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Purpose of review

To evaluate new information on the importance of right ventricular function, diagnosis and management in
cardiac surgical patients.

Recent findings

There is growing evidence that right ventricular function is a key determinant in survival in cardiac surgery,
particularly in patients with pulmonary hypertension. The diagnosis of this condition is helped by the use of
specific hemodynamic parameters and echocardiography. In that regard, international consensus
guidelines on the echocardiographic assessment of right ventricular function have been recently published.
New monitoring modalities in cardiac surgery such as regional near-infrared spectroscopy can also assist
management. Management of right ventricular failure will be influenced by the presence or absence of
myocardial ischemia and left ventricular dysfunction. The differential diagnosis and management will be
facilitated using a systematic approach.

Summary

The use of right ventricular pressure monitoring and the publications of guidelines for the
echocardiographic assessment of right ventricular anatomy and function allow the early identification of
right ventricular failure. The treatment success will be associated by optimization of the hemodynamic,
echocardiographic and near-infrared spectroscopy parameters.

Keywords
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INTRODUCTION patients undergoing cardiac surgery. In cardiac
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Right ventricular dysfunction has been associated
with increased mortality in both the cardiac surgical
patients [1], the noncardiac setting and in the ICU
[2,3]. Right ventricular failure can be present before,
during or after cardiac surgery. It may also compli-
cate any cardiac or noncardiac surgical procedures.
In cardiac surgery, right ventricular dysfunction
typically leads to difficult weaning from cardiopul-
monary bypass (CPB) and increased postoperative
mortality. In this article we will review the import-
ance of right ventricular function and concentrate
on its intraoperative and bedside evaluation using
combined hemodynamic and echocardiographic
criteria. Finally, a management strategy will be pro-
posed based on the current literature and our experi-
ence with this condition.
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IMPORTANCE OF PULMONARY
HYPERTENSION AND RIGHT
VENTRICULAR FUNCTION

It is well recognized that pulmonary hypertension
represents a major risk factor for mortality in
illiams & Wilkins. Unaut
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surgery, both the Parsonnet and euroSCORE model
include pulmonary hypertension as an important
contributor to risk stratification [4,5]. In noncardiac
surgery, pulmonary hypertension has also been
associated with worse outcome [3,6,7]. In 2009,
an international expert consensus conference on
pulmonary hypertension was published [8,9]. In
these guidelines, the pathology, classification,
natural history, screening, diagnosis and treatment
were reviewed. There was, however, very little infor-
mation on pulmonary hypertension in the cardiac
horized reproduction of this article is prohibited.
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KEY POINTS

� Right ventricular dysfunction is associated with a
significant increase in mortality in cardiac surgery.

� Early recognition of right ventricular failure using
combined echocardiographic and specific right
ventricular hemodynamic variables is important.

� The treatment success will be associated by
optimization of the hemodynamic, echocardiographic
and tissue perfusion parameters.

Cardiovascular anesthesia
and noncardiac surgical patient, except for its
association with increased risk of mortality. This
increased mortality associated with pulmonary
hypertension is likely to be from right ventricular
failure. Alternatively, pulmonary hypertension may
be a marker of severity of left ventricular diastolic
function, mitral regurgitation or pulmonary disease.
To date, no consensus guidelines have been per-
formed on the intraoperative management of right
ventricular dysfunction.

The incremental importance of preoperative
right ventricular dysfunction has not been system-
atically addressed in patients undergoing cardiac or
noncardiac surgery. Similar to pulmonary hyperten-
sion, there are only retrospective studies and small
prospective studies documenting the association
between preoperative right ventricular dysfunction
in cardiac surgery and increased postoperative com-
plications and mortality [10,11]. The importance of
postoperative right ventricular failure is well docu-
mented. Right ventricular failure occurring after
cardiac surgery will be associated with difficult
separation from CPB. The latter has been recently
demonstrated to be an independent predictor of
mortality in high-risk cardiac surgical patients
[12

&&

]. Postoperative right ventricular failure after
cardiac surgery or cardiac transplantation is associ-
ated with significant morbidity and mortality [13–
16]. Furthermore, result from an international mul-
ticentered trial (NCT00458276) on intravenous
tezosentan in prevention of right ventricular failure
(presented at the Canadian Anesthesia annual meet-
ing in 2010 in Toronto) showed a 37% mortality rate
of those who developed right ventricular failure
[17].

The mechanism through which right ventricu-
lar failure is associated with increased mortality
could be explained by the double hit phenomenon
[18

&&

]. With right ventricular failure, initially right
atrial pressure (RAP) will increase. As RAP is a deter-
minant of venous return, venous return and cardiac
output will be reduced resulting in low perfusion
pyright © Lippincott Williams & Wilkins. Unautho
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pressure. Secondly, the increased venous pressure
transmitted through both the superior and inferior
vena cava will increase the outflow pressure of vital
organs such as the brain, kidney, gastrointestinal
tract and the liver. Both conditions will result in
tissue hypoperfusion. Another reason why right
ventricular dysfunction could be associated with
increased mortality could be related to a delayed
diagnosis and suboptimal management. For
instance, studies in critically ill patients have shown
an association between excessive fluid balance,
higher RAP and increased mortality [19

&&

,20].
Hypervolemia could worsen right ventricular func-
tion if unrecognized. In fact hypervolemia can over-
distend the right ventricle (RV), increasing
pericardial constraint, left ventricular inflow as well
as effective stroke volume. However, no systematic
evaluation of right ventricular function was per-
formed in these studies.
RIGHT VENTRICULAR FUNCTION
EVALUATION

The evaluation of right ventricular function is
optimally performed using right heart catheteriza-
tion and echocardiography. Right heart catheteriza-
tion is the best method to diagnose pulmonary
hypertension and in that regard, superior to echo-
cardiography [21]. There are, however, no clear
hemodynamic criteria that can be used in the
definition or diagnosis of right ventricular failure.
Classically hypotension, elevated RAP (usually
>15 mmHg) and clear lungs have been proposed
as key elements in the diagnosis of right ventricular
failure. There are several limitations for this defini-
tion in the operating room setting. Firstly right
ventricular failure can co-exist with left ventricular
systolic or diastolic dysfunction; both can lead to
hypotension or pulmonary edema. Secondly RAP
can be elevated from raised intrathoracic or intra-
abdominal pressure without any right ventricular
dysfunction. Third, pulmonary hypertension is a
risk factor for developing right ventricular failure.
In a patient known to have pulmonary hyperten-
sion, the pulmonary artery pressure will initially be
high. If the patient then develops right ventricular
failure, the pulmonary artery pressure will pseudo-
normalize as right ventricular function fails to
generate adequate cardiac output. Therefore, if a
pulmonary artery catheter is inserted in a patient
with right ventricular failure, the pulmonary artery
pressure may appear normal but RAP will be elev-
ated. However, in this patient, both systemic and
pulmonary artery pressure will be reduced to a
similar degree. This explains why relative measure-
ments of pulmonary hypertension, such as the
rized reproduction of this article is prohibited.
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Perioperative right ventricular dysfunction Denault et al.
mean arterial to pulmonary ratio, better reflect the
severity of pulmonary hypertension. In addition,
they are better predictors of postoperative compli-
cations in cardiac surgery compared to the absolute
values [22]. Finally, in right ventricular failure,
measurement of cardiac output using thermodilu-
tion may be altered in the presence of tricuspid
regurgitation [23–25]. This can make assessment
of fluid or inotropic responsiveness difficult to docu-
ment using a pulmonary artery catheter.

In patients with left ventricular assist device
(LVAD), the Interagency Registry for Mechanically
Assisted Circulatory Support (INTERMACS) pro-
poses an inclusive definition of right ventricular
failure. In the consensus document, right ventricu-
lar failure is defined as symptoms and signs of
persistent right ventricular dysfunction (RAP
>18 mmHg with a cardiac index <2.0 l/min/m2)
[in the absence of elevated left atrial/pulmonary
capillary wedge pressure (greater than 18 mmHg),
tamponade, ventricular arrhythmias or pneumo-
thorax]; any right ventricular failure requiring right
ventricular assist device (RVAD) implantation or
any right ventricular failure requiring inhaled nitric
oxide or inotropic therapy for a duration of more
than 1 week at any time after LVAD implantation
[26]. For the perioperative period, a consensus defi-
nition of right ventricular failure has not yet been
developed. In the following section, we present
some potentially helpful criteria.
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FIGURE 1. A normal right ventricular pressure (Prv)
waveform has a horizontal diastolic slope. With a combined
display, the pulmonary artery pressure (Ppa) and the systolic
right ventricular pressure (Prv) should be similar (within
6 mmHg of each other).
HEMODYNAMIC DIAGNOSIS OF RIGHT
VENTRICULAR DYSFUNCTION

A new method that is used and promoted from the
Montreal Heart Institute (MHI) is the use of con-
tinuous right ventricular pressure waveform
monitoring. This method was described several
years ago in the diagnosis of right ventricular ische-
mia [27,28], but not as a continuous monitoring
modality. Our group has been using continuous
right ventricular pressure waveform monitoring in
order to detect changes in right ventricular function
during cardiac surgery [22,29,30]. The diagnosis of
right ventricular systolic dysfunction, diastolic dys-
function and right ventricular outflow tract obstruc-
tion (RVOTO) can be obtained instantaneously, in a
dynamic fashion, using a pulmonary artery catheter,
and continuously transducing the right ventricular
port (Paceport, Edwards Lifescience, Irvine, CA) [31].
The normal right ventricular diastolic slope is typ-
ically horizontal due to the normal right ventricular
compliance, which is much higher than the left
ventricular compliance [29]. When right ventricular
pressure is combined with pulmonary artery pres-
sure monitoring, there should also be no significant
Copyright © Lippincott Williams & Wilkins. Unaut
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differences between the peak systolic pulmonary
artery pressure and the systolic right ventricular
pressure (Fig. 1). In right ventricular dysfunction,
a progressive change from a horizontal to an oblique
diastolic slope will be observed (Fig. 2). As right
ventricular function deteriorates, it will change to
a square root slope (Fig. 3) and then there will be
equalization of the right ventricular to pulmonary
artery diastolic pressure. With severe right ventric-
ular systolic dysfunction delayed systolic upstroke
(or right ventricular pulsus tardus) and reduction in
right ventricular pulse pressure will be observed
(Fig. 4). Another useful diagnosis that can be instan-
taneously made with right ventricular pressure
waveform monitoring is RVOTO. This is readily seen
whenever the right ventricular systolic pressure is
6 mmHg or more above the pulmonary artery sys-
tolic pressure (Fig. 5). The mechanism of RVOTO
can be dynamic or mechanical. Dynamic RVOTO
with gradients above 25 mmHg are observed in 4%
of patients undergoing cardiac surgery, and they are
associated with hemodynamic instability [31]. In
this situation (which is analogous to dynamic left
ventricular outflow tract obstruction associated
with systolic anterior motion of the mitral valve),
inotropic agents would be contra-indicated; how-
ever, volume and beta-blocking agents can be used if
the RVOTO is nonmechanical. Mechanical RVOTO
has been proposed as one of the mechanisms for
hemodynamic instability that can occur in the
prone position [32

&

]. We have described RVOTO
in anterior pneumothorax [33], during sternal clo-
sure [33] and after lung transplantation [34,35].
Hemodynamic instability resulting from dynamic
horized reproduction of this article is prohibited.
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FIGURE 2. Zoomed right ventricular pressure (Prv) and pulmonary artery pressure (Ppa) with their corresponding Doppler
hepatic venous flow (HVF) before (a, b) and after cardiopulmonary bypass (CPB). Note the change in the diastolic slope of the
Prv waveform and the corresponding change in the systolic (S) to diastolic (D) ratio of the HVF. After CPB, the regional
oxygen saturation of the brain (rSO2) was lower, but still within normal limits (60�5%) (Supplementary Digital Content 1a
and 1b, http://links.lww.com/COAN/A10, http://links.lww.com/COAN/A11).

Cardiovascular anesthesia
RVOTO is likely to be under-diagnosed in the
perioperative period.

In the operating room, we simultaneously
display both the pulmonary artery and the right
ventricular pressure waveform throughout surgery.
This technique may be the fastest and easiest way to
diagnose hemodynamic instability resulting from
right ventricular dysfunction or RVOTO. However,
when right ventricular dysfunction is suspected,
both cardiac and pulmonary echocardiography will
be instrumental in determining the cause and con-
sequences. For instance, right ventricular failure can
result in pulmonary hypertension due to mitral
regurgitation. Mitral regurgitation could be secon-
dary to ischemia [36] or from left ventricular outflow
tract obstruction [37]. Both conditions cause post-
capillary pulmonary hypertension, but will have
completely different medical or surgical manage-
ment. Another example is hypoxia that can lead
to pulmonary hypertension, right ventricular failure
and increase in RAP. If RAP exceeds left atrial pres-
sure, hypoxia can worsen through the opening of a
patent foramen ovale with right to left shunt. This
scenario could occur in potentially up to 20% of
the population [38]. The cause of abnormal gas
exchange such as pulmonary edema, atelectasis,
pneumothorax and pleural effusion will also be
pyright © Lippincott Williams & Wilkins. Unautho
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facilitated with bedside pulmonary ultrasound in
up to 90% of patients [39,40

&

]. Lung ultrasound is
discussed in more detail in another article of
this issue.
ECHOCARDIOGRAPHIC DIAGNOSIS OF
RIGHT VENTRICULAR DYSFUNCTION

Echocardiography will be useful to diagnose and
elucidate the cause of right ventricular dysfunction
and to diagnose any associated conditions such as
valvular heart disease or pulmonary disease. It will
also be useful in determining right ventricular
dimensions and function, and will help the clinician
in evaluating response to therapy. Specific con-
ditions such as left ventricular systolic and diastolic
dysfunction, valvular and congenital heart disease,
left ventricular outflow tract obstruction, acute pul-
monary embolism and other rare causes such as left
atrial myxoma can be diagnosed using echocardiog-
raphy. These conditions can be associated with pul-
monary hypertension and consequently right
ventricular failure. A detailed discussion of the role
of echocardiography in the diagnosis of the cause of
right ventricular failure is beyond the scope of this
article. Their impact on right ventricular function
will now be discussed.
rized reproduction of this article is prohibited.
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FIGURE 3. Baseline hemodynamic waveforms in a patient before cardiac surgery (a), after cardiopulmonary bypass (CPB)
(b) and following the administration of inhaled milrinone (c). Note the relatively horizontal right ventricular pressure (Prv)
waveform initially. After CPB, the Prv becomes abnormal and looks like a square root sign. Equalization of the Prv and the
diastolic pulmonary artery pressure (Ppa) is also present. This was associated with hypotension and hemodynamic instability.
Following administration of inhaled milrinone, the Prv waveform resumed a normal shape. This was associated with increased
blood pressure, reduced noradrenaline requirement and increase in end-tidal carbon dioxide (ETCO2) from 32 to 40 mmHg,
suggesting improved cardiac output. Note also the significant difference between the arterial pressure measured in the femoral
compared to the radial artery. Paf, femoral arterial pressure; Par, radial arterial pressure; SaO2, oxygen saturation.

Perioperative right ventricular dysfunction Denault et al.
In 2010, international guidelines for the echo-
cardiographic evaluation of the right heart in adults
were published [41]. A total of 14 transthoracic views
were described and a consensus was established in
terms of quantitative assessment of right ventricular
dimensions. In addition, formal criteria for the
evaluation of right ventricular systolic and diastolic
function were established. More detail on the
echocardiographic assessment of right ventricular
function can be found at the American Society
of Echocardiography website (www.asecho.org).
Copyright © Lippincott Williams & Wilkins. Unaut
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Similar right ventricular views obtained using trans-
esophageal echocardiography (TEE) were published
in 2007 [11,29]. Both two-dimensional measurement
and Doppler evaluation will be necessary to obtain a
comprehensive evaluation of right ventricular func-
tion. Correlation between right ventricular pressure
waveform, systolic and diastolic function using
Doppler hepatic venous flow are commonly observed
(Fig. 2). Newer techniques such as myocardial strain
and 3D TEE will not be covered, but will become
available in the near future [42

&

].
horized reproduction of this article is prohibited.
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FIGURE 5. Right ventricular outflow tract (RVOT) obstruction at the beginning of cardiac surgery from mechanical compression
during dissection of the right mammary artery (a). Note the 20 mmHg systolic difference between the right ventricular pressure
(Prv¼43/13) and the pulmonary artery pressure (Ppa¼23/17). In the mid-esophageal inflow–outflow view, the abnormally
reduced size of the RVOT is demonstrated. AoV, aortic valve; ETCO2, end-tidal carbon dioxide; LA, left atrium; Pa, arterial
pressure; RA, right atrium; SaO2, oxygen saturation (Supplementary Digital Content 2a and 2b, http://links.lww.com/
COAN/A12, http://links.lww.com/COAN/A13).

Cardiovascular anesthesia
In summary, combining right ventricular pres-
sure waveform monitoring and cardiopulmonary
ultrasound monitoring allows rapid determination
of the cause of right ventricular dysfunction, deter-
mination of right ventricular systolic and diastolic
function, and exclusion or not of RVOTO. Pulmon-
ary ultrasound will be useful in the presence of
hypoxia. In addition, rapid evaluation of the thera-
peutic efficacy of agents used in right ventricular
dysfunction can be used using these modalities
(Fig. 3). There is, however, a limitation to both
echocardiographic and hemodynamic monitoring.
Some patients after cardiac surgery may develop
abnormal right ventricular dysfunction based on
echocardiographic criteria [43]. However, they still
maintain adequate cardiac output and consequently
adequate oxygen transport and tissue perfusion.
How can we identify these patients who may not
require any specific right ventricular failure treat-
ment?
NEAR-INFRARED SPECTROSCOPY

Near-infrared spectroscopy (NIRS) is a noninvasive
but nonspecific method to evaluate whether cardiac
output is sufficient to maintain adequate oxygen
transport in relation to oxygen demand. Simple
tissue perfusion techniques such as mixed venous
blood gas [44], arterio-venous carbon dioxide differ-
ences [45] and lactate measurements [46] are com-
monly used for that purpose. However, these
measurements are intermittent and their results
might represent a situation that happened several
hours before. Regional cerebral oxygen saturation
(rSO2) monitoring using NIRS is a promising
pyright © Lippincott Williams & Wilkins. Unautho
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technology that could help anesthesiologists in
meeting these goals during cardiac or noncardiac
surgery. The monitor gives a baseline numerical
value of the rSO2. Therefore, abnormal variation
in NIRS can be addressed by the anesthesiologist
using various interventions [35]. Studies have
shown that intraoperative NIRS values correlate
with postoperative outcome in cardiac [47

&

] and
in noncardiac surgery [48]. Interventions to correct
brain saturation can be associated with improved
outcome [49,50]. Finally in a recent prospective
trial, baseline cerebral NIRS values obtained before
cardiac surgery were superior to the euroSCORE in
predicting survival in cardiac surgery [51

&&

].
Consequently, combining right ventricular

pressure waveform, echocardiography and NIRS
monitoring allows the anesthesiologist to differen-
tiate the compensated normal or abnormal RV (nor-
mal NIRS values) (Fig. 2) to the uncompensated
failing RV (reduced NIRS values) (Fig. 6). In the
presence of normal right ventricular pressure wave-
form and reduced NIRS, the cause is likely to be
noncardiogenic such as during acute hemorrhage
for instance (Fig. 7). In the operating room, both
end-tidal carbon dioxide and NIRS trends [52,53] are
used to evaluate response to therapy. They are
particularly useful in right ventricular failure com-
pared to thermodilution, as they are not influenced
by tricuspid regurgitation.
PERIOPERATIVE MANAGEMENT

A practical approach to hemodynamic instability
following CPB or weaning failure is summarized
in Fig. 8. Typically, hemodynamic instability will
rized reproduction of this article is prohibited.
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FIGURE 6. Hemodynamic waveforms combined with regional near-infrared spectroscopy (NIRS) values obtained before
(a) and after cardiopulmonary bypass (CPB) (b). The upper NIRS value was obtained from the right lower extremity and the
lower NIRS value is from the brain. Note that after CPB, both values were reduced significantly. This was associated with
failure to wean from CPB and significant hemodynamic instability. The cause was a result of acute right ventricular (RV) failure,
demonstrated on the RV pressure (Prv) waveform. Note the change of Prv from a normal shape before CPB to a square root
sign, with diastolic equalization after CPB. Note also that the pulmonary artery pressure (Ppa) systolic values were lower after
CPB and nondiagnostic of acute RV failure. The right atrial pressure was 16 mmHg compared to 14 mmHg before CPB.
ETCO2, end-tidal carbon dioxide; Pa, arterial pressure; rSO2, regional oxygen saturation; Ppa, pulmonary artery pressure;
SaO2, oxygen saturation.

Perioperative right ventricular dysfunction Denault et al.
be associated with reduced cardiac output and low
NIRS values indicating poor tissue perfusion (Fig. 6).
In any hemodynamically unstable patient, it will
also be important to obtain reliable arterial pressure
as shown in Fig. 3 [54].

Secondly (step #2), it is important to recognize
the presence of right ventricular dysfunction.
Assessment of right ventricular function focuses
on visual information (in the open chest condition),
right ventricular pressure waveform analysis and
echocardiographic assessment [32

&

,41] of diastolic
parameters, systolic performance indices and assess-
ment of RVOTO [31]. The steps outlined below
suggest a multimodality approach to the manage-
ment of right ventricular dysfunction.

The next step (step #3) is to analyze right ven-
tricular pressure waveform and to rule out RVOTO.
The severity of hemodynamic instability correlates
with a gradient above 25 mmHg [31]. The diagnosis
can be confirmed with TEE. In this situation, if the
mechanism is not from a mechanical compression,
inotropic support should be reduced, volume
administered and reduction in heart rate should
Copyright © Lippincott Williams & Wilkins. Unaut

0952-7907 � 2013 Wolters Kluwer Health | Lippincott Williams & Wilk
be considered. In step #4, right ventricular systolic
and diastolic failure is confirmed. When right
ventricular failure is present, particularly after
cardiac transplantation, it is important to rule out
any early surgical complication (step #5) such as
compression of the pulmonary artery or obstruction
at the pulmonary artery anastomosis [55

&

].
In all other cases priority will be to maintain

hemodynamic stability and to avoid the vicious
circle of hypotension and right ventricular ische-
mia. General measures should be implemented (step
#6). These include heart rate and rhythm optimiz-
ation, optimal fluid and blood management, avoid-
ing reduced or excessive lung volume (in order to
maintain a normal functional residual capacity) or
drugs that could increase pulmonary artery pressure
and maintain normal acid–base status [18

&&

]. Shiv-
ering and hypothermia will also be important to
prevent particularly in the postop period. The next
important question will be to determine if an ische-
mic component is present and if there is evidence of
left ventricular dysfunction. Medical or surgical
reperfusion will be required if an ischemic condition
horized reproduction of this article is prohibited.
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(c)

FIGURE 7. Postcardiopulmonary bypass (CPB) reduction in cerebral near-infrared spectroscopy (NIRS) in a 54-year-old
woman undergoing coronary revascularization and resection of an interatrial mass (a, b). The right ventricular pressure
waveform was normal at the time (not shown). Significant reduction in hemoglobin from 14.7 to 9.2 g/l was noted. Lung
ultrasound examination revealed the presence of a massive hemothorax in the left pleural space. This was most likely from
occult bleeding of the left internal mammary artery (c). Ao, aorta (Supplementary Digital Content 3, http://links.lww.com/
COAN/A14).

Cardiovascular anesthesia
is suspected (step #7). In the cardiac operating
theater, communication within the cardiac team
will play a key role. This question will need to be
answered rapidly. In some instances, return on CPB
will be indicated particularly if persistent reduced
NIRS values are present. This will allow planning
the next strategy. In some severe cases mechanical
devices might be considered as a bridge to recovery
or as a bridge to transplantation [56

&

].
In some case of right ventricular failure, there

will be no evidence of ischemia and left ventricular
failure (step #8). This may occur in severe pulmon-
ary reperfusion syndrome [30,57], in patients who
have reduced right ventricular reserve and during
carbon dioxide embolism [58]. In conditions with
elevated pulmonary vascular resistance, right ven-
tricular afterload reduction can lead to dramatic
improvement [58]. Although nitric oxide can be
used, many centers have been using mostly inhaled
prostacyclin [59,60] and inhaled milrinone alone or
in combination because of the reduced cost, rapid
onset of action and simplicity of administra-
tion [61,62]. Sublingual sildenafil has also been
suggested as an alternative [63,64]. Experience with
pyright © Lippincott Williams & Wilkins. Unautho
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this form of administration in the operating room
has not been reported yet. More details on the
various drugs and their mechanisms of action can
be found in a review by Gordon et al. [65]. In high-risk
patients, we administer inhaled agents before CPB in
order to possibly prevent or attenuate the reperfusion
injury [62]. An ongoing multicentered randomized
controlled trial on inhaled milrinone in high-risk
cardiac surgery (NCT00819377) will be completed
in 2013 and will provide more insight into the effec-
tiveness of this approach. Increasing right ventricular
contractility will also be useful in right ventricular
failure as long as there is no left ventricular outflow
tract obstruction. In that situation, phosphodiester-
ase inhibitor or beta agonist alone or in combination
with vasopressin or a-agonist, if required, can be used
to maintain right coronary perfusion pressure.

Finally (step #9) it is important to evaluate other
conditions that can be associated with reduced oxy-
gen transport, with or without right ventricular
failure. These include conditions associated with
reduced cardiac output or venous return such as
low mean systemic pressure (distributive or hemor-
rhagic shock) (Fig. 8), increased RAP (cardiogenic
rized reproduction of this article is prohibited.
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FIGURE 8. Bedside approach to acute right ventricular (RV) dysfunction in cardiac surgery. See text for details. CPB,
cardiopulmonary bypass; FRC, functional residual capacity; HR, heart rate; LV, left ventricle; LVOT, left ventricular outflow
tract; NIRS, near-infrared spectroscopy; PDE3 inh, phosphodiesterase inhibitors type 3; RCA, right coronary artery; RVOT,
right ventricular outflow tract; TEE, transesophageal echocardiography; VAD, ventricular assist devices.

Perioperative right ventricular dysfunction Denault et al.
shock for instance acute mitral regurgitation from
prosthetic dysfunction) and increased resistance
to venous return (obstructive shock). We have
observed the latter to occur at sternal closure due
to mediastinal tamponade, during iatrogenic
inferior vena cava occlusion and occult abdominal
bleeding causing abdominal compartment syn-
drome [33,34]. Those conditions, associated with
reduced arterial oxygen content, include acute
anemias (Fig. 8), functional anemias (meth carboxy-
hemoglobinemia) or reduction in oxygen satur-
ation. The latter, in addition to hypercapnia, will
increase pulmonary artery pressures and RAP. In this
last step, cardiac, pulmonary and abdominal ultra-
sound can be used to help in the diagnosis and
management.
CONCLUSION

The occurrence of right ventricular failure is a major
complication associated with significant morbidity
and mortality. A thorough understanding of the
complex physiology of the RV is required to success-
fully diagnose and manage this condition. Patients
Copyright © Lippincott Williams & Wilkins. Unaut

0952-7907 � 2013 Wolters Kluwer Health | Lippincott Williams & Wilk
with pulmonary hypertension are predisposed to
develop right ventricular failure. However, as right
ventricular failure progresses, pulmonary artery
pressures will pseudo-normalize but RAP will remain
elevated. Thermodilution cardiac output is often
misleading. Conventional monitoring with a pul-
monary artery catheter alone may therefore be
limited in making the diagnosis. Bedside echo-
cardiography and right ventricular pressure wave-
form monitoring can be very useful in making the
diagnosis of right ventricular failure. The importance
of oxygen transport can be evaluated through the use
of NIRS. Response to therapy will be associated with
normalization of all these parameters.
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34. Denault AY, Couture P, Vegas, et al. Transesophageal Echocardiography
Multimedia Manual, Second Edition: A Perioperative Transdisciplinary
Approach. New York: Informa Healthcare; 2010.

35. Denault AY, Ferraro P, Couture P, et al. Transesophageal echocardiography
monitoring in the intensive care department: the management of hemody-
namic instability secondary to thoracic tamponade after single lung trans-
plantation. J Am Soc Echocardiogr 2003; 16:688–692.

36. Silbiger JJ. Mechanistic insights into ischemic mitral regurgitation: echocar-
diographic and surgical implications. J Am Soc Echocardiogr 2011; 24:707–
719.

37. Rochon AG, L’Allier PL, Denault AY. Always consider left ventricular outflow
tract obstruction in hemodynamically unstable patients. Can J Anesth 2009;
56:962–968.

38. Sukernik MR, Mets B, Bennett-Guerrero E. Patent foramen ovale and its
significance in the perioperative period. Anesth Analg 2001; 93:1137–1146.

39. Lichtenstein DA, Meziere GA. Relevance of lung ultrasound in the diagnosis of
acute respiratory failure: the BLUE protocol. Chest 2008; 134:117–125.

40.
&

Volpicelli G, Elbarbary M, Blaivas M, et al. International evidence-based
recommendations for point-of-care lung ultrasound. Intensive Care Med
2012; 38:577–591.

In 2009, the American College of Chest Physician in collaboration with the Société
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