction 
with RV contractile dysfunction, is usually 
present in ARHS (1). 
We searched PubMed, EMBASE, Cochrane 
library and Google Scholar, for articles re-

porting on RV dysfunction and failure. 
The relevant papers were extracted in full 
and references from extracted papers were 
checked for any additional relevant arti-
cles. An overview of the ARHS pathophys-
iology, diagnostic tools for the assessment 
of the acutely failing RV in critical illness 
and measures including vasoactive agents, 
ventilatory strategies and mechanical sup-
port is provided in the current paper.

THE RV IN HEALTH

The main functions of the RV are:
a) maintenance of adequate pulmonary 

perfusion pressure in order to deliver 
desaturated mixed venous blood to the 
respiratory membrane;

b) maintenance of low systemic venous 
pressure in order to prevent organ con-
gestion.
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The RV is anatomically adapted for the 
generation of low-pressure perfusion and 
it is very sensitive to changes in afterload. 
(3). The differences between the structure 
and function of the RV compared to the left 
ventricle (LV) are outlined in Table 1 and 
Figure 1 compares the pressure-volume (P-
V) loop of the RV with that of the LV (3-5).

THE RV IN CRITICAL ILLNESS

ARHS is not necessarily associated with 
an increase in pulmonary vascular resis-
tance (PVR) and pulmonary arterial hy-
pertension (PAH) (6). The syndrome can 
be due to RV pressure/volume overload 
or RV contractile dysfunction (1). Conse-
quence is low cardiac output (CO) with low 
mean arterial pressure (MAP), exacerbat-
ing RV dysfunction. 
Thus, “RV failure begets RV failure” lead-
ing to a progressive downward spiral of 
worsening ischemia, myocardial dysfunc-
tion and shock. In mechanically ventilated 
patients with ARHS, low CO is multifacto-

rial and could be due to RV systolic dys-
function, tricuspid regurgitation, ventricu-
lar interdependence (dilatation of the RV 
shifting the interventricular septum to-
ward the left and decreasing the LV disten-
sibility and preload), arrhythmias or sub-
optimal preload (6). RV diastolic dysfunc-
tion causes impaired RV filling and high 
diastolic RV and right atrial (RA) pres-
sures leading to organ congestion (6). The 
causes and precipitating events of ARHS 
are summarized in Table 2 (7-15).

ARHS in Acute Respiratory Distress 
Syndrome (ARDS)
ARDS is one of the most common causes 
of ARHS secondary to RV pressure over-
load (acute cor pulmonale). In critically ill 
ventilated patients with ARDS, ARHS oc-
curs in 61% of patients submitted to con-
ventional tidal volume mechanical ventila-
tion (MV) and 25% of those receiving lung 
protective MV using low tidal volumes (15, 
16). Apart from MV, the pathologic fea-
tures of the syndrome per se, contribute to 
increased pulmonary vascular tone, acute 

Table 1 - Differences between RV and LV (3-9, 25).

 

    

Structure Shape 
in cross 
section

End-
diastolic 
wall 
thickness

End-
diastolic 
volume

Systolic 
Pressure

Ejection 
fraction

Coronary 
perfusion

Response 
to disease

Pressure-
volume loop

RV Inflow region, 
infundibulum

Semicircular 
/serpentine 
shape

≤3 mm 49-101 
ml/m2

25 mmHg 40-68% Continuous 
(systole & 
diastole)

Better 
adaptation 
to volume 
overload 
states, 
higher 
compliance 
than LV

Trapezoidal 
with poorly 
defined 
isovolumetric 
periods - RV 
pressure rise 
and ejection 
continue 
despite fall in 
RV pressure.

LV No 
infundibulum 
mitro-aortic 
continuity 

Circular ≤11 mm 44-89 ml/m2 120 mmHg 57-74% Almost 
exclusively 
in diastole

Better 
adaptation 
to pressure 
overload 
states

Rectangular 
- rapid rise 
and fall of 
pressure with 
ejection

RV = right ventricle; LV = left ventricle.
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Table 2 - Precipitating events / causes of ARHS in the ICU (7-15).

RV pressure overload (endothelial dysfunction, vasoconstriction, mechanical obstruction)

1. Massive pulmonary embolism.

2. Acute Respiratory Distress Syndrome.

3. Deteriorating chronic pulmonary arterial hypertension.

4. Post cardiothoracic surgery

5. Mechanical ventilation.

6. Pulmonary valve stenosis.

7. Hypoventilation state

RV volume overload

1. Pulmonary or triscupid valve regurgitation.

2. Left to right shunt due to inter-atrial defect.

3. Anomalous pulmonary venous return.

4. Hyperthyroidsm

RV contractile dysfunction

1. RV myocardial infarction (via negative inotropic effect or arrhythmia).

2. Relative RV ischemia secondary to RV pressure or volume overload.

3. Intrinsic myocardial disease e.g RV cardiomyopathy, sepsis (cytokine induced myocardial 
depression), inflammatory effects of cardiopulmonary bypass, myocarditis.

4. Pericardial disease e.g constrictive pericarditis, tamponade (causing impaired diastolic filling).

5. Left ventricular assist device (due to acute unloading of the LV). 

LV dysfunction (by increasing pulmonary venous and pulmonary arterial pressure, myocardial 
ischemia, LV dilatation leading to restricted RV diastolic function).

ARHS = acute right heart syndrome; ICU = intensive care unit; RV = right ventricular; LV = left ventricular.

Figure 1 - Pressure-volume (P-V) loops for RV and LV. Once RV pressure reaches the PA pressure, the 
pulmonary valve opens. Little time is spent in isovolumetric contraction, giving a triangular-shaped RV 
P-V loop, in contrast to the almost square loop of the LV (25). (Adopted from: Kevin LG, Barnard M. 
Right ventricular failure. Contin Educ Anaesth Crit Care Pain 2007; 7: 89-94). Permission to reproduce 
granted under Oxford university press’s general terms. 
RV = right ventricle; LV = left ventricle.
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pulmonary arterial hypertension (PAH) 
and cor pulmonale. Contributors to elevat-
ed pulmonary vascular resistance (PVR) 
in ARDS include: vasoconstrictor: vasodi-
lator imbalance (excess ET-1, 5HT, PDE, 
reduced NO and prostanoids), endothelial 
injury, hypoxic pulmonary vasoconstric-
tion (80% arteriolar), hypercapnia (includ-
ing permissive hypercapnia), acidemia, in 
situ thrombosis and pulmonary vascular 
remodelling (muscularization of non-mus-
cularized arteries) (8, 16, 17).

ARHS in the setting of massive 
pulmonary embolism (PE) 
Critically ill patients are at risk of PE de-
spite thromboprophylaxis (3, 18). In a ten-
year retrospective study, Vieillard-Baron et 
al. (19) showed that ARHS was present in 
61% of medical intensive care unit (ICU) 
patients with massive PE and carried a 
23% mortality. 
The normal RV can generate a mean pul-
monary artery pressure up to 40 mmHg, 
requiring 50-75% of the pulmonary vas-
culature to be occluded by emboli before 
acute RV failure occurs (19). 
Hypoxemia induced by the emboli results 
in pulmonary vasoconstriction and the 
physiological response to platelet activation 
leading to release of vasoactive agents such 
as serotonin, thromboxane and histamine, 
causes further increase in PVR and RV 
pressure overload (19, 20).

ARHS in sepsis
In severe sepsis and septic shock the RV 
function might be impaired. RV systolic 
dysfunction in sepsis is directly associated 
with markers of endothelial dysfunction 
(endothelin 1, vascular cellular adhesion 
molecule 1) and directly related to the se-
verity of sepsis (21). 
A proposed mechanism for ARHS in sep-
sis is increased PVR secondary to sepsis-
induced endothelial cell injury and al-

tered vaso-reactivity, despite concomitant 
decrease in systemic vascular resistance 
(SVR). Substantial increases in PVR also 
occur when the left ventricle needs to con-
siderably increase the cardiac output in or-
der to compensate for the fall in the SVR, 
causing further increase in RV afterload 
(21, 22). 
 

DIAGNOSIS OF ARHS 
IN THE CRITICALLY ILL

CLINICAL FEATURES 
The clinical features of ARHS, including 
acute onset shortness of breath, orthopnea 
and bilateral lower extremity edema, are 
non-specific and difficult to identify in the 
sedated critically ill patient (6). Increased 
oxygen requirements or sudden cardiovas-
cular collapse might be the chief clinical 
manifestations of ARHS in a mechanically 
ventilated patient (23).
Other prominent clinical signs include 
atrial or ventricular arrhythmias, raised 
jugular venous pressure and gallop rhythm 
at the left sternal edge, systolic murmur 
of tricuspid regurgitation, organomegaly, 
signs of deep venous thrombosis (in the 
context of venous thromboembolism) (6). 

It is important to consider ARHS in per-
sistent respiratory weaning failure (RV 
dysfunction leads to an imbalance between 
ventilator needs and cardiorespiratory ca-
pacity), especially in patients with LV sys-
tolic dysfunction (6, 9, 24, 25). A high index 
of suspicion is needed in high risk patients 
such as those with pre-existing PAH and 
recent deep venous thrombosis (25).

BEDSIDE STUDIES
Available bedside studies include: chest 
X-ray (CXR), electrocardiography (EKG), 
arterial blood gas (ABG) analysis, hemo-
dynamic and echocardiographic diagnostic 
tools.
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Chest X-ray
Enlargement of the main pulmonary ar-
tery and regional oligemia are seen in mas-
sive PE. However, CXR cannot be utilized 
to confirm the diagnosis of ARHS and 
should only contribute to the diagnostic 
approach by ruling out conditions that 
mimic  ARHS in the ICU, such as atelec-
tasis, pleural effusions, pulmonary edema 
and pneumothorax (6).

Electrocardiography
Kucher et al. showed that Qr in V1 is a 
strong predictor of RV dysfunction, and 
it is highly associated with troponin leak-
age and myocardial shear stress (26). It has 
also been demonstrated that in patients 
with right bundle branch block, R duration 
in lead V1>100 ms is predictive of RV sys-
tolic dysfunction (43). 
Other EKG findings suggestive of RV strain 
include inversion of T waves in leads V1-
V4 and the classic S1Q3T3 pattern. Acute 
anterior Q-wave pattern in leads V1-V3, 
as well as a right-sided Q pattern in leads 
V3R–V6R, might suggest RV infarction (12). 
EKG, although specific, lacks sensitivity 
(11).

Arterial blood gas analysis
ABG analysis may reveal grossly impaired 
gas exchange and low cardiac output might 
result in acidemia with lactic acidosis due 
to tissue hypoperfusion (27).

Hemodynamic bedside diagnostic modalities
Central venous catheters and central 
venous pressure
An accurately placed central venous cathe-
ter (in the superior vena cava), can provide 
information on CVP and used as a surro-
gate for RV end-diastolic volume (RVEDV) 
and RV end-diastolic pressure (RVEDP) 
(25, 28). In severe tricuspid regurgitation 
causing ARHS, a broad, tall systolic c-v 
wave is seen due to abnormal systolic fill-

ing of the right atrium (RA) and the CVP 
trace is said to be ventricularized because 
it resembles right ventricular pressure (25, 
28). RVEDP reflects RVEDV (which is pro-
portional to preload) only when ventricu-
lar compliance is normal. 
Therefore, in conditions such as PAH, tam-
ponade and myocardial ischemia, where 
RV compliance is decreased, CVP is likely 
to be raised and cannot be accurately as-
sessed (28, 29).
 
Right heart catheterization
Right heart catheterization using a pulmo-
nary artery catheter (PAC) is frequently re-
quired when ARHS is clinically suspected 
and interpretation of imaging studies is 
difficult or inconclusive. Hemodynamic 
data obtained from an accurately placed 
PAC, by thermodilution, may provide diag-
nostic clues and guide therapy. PAC allows 
direct simultaneous measurement of RA, 
RV, PA and pulmonary artery wedge pres-
sures and indirect measurement of cardiac 
output, cardiac index (CI), RV stroke work 
index, mixed venous oxygen saturation, 
PVR and SVR (29, 30). 

Hemodynamically, ARHS is suspected if 
RA pressure >8-10 mmHg, or RA pres-
sure to pulmonary capillary wedge pres-
sure ≥0.8 (isolated RV failure) and CI is 
low. In the presence of RV-PA gradient 
>25 mmHg, RV outflow tract obstruction 
should be excluded by echocardiography 
(31).
In the context of PAH and suspected 
ARHS, right heart catheterization allows 
assessment of left-sided heart disease and 
its contribution to PAH. Besides, calcula-
tion of PVR and SVR help decide whether 
pulmonary or systemic vasodilators/pres-
sors are needed and monitor response to 
therapy (29). In patients with pre-existing 
PAH, a decrease in PA pressure might re-
flect low RV ejection fraction and worsen-
ing RV dysfunction (12). 
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Arterial pulse contour analysis
Arterial pulse contour analysis enables 
calculation of CO, pulse pressure varia-
tion (PPV), stroke volume variation (SVV) 
and SVR, from the arterial pulse pressure 
waveform, in mechanically ventilated pa-
tients. Dynamic indices (SVV, PPV) have 
been used to predict preload responsive-
ness and monitor the hemodynamic effect 
of volume expansion in critically ill pa-
tients (32). 
Wyler Von Ballmoos et al. reported that 
PPV is not accurate predictor of fluid re-
sponsiveness in mechanically ventilated 
patients with acute PAH (at risk of ARHS), 
early after cardiac surgery and in septic 
shock (33). In the context of a pressure 
overloaded RV, increased PPV values are 
related to an increase in the RV afterload 
and not to a decrease in RV preload and 
therefore, further volume expansion could 
potentially be harmful (33, 34). However, 
it could be reasonably contended that lack 
of response to a fluid challenge, while PPV 
or SVV is high, could be seen as an indica-
tor of RV dysfunction necessitating further 
investigations (35).

Bedside imaging modalities
Echocardiography
Transthoracic (TTE) and transesopha-
geal echocardiography (TEE) are bedside 
diagnostic tools which also provide rapid 
risk stratification and could potentially di-
rect therapeutic strategies. In experienced 
hands, echocardiography allows assess-
ment of the RV performance and load-
ing conditions. Useful echocardiography-
derived measures of RV function, when 
ARHS is clinically suspected are outlined 
in Table 3 (36).
TTE is an easy and non-invasive way to as-
sess the size and kinetics of the RV. The 
diagnosis of ARHS due to RV pressure 
overload, with TTE, has good positive pre-
dictive value for indirect diagnosis of mas-
sive PE (37). Main limitations of TTE in 
critically ill patients ventilated with high 
level of positive end-expiratory pressure 
(PEEP) include: inadequate imaging due to 
interposition of the inflated lung between 
the heart and the chest wall, low diagnostic 
accuracy in the patients with pre-existing 
cardiopulmonary disease, the operator de-
pendent nature of TTE (37).

Table 3 - Echocardiographic quantitative parameters pointing towards ARHS (36-38).

RV systolic dysfunction

1. TAPSE <16 mm
2. 2D RV FAC < 35%
3. RIMP >0.4 by pulsed Doppler and >0.55 by tissue Doppler 

RV diastolic dysfunction

1. E/A <0.8 by tissue Doppler
2. E/A >2.1 by tissue Doppler

Dilated RV chamber 

1. Diameter >32 mm at the base
2. Diameter >35 mm at the mid-level
3. Longitudinal dimension >86 mm

RVOT dilatation

1. Diameter >27 mm at end-diastole at the level of pulmonary valve

RV = right ventricular; TAPSE = tricuspid annular plane systolic excursion; 2DRVFAC = two-dimensional right ven-
tricular fractional area change; RIMP = right ventricular index of myocardial performance; E/A = early (E) to late (A) 
ventricular filling velocities ratio; RVOT = right ventricular outflow tract .
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RV function, size and shape, are more ac-
curately assessed with TEE. 
It has been suggested that in the presence 
of significant and otherwise unexplained 
RV strain without clots present on TTE, 
TEE should rapidly follow at the bedside, 
providing there is local availability and 
expertise (38). TEE is a semi-invasive pro-
cedure and commonly reported complica-
tions associated with TEE in critically ill 
patients receiving MV, include: hypo- or 
hypertension, dysrrhythmias, trauma to 
the gastrointestinal tract, hypoxemia and 
dislodgment of endotracheal or nasogastric 
tubes. The over-all complication rate asso-
ciated with TEE use is low and it is esti-
mated to be approximately 2.6% (38).

Additional imaging modalities
Computed tomography (CT)
CT pulmonary angiography (CTPA) is be-
ing used increasingly as a diagnostic tool 
in PE, with documented sensitivities of 
50-100% and specificities of 81-100% (39). 
CTPA has become the preferred diagnostic 
modality for suspected ARHS due to PE, 
in hemodynamically stable ICU patients 
(66). Chest CT signs suggestive of ARHS 
include: flattening or displacement of the 
intraventricular septum toward the LV, 
reflux of contrast into the inferior vena 
cava, RV diameter (RVD) to LV diameter 
(LVD) ratio on axial sections greater than 
1.0 (RVDaxial/LVDaxial >1) (39).

Cardiovascular Magnetic Resonance 
(CMR)
CMR is the most sensitive method to assess 
the RV size and function. Imaging quality 
is not influenced by acoustic windows or 
pre-existing cardiopulmonary disease (40). 
However, CMR is rarely used for ICU pa-
tients receiving MV, as the MR environ-
ment carries significant risks to patients 
during transportation and prolonged peri-
ods in the MR scanner.

LABORATORY TESTS
The usefulness of laboratory tests such as 
D-dimmer, troponins and B-type natri-
uretic peptide levels, as diagnostic tests in 
ICU patients with suspected RV failure, is 
limited, as they are non-specific and con-
founded in the context of critical illness 
(41, 42).
In summary, in critically ill patients with 
clinically suspected ARHS, echocardiog-
raphy (TTE and/or TEE) and right heart 
catheterization are the preferred diagnos-
tic modalities. If PE is the most likely cause 
of ARHS, then CTPA is necessary to con-
firm the diagnosis, provided the patient is 
suitable for transfer to radiology. 
In any given scenario, the diagnostic ap-
proach will depend upon the expertise and 
availability of the different diagnostic mo-
dalities.

TREATMENT

The principles and key components of 
ARHS management include reversal of 
precipitating events and control of contrib-
uting factors (hypoxemia, hypercapnia, 
anemia, acidemia, sepsis, dysrrhythmias), 
fluid volume optimization, maintenance of 
perfusion pressure, positive inotropy, use 
of pulmonary vasodilators and protective 
MV (12, 43). The management principles 
and strategies will depend upon the prima-
ry hemodynamic pathology.

Control of contributing factors, general 
ICU care and reversible causes of ARHS 
Infection prevention, treatment of sepsis 
in accordance with the surviving sepsis 
campaign bundles, normoxia, normocap-
nia, thromboprophylaxis, peptic ulcer pro-
phylaxis, correction of acid-base imbalance 
and electrolytes and glycemic control are 
mandatory and applied to most ICU pa-
tients (12). Pulmonary vasodilators and/
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or inodilators (in acutely decompensated 
PAH), thrombolysis (in massive PE), revas-
cularization (in RV infarction) and sequen-
tial AV pacing and/or cardioversion (in sig-
nificant dysrrhythmias), could potentially 
correct the abnormal RV physiology (44).

Optimization of intravascular fluid 
status
Fluid loading in ARHS remains controver-
sial. RV ejection fraction is dependent on 
RV pre-load, in the abscence of PAH and it 
is likely that RV output will be inadequate 
in hypovolemia. The RV can increase the 
stroke work through an increase in RV free 
wall stretch (via the Frank-Starling mecha-
nism) (29). Therefore, optimization of pre-
load may improve RV ejection fraction. 

The role of CVP as a guide to fluid therapy 
remains controversial. A systematic review 
of 24 studies demonstrated a poor relation-
ship between CVP and intravascular fluid 
status and the inability of CVP/delta-CVP 
to predict the hemodynamic response to a 
fluid challenge (32, 45). 
Depending on where the patient is on the 
Frank-Starling curve, some may be ade-
quately resuscitated with a CVP of 6-7 mm 
Hg, while others may still be intravascu-
larly volume depleted at a CVP of 10 mm 
Hg (31). In a recent meta-analysis, Marik 
et al. showed that there is paucity of data 
to support the widespread practice of us-
ing CVP to assess intravascular fluid sta-
tus and guide fluid therapy (46). More reli-
able hemodynamic assessment tools, such 
as PAC, pulse contour analysis, TTE and/
or TEE when available, may be utilized to 
guide fluid therapy in ARHS (32).
Mercat et al. showed that in critically ill 
medical patients with circulatory failure 
(defined by CI <2.5 L/min/m2), due to 
massive PE, fluid loading with 500 ml of 
colloid increased the cardiac index signifi-
cantly and improved hemodynamic status 
(47). If the hemodynamic response to ini-

tial fluid challenge is poor, in the context of 
ARHS, further volume loading may cause 
RV overdistension, increased ventricular 
interdependence, decreased LV filling and 
RV ischemia, leading to worsening shock 
(44). In RV volume overload, acute kidney 
injury due to venous congestion (cardio-
renal syndrome), continuous veno-venous 
hemofiltration (CVVH) facilitates greater 
clinical improvement compared with ag-
gressive diuretic therapy, in heart failure 
patients, who are diuretic resistant (48). 

The role of vasopressors in ARHS
In order to preserve adequate right coro-
nary blood flow, systemic pressure should 
be maintained above the PA pressures. 
It has been shown that in patients with 
sepsis, PAH and RV dysfunction, nor-
epinephrine increases systemic pressure 
through alpha-1 receptor agonism and may 
improve the RV oxygen supply/demand 
ratio, but this potentially beneficial effect 
on RV ejection fraction may be offset by a 
concomitant increase in PVR and RV af-
terload, at high doses (>0.5 mcg/kg/min) 
(43, 49). Besides, norepinephrine, through 
beta-1 receptor agonism could potentially 
improve RV-PA coupling and CO (22). Low 
dose vasopressin (0.033-0.067 U/min) me-
diates pulmonary arterial vasodilation and 
may be useful in vasodilatory shock and 
pulmonary vascular dysfunction, especial-
ly in norepinephrine resistant patients (43, 
49, 50).

Inotropes and inodilators in ARHS 
Dobutamine (beta-1 receptor agonist) can 
be used as the first-line inotropic agent in 
ARHS due to RV contractile dysfunction. 
Low dose dobutamine (2-5 mcg/kg/min) 
increases CI, SV and decreases PVR and 
SVR (12, 43, 51). At higher doses (>10 mcg/
kg/min) dobutamine causes tachycardia, 
increased oxygen consumption, increased 
PVR and leads to systemic hypotension 
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and addition of a vasopressor might be 
required (12, 51). High quality evidence 
suggests that dopamine is associated with 
increased tachyarrhythmias and is not rec-
ommended in cardiogenic shock (45). It has 
been demonstrated that in patients with 
septic shock and ARHS, who are unre-
sponsive to fluid loading, dopamine or do-
butamine, epinephrine improves RV con-
tractility in spite of a rise in mean PAP by 
11% (p<0.05) (52). Selective phosphodir-
esterase (PDE) III inhibitors (enoximone, 
milrinone, amrinone), augment myocar-
dial contractility and cause systemic and 
pulmonary vasodilaton, by increasing cy-
clic adenosine monophosphate (cAMP) and 
thus reducing PA pressures and improving 
RV function in patients with ARHS due 
to pressure overloaded RV (43). Systemic 
hypotension should be expected and addi-
tion of a vasopressor might be needed. It 
has been demonstrated that levosimendan, 
a calcium sensitizer with pulmonary va-
sodilator properties (inodilator), improves 
RV performance in ARHS secondary to 
sepsis-induced ARDS and in experimental 
ARHS restores RV-PA coupling better than 
dobutamine (53). In ARHS, levosimendan 
has been shown to reduce the increased RV 
afterload and ventricular interdependence, 
improve RV contractility and RV diastolic 
function, without significant increase in 
oxygen consumption, mediated by opening 
of sarcolemmal and mitochondrial potassi-
um-adenosine triphosphate channels (54, 
55). Although levosimendan is indicated 
for the treatment of acute heart failure 
(class of recommendation IIa, level of evi-
dence B), it is has not yet been approved in 
all countries (54, 55).

Pulmonary vasodilation in ARHS
The goals of pulmonary vasodilation in 
ARHS are:
1) decrease PVR and impedance;
2) increase RV stroke volume and output;

3) avoid systemic hypotension and main-
tain coronary perfusion;

4) avoid hypoxemia from ventilation-per-
fusion mismatch.

It is recommended that inhaled nitric ox-
ide (NO), which increases intra-cellular 
cyclic guanosine monophosphate (cGMP), 
should be considered as short term therapy 
to improve PaO2/FiO2 ratio and CO, in ven-
tilated patients with ARHS secondary to 
ARDS (43). It has also been suggested that 
NO may be effective in stabilizing patients 
with ARHS due to massive PE until more 
definitive treatment is available (29, 56).
Prostanoid formulations (epoprostenol, ilo-
prost) are potent pulmonary and systemic 
vasodilators with anti-thrombotic and an-
ti-proliferative actions. They reduce PVR 
and improve RV function and they have 
been used in ARHS due to RV pressure 
overload (57). 
It has been shown that use of intravenous 
epoprostenol in mechanically ventilated 
patients with ARDS reduces PVR and im-
proves RV performance (58). 
Sildenafil, a PDE 5 inhibitor, increases 
downstream cGMP signaling and potenti-
ates the beneficial effects of NO. It reduces 
PVR and increases CO and myocardial 
perfusion (29). Karakitsos et al. showed 
that mechanically ventilated patients with 
ARHS from PAH, who were dependent on 
dobutamine, were treated with oral silde-
nafil and in many cases they were success-
fully weaned from inotropic and ventila-
tory support (59).

Mechanical ventilation strategies  
in ARHS 
Optimal MV ventilation management in 
ARHS consists of: avoidance of hypox-
emia, hypercapnia, high levels of PEEP 
(>10 cmH2O) and both high and low ex-
tremes of lung volumes and use lung pro-
tective ventilation strategies if possible (43, 
60-62).
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The RV afterload is governed by PVR 
which is directly affected by changes in 
lung volume (61). Increased PVR occurs 
at both low and high lung volumes. At low 
volumes this is due to the elastic recoil 
forces of the lung parenchyma leading to 
extra-alveolar vessel collapse and terminal 
airway collapse leading to alveolar hypoxia 
and hypoxic pulmonary vasoconstriction 
(HPV) and at high lung volumes due to 
collapse of the alveolar vessels via stretch 
of the alveolar wall. When PVR is plotted 
against lung volume, a typical U-shaped 
curve occurs with the lowest PVR occur-
ring at functional residual capacity (FRC) 
(Figure 2) (62). Schmitt et al. assessed the 
impact of PEEP on the RV outflow imped-
ance using doppler data obtained by TEE, 
in mechanically ventilated ICU patients 
with ARDS. They demonstrated that high 
PEEP (13±4 cmH2O) was associated with 
increased RV afterload and worsening RV 
systolic dysfunction (60).
The significant decrease in the incidence of 
ARHS (from 61% to 25%) in ARDS since 
ARDSnet trial was published, reflects a 

change in MV practice and suggests that 
lung protective strategies (tidal volume: 6-8 
ml/kg predicted body weight (PBW), low 
plateau pressures and PEEP) reduce the in-
cidence of ARHS (63).
In patients with ARHS, during lung pro-
tective ventilation, permissive hypercap-
nia should be avoided as acute hypercapnia 
could lead to pulmonary vasoconstriction 
or exacerbate hypoxic pulmonary vasocon-
striction and could potentially worsen RV 
dysfunction (64). A prospective observa-
tional study, which evaluated the relative 
roles of acute permissive hypercapnia and 
PEEP variations on RV function, in severe 
ARDS patients, showed that increasing 
PEEP at constant Pplat induces acute hyper-
capnia that may impair RV function and 
decrease CI. It is therefore recommended 
that in cases of ARHS, lung protective 
ventilation should be gradually adapted to 
limit hypercapnia and RV overload (65). 
In mechanically ventilated ICU patients 
with ARHS, refractory hypoxemia and/
or hypercapnia and high PEEP require-
ments, extracorporeal membrane oxygen-

Figure 2 - Effect of changing 
lung volume on pulmonary 
vascular resistance (PVR) 
(62). (Adopted from: Shek-
erdemian L, Bohn D. Cardio-
vascular effects of mechanical 
ventilation. Arch Dis Child 
1999; 80: 475-480). Permis-
sion to reproduce granted un-
der BMJ Publishing Group 
Ltd’s general terms.
RV = residual volume; FRC 
= functional residual capac-
ity; TLC = total lung capac-
ity.
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ation (ECMO) could be used as a bridge 
to the recovery of respiratory function. 
Oxygenation and carbon dioxide clearance 
are provided by the extracorporeal circuit, 
minimizing pulmonary vasoconstriction 
due to hypoxemia and/or hypercapnia (66, 
67). In patients with ARHS due to severe 
ARDS, where lung protective ventilation 
may not be adequate in managing hyper-
capnic acidosis, extracorporeal carbon di-
oxide (ECCO2) removal devices are an op-
tion, as they are less invasive than ECMO 
and may play a role in instituting “ultra-
protective” lung ventilation (tidal volume: 
4 ml/kg PBW) (68).
It should be noted that the cardiac conse-
quences of weaning from MV may be re-
sponsible for weaning failure in patients 
with ARHS. In these patients, an increase 
in weaning-induced RV afterload may oc-
cur due to marked increase in work of 
breathing, hypoxemia or high intrinsic 
PEEP, leading to further worsening RV en-
largement during weaning. This may result 
in leftward shift of the interventricular 
septum, impeding LV diastolic filling and 
LV output (ventricular interdependence), 
causing pulmonary edema and failure to 
wean from MV (69).

Mechanical circulatory support
Low cardiac output syndrome caused by 
ARHS after cardiac surgery, particularly 
coronary artery bypass graft surgery and 
heart transplant, may be an indication for 
intra-aortic balloon pump (IABP) (70, 71). 
It has been demonstrated that IABP im-
proves hemodynamics and RV efficiency in 
acute ischemic RV failure (72). However, a 
recent RCT failed to demonstrate any mor-
tality benefit in patients with cardiogenic 
shock complicating acute myocardial in-
farction (73).
Veno-arterial (VA) ECMO has been used 
as a salvage therapy in cases of ARHS due 
to massive PE and refractory cardiogenic 

shock, after systemic thrombolysis. It can 
be used as a means of unloading the RV and 
supporting systemic circulation, in medi-
cally refractory RV failure with accompa-
nying hypotension and end-organ failure 
and as a bridge to transplant (74, 75). 
Right ventricular assist devices (RVADs) 
in ARHS may be used as a bridge to recov-
ery or transplant, or as a definitive surgical 
treatment, in primary RV dysfunction. In 
patients who are successfully weaned from 
the RVAD, residual RV dysfunction is 
compatible with survival (76). It has been 
suggested that RVADs should be avoided 
in patients with ARHS secondary to RV 
afterload resistance (with severely elevated 
PVR), as pumping blood into the PA could 
potentially cause worsening PAH and lung 
injury, whereas CO and CI remain low. In 
such cases VA ECMO might be more effec-
tive in off-loading the RV (77).
The use of mechanical cardiovascular sup-
port devices depends largely on local avail-
ability of specialized facilities, cardiopul-
monary pathophysiology expertise and op-
erator experience. 

CONCLUSION

ARHS can occur in many critical illnesses 
and carries substantial morbidity and mor-
tality. ARHS is difficult to diagnose in the 
critically ill as those patients have ongoing 
physiological derangement presenting the 
intensive care specialists with a diagnos-
tic dilemma. Cardiac echo and right heart 
catheterization are invaluable diagnostic 
tools in the assessment of the RV at the 
bedside, which also provide a rapid risk 
stratification and could direct treatment 
strategies. 
Characterizing, identifying and correcting 
reversible factors is of paramount impor-
tance. Minimizing RV afterload (pulmo-
nary vasodilators, inodilators, RV “protec-
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tive” MV strategies) and maximizing RV 
performance (preload, inotropy, mechani-
cal circulatory support) are the major com-
ponents of ARHS management. Need for 
mechanical circulatory support, merits re-
ferral to specialized treatment centres, if 
there is insufficient local expertise or ca-
pacity. There is lack of definitive data re-
garding the management of ARHS in ICU 
patients, without pre-existing cardiopul-
monary disease. 
Therefore, some recommendations may 
rely on lower level of evidence or expert 
opinion. Well-designed and adequately 
powered RCTs are required to estimate 
the prevalence of ARHS among critically 
patients receiving MV, improve the under-
standing of its mechanisms in the context 
of critical illness and evaluate the efficacy 
of therapy guided by invasive and non-in-
vasive hemodynamic monitoring tools.
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