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Right ventricular (RV) dysfunction occurring just 
after cardiopulmonary bypass (CPB) is a major 
complication in cardiac surgery with a mortality 
rate from 22 to 37% [1, 2]. One of the major risk 
factors is preoperative pulmonary hypertension 
(PH) [3]. In the following chapter, we will define 
right ventricular failure (RVF) and review the 
critical role of cardiac and extracardiac ultra-
sound for its diagnosis and its consequences on 
extra-cardiac function. We will conclude by 
briefly describing our approach in managing this 
condition.
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Main Messages
	1.	 Right ventricular (RV) dysfunction after 

cardiopulmonary bypass (CPB) is a 
major complication in cardiac surgery 
with a mortality rate from 22 to 37%.

	2.	 Six most important causes of PH in car-
diac surgery are: (1) left ventricular (LV) 
dysfunction, (2) lung injury during CPB, 
(3) protamine administration, (4) aortic 
or mitral patient prosthesis mismatch, 
(5) hypoxia, hypercapnia or pulmonary 
embolism, and (6) pulmonary disease.

	3.	 Echocardiography has a central role in 
the diagnosis of RVF, but it is important 
for the clinician to assess the hemody-
namic impact of this finding to deter-
mine the best course of action.

	4.	 In patients with PH, it has been shown 
that MAP/MPAP ratio is not influenced 
by loading conditions and is an indepen-

dent predictor of hemodynamic compli-
cation after cardiac surgery.

	5.	 Pulmonary vasodilators and Phosphodi-
esterase enzyme (PDE) type 3 inhibitors 
were strongly recommended to reduce 
pulmonary pressures and pulmonary 
vascular resistance (PVR) and improve 
RV performance.

	6.	 Inhaled therapies commonly used to 
treat PH in the cardiac surgical setting 
include inhaled nitric oxide, inhaled 
prostacyclin (iPGI2), inhaled iloprost, 
and inhaled PDE inhibitors such as 
milrinone.
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�Prevalence and Outcome 
of Pulmonary Hypertension 
and Right Ventricular Dysfunction 
Post-Cardiopulmonary Bypass

Pulmonary hypertension is a hemodynamic prob-
lem that can result in RVF.  It has a complex 
pathophysiology and is associated with increased 
morbidity and mortality. Although the true preva-
lence of PH in the general population is unknown, 
the prevalence of pulmonary arterial hyperten-
sion (PAH) (group 1 PH) has been estimated to 
range from five to 15 cases per million and is now 
believed to affect all age groups and both genders 
[4].

In the context of cardiac surgery, PH is fre-
quently classified as pre-capillary or post-
capillary. Pre-capillary PH is marked by changes 
limited to the arterial side of the pulmonary cir-
culation, while post-capillary PH reflects changes 
within the pulmonary venous circulation, 
between the capillary bed and the left atrium. 
Since the most common form of PH encountered 
in the cardiac surgery patient is PH associated 
with left heart disease [5]; in this context, PH is 
typically post-capillary.

The PH in cardiac surgery has a complex eti-
ology and may involve several mechanisms act-
ing alone or in combination. We previously 
identified the six most important causes of PH in 
cardiac surgery, which may exist before the 
operation, or appear during or after the proce-
dure: (1) left heart disease or left ventricular (LV) 
dysfunction; (2) lung injury during CPB; (3) 
protamine administration; (4) aortic or mitral 
patient prosthesis mismatch; (5) hypoxia, hyper-
capnia or pulmonary embolism; and (6) pulmo-
nary disease [3].

Cardiac surgical patients with PH carry a 
higher risk for surgery than those without 
PH.  Complications such as pneumonia, pro-
longed mechanical ventilation, renal failure, car-
diac arrest, and multiple organ system failure 
occur more frequently with increasing mean pul-
monary artery pressure (MPAP) [6]. In patients 
with severe PH, the incidence of major postop-
erative complications was previously reported at 
32% [6].

Survival in the postoperative period is deter-
mined by the ability of the right heart to deal with 
the increased pulmonary pressure. Information 
on pulmonary hemodynamics and RV function is 
therefore essential to adapt the best approach for 
management. For this reason, standard hemody-
namic monitoring techniques used during anes-
thesia and in the intensive care unit (ICU) are not 
sufficient for this high-risk cardiac population. 
Appropriate perioperative monitoring including, 
but not limited to, right heart catheterization, 
transesophageal echocardiography (TEE), and 
cerebral near-infrared spectroscopy (NIRS) are 
critical to provide guidance in the management of 
hemodynamic instability and RVF.

�Definition of Right Ventricular 
Failure After Cardiopulmonary 
Bypass

There is no specific and uniform definition of 
RVF in the context of cardiac surgery. In two ran-
domised trials in which prevention of RVF was 
the primary outcome, different definitions were 
used (Table  22.1) [1, 2]. Therefore in order to 
define RVF, hemodynamic, echocardiographic 
and pharmacologic elements must be present. For 
instance, similar echocardiographic features can 
be seen in RV dysfunction and RVF.  However, 
the latter will be associated with reduced oxygen 
transport and typically reduced brain and sys-
temic NIRS signals.

�Cardiac Manifestations: 
Echocardiographic Evaluation

Guidelines unrelated to cardiac surgery address-
ing qualitative and quantitative transthoracic 
echocardiographic (TTE) evaluation and the 
abnormal RV function criteria in adults are avail-
able [7]. Transesophageal echocardiography RV 
views are similar to those obtained using TTE 
and a proposition of echocardiographic RV dys-
function for cardiac surgery was published in 
2009 [8, 9]. Proposed echocardiographic RV dys-
function criteria are: (A) the presence of RV dila-
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tation >2/3 of the LV in its transversal diameter; 
(B) RV fractional area change (RVFAC) <25% or 
≥20% reduction compared to the pre-CPB evalu-
ation; (C) a tricuspid annular plane systolic 
excursion (TAPSE) ≤16 mm, and (D) a systolic 
speed of the tissue Doppler tricuspid ring 
(S′) < 10 cm/s [8, 9]. The TEE and TTE RV eval-
uation is often challenging due to its complex 
crescent shape geometry that renders imaging of 
the inflow and outflow in the same two-
dimensional (2D) plane difficult. Inward mechan-
ical contraction of the RV is governed by 
superficial circumferential muscle fibers shorten-
ing whereas base-to-apex contraction results 
from inner longitudinal fibers. In comparison to 
LV, the base-to-apex shortening assumes a greater 
role in RV emptying. Views specific to RV should 
be used to evaluate its dimension and function 
with a qualitative and quantitative approach [8]. 
RV function can be evaluated through 2D volu-
metric and non-volumetric parameters, strain 
analysis and three-dimensional (3D) parameters.

Echocardiography is useful to characterize the 
consequences of PH on RV size and function. 
Specific conditions associated with PH and con-
sequently RV dysfunction can be diagnosed with 

this imaging modality. Right ventricular hyper-
trophy is present if RV free wall exceeds 5 mm. 
RV remodeling and dilatation will increase the 
RV sphericity index defined by the ratio of RV 
end-diastolic mid-papillary diameter on RV end-
diastolic longitudinal diameter.

�2D Imaging Systolic Function 
Assessment

�Right Ventricle Volumetric Assessment
Qualitative evaluation and estimation of the RV 
size is made by comparison with the LV. Normal 
RV is less than two-thirds of the LV; mildly 
enlarged RV is more than two-thirds but inferior 
to the LV; moderately enlarged RV is roughly 
equal to the LV size; and severely enlarged RV is 
superior to the LV [7]. The RV dysfunction is 
suspected when RV dilatation from volume over-
load produce septal flattening in diastole and 
when RV pressure overload produce septal flat-
tening in both diastole and end-systole. Right 
ventricular diameter >42  mm at the base and 
>35 mm at the midlevel is diagnostic of RV dila-
tation [7]. Volumetric evaluation can be done 

Table 22.1  Definition of right ventricular failure

Trial

Right ventricular failure criteria

Hemodynamics and cardiopulmonary 
weaning

Echocardiographic 
evaluation

Intraoperative direct 
visual anatomic 
inspection

TACTICS, 
Denault et al. 
2013 [1]

– � Requirement of ≥3 inotropic/
vasopressor treatments or 2 at high 
doses for CPB separationa

– � Return to CPB for hemodynamic 
instability

– � Use of rescue therapy for high 
pulmonary arterial pressureb

–  Use of ventricular assist device
–  Death (all causes)

> 20% reduction of RV 
fraction area change

Significant reduction or 
absence of RV wall 
motion

Denault et al. 
2016 [2]

Difficult or complex separationc

aInotropic/vasopressor treatments at high doses are defined as: dopamine 45 mcg/min; dobutamine 45 mcg/min; norepi-
nephrine >0.05 mcg/min; epinephrine >0.05 mcg/min; milrinone >0.5 mcg/min; phenylephrine >2.5 mcg/min; isopro-
terenol >0.01 mg/min; vasopressin at a cumulative dose of >10 units or levosimendan ≥0.2 mcg/min
bHigh pulmonary arterial pressure defined as mean pulmonary artery pressure >50 mmHg or systolic pulmonary artery 
pressure >60 mmHg
cDifficult separation defined as the need of at least two different types of pharmacological agents (inotropes and vaso-
pressors). Complex separation (or surgical) is defined as difficult separation plus a surgical intervention (return on CPB, 
intra-aortic balloon pump (IABP), extracorporeal membrane oxygenation (ECMO)) for weaning or intraoperative death 
from heart failure. Abbreviations: CPB cardiopulmonary bypass, RV right ventricular
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with RVFAC defined as (end-diastolic area – end-
systolic area)/end-diastolic area × 100. Diagnosis 
of RV dysfunction is made by RVFAC <35% and 
its severity can be described as mild, moderate, or 
severe for values of 25% to 35%, 18% to 25%, 
and ≤18%, respectively. However, RVFAC does 
not consider the RV outflow tract volume that 
corresponds to approximately 20% of the RV 
volume.

�Right Ventricle Non-Volumetric 
Assessment
Global assessment of RV function can be done by 
RV myocardial performance index (RVMPI) 
using pulsed waved Doppler (PWD) or tissue 
Doppler imaging (TDI) at the lateral tricuspid 
annulus. It represents an estimate of both RV sys-
tolic and diastolic function. It is based on the 
relationship between ejection and non-ejection 
work of the heart. The RVMPI is defined as the 
ratio of isovolumetric time divided by ejection 
time (ET), or [(isovolumetric relaxation time 
(IVRT)  +  isovolumetric contraction time 
(IVCT))/(ET)]. Presence of RV dysfunction is 
characterized by a RVMPI >0.43  in PWD and 
>0.54 in TDI [10]. In valvular surgery, RVMPI is 
an independent predictor of difficult CPB wean-
ing, mortality, circulatory failure, duration of 
hospitalization and ICU stay [11]. This parameter 
is load dependent and unreliable in situations 
where right atrial pressure is elevated and RR 
intervals are irregular such as atrial fibrillation 
because of reduced IVCT.

Regional assessment of RV function corre-
sponds to TDI derived S′, RV acceleration during 
isovolumic contraction (RVIVA) and 
TAPSE. Interrogation of S′ by TDI <9.5 cm/s is a 
sign of RV dysfunction as it represents the basal 
RV free wall function. The RVIVA is also mea-
sured by TDI at the lateral tricuspid annulus. 
Right ventricular acceleration during isovolumic 
contraction is defined as the peak isovolumic 
myocardial velocity divided by time to peak 
velocity. This parameter is rate dependent and 
appears to be less load-dependent than 
RVMPI.  Value <2.2  m/s2 is considered to be 
related to RV dysfunction. The RV function is 
commonly assessed by TAPSE as it represents an 
easily recognizable longitudinal movement on 

echocardiography. Typically measured in 
M-Mode and corrected for angulation of interro-
gation, TAPSE is defined as the total excursion of 
the tricuspid annulus from end-diastole to end-
systole. Tricuspid annular plane systolic excur-
sion <17 mm is suggestive of RV dysfunction. It 
has been correlated to RV ejection fraction 
(RVEF). However, it is important to note that 
TAPSE is angle and load dependent. Also, it 
reflects the longitudinal displacement of only a 
single segment of the complex RV 3D structure.

�2D Imaging Diastolic Function 
Assessment

Presence of tricuspid regurgitation or irregular 
RR intervals renders the analysis of diastolic dys-
function difficult immediately after CPB wean-
ing. However, in the absence of these conditions, 
gradation of diastolic RV function can be 
achieved through trans-tricuspid flow (TTF) and 
hepatic venous flow. Early and late filling waves 
velocities (E and A wave, respectively) and E 
deceleration time recorded by pulsed wave 
Doppler in the TTF and the lateral tricuspid 
annulus velocity during early filling (E′) recorded 
by TDI allows diastolic categorization of RV 
function. A tricuspid E/A ratio  <  0.8 suggests 
impaired relaxation, a tricuspid E/A ratio of 0.8 
to 2.1 with an E/E′ ratio > 6 or diastolic flow pre-
dominance in the hepatic veins suggests pseudo-
normal filling, and a tricuspid E/A ratio  >  2.1 
with a deceleration time  <  120  ms suggests 
restrictive filling.

�Strain Imaging

Right ventricular strain measurements are highly 
feasible and use an absolute cut-off value of 
> − 20% (or absolute value <20%) for both RV 
global longitudinal strain (RVGLS) and RV free 
wall strain (RVFWS) [12]. The RV strain is wors-
ened after CBP but the clinical significance of 
that finding is unknown [13]. Preoperative TTE 
evaluation of the 2D RV longitudinal strain is a 
better predictor of mortality after cardiac surgery 
than RVFAC. Abnormal RVFAC (<35%) is asso-
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ciated to the greatest risk of postoperative mortal-
ity, probably because abnormal RVFAC reflects a 
severe and advanced RV dysfunction with both 
radial and longitudinal RV dysfunction. In 
patients with preserved RVFAC, RV speckle 
tracking appears as a sensitive method to identify 
early RV dysfunction [14]. RV strain imaging can 
represent an important prognostic value in the PH 
patient [15] and is associated with mortality after 
transcatheter aortic valve replacement [16]. 
Finally, both regional and global RV strain mea-
surements are feasible with TEE during cardiac 
surgery [17].

�3D Imaging

The use of 3D echocardiography to evaluate RV 
end-diastolic volume by identification of the 
minimal RV volume frame and end-systolic vol-
ume by maximal RV volume frame allows the 
determination of RVEF.  Three-dimensional 
RVEF <45% is highly suggestive of RV dysfunc-
tion. End-diastolic volumes >87 mL/m2 for men 
and > 74 mL/m2 for women are indicative of RV 
enlargement. Intraoperative RVEF assessment 
with 3D TEE seems feasible and reproducible in 
patients with normal RV function and in patients 
with dilated RV without being excessively time 
consuming [18].

�Echocardiographic Evaluation 
of Pulmonary Artery Pressure

Pulmonary artery pressure (PAP) can be estimated 
with the use of a Bernoulli equation when a pul-
monary artery catheter is not used. The presence of 
tricuspid regurgitation makes it possible to esti-
mate systolic pulmonary artery pressure (SPAP) 
using peak tricuspid regurgitation velocity. 
Diastolic pulmonary artery pressure (DPAP) can 
be estimated from the velocity at the end of the 
pulmonary regurgitation, and MPAP from the 
maximal velocity of the pulmonary regurgitation. 
Right atrial pressure must be added to these two 
previous measurements to obtain an adequate esti-
mate. The MPAP can be estimated by the pulmo-
nary artery acceleration time (AT) (MPAP  =  79 

− (0.45 × AT) and MPAP = 90 − (0.62 × AT) if AT 
<120 ms) or derived from the systolic and diastolic 
pressures (MPAP = (1/3(SPAP) + 2/3(DPAP)).

�Extra-Cardiac Manifestations

�Hemodynamic Impact of Right 
Ventricular Dysfunction

The progressive increase in central venous pres-
sure (CVP) in patients with right heart failure has 
a detrimental impact on organ function. The 
cardio-renal syndrome, the cardio-intestinal syn-
drome and the cardio-hepatic syndrome have all 
been attributed to an inadequate tissue delivery of 
oxygen and nutriments stemming from a combi-
nation of decreased cardiac output and increased 
venous pressures [19–23]. While autonomic and 
hormonal autoregulation is able to compensate 
for a reduced cardiac index to maintain adequate 
blood flow until it falls below a critical threshold, 
the presence of elevated venous pressure creates 
a synergy where interstitial edema and a reduced 
arterio-venous gradient is providing the “second-
hit” resulting in organ dysfunction. Venous con-
gestion appears to be one of the most important 
factors leading to adverse outcomes in patients 
with heart failure.

While echocardiography has a central role in 
the diagnosis of RVF, it is important for the clini-
cian to assess the hemodynamic impact of this 
finding to determine the best course of action. 
While a critical decrease in cardiac output result-
ing in hypotension is immediately clinically evi-
dent from the use of traditional monitoring 
techniques, the impact of venous congestion on 
organ function is very covert in its presentation. 
Novel tools are being investigated to provide 
insight about the hemodynamic impact of RVF.

�Venous Pressures Monitoring

Absolute CVP measurements are routinely per-
formed in the perioperative period. The elevation 
of CVP is associated with an increase in renal 
dysfunction in broad populations of patients with 
cardiovascular diseases and is associated with 
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adverse outcomes in critically ill patients [24]. In 
the setting of cardiac surgery, absolute CVP mea-
surements, six hours after surgery is associated 
with mortality and renal failure [25]. However, 
despite multiple sources reporting the association 
between CVP and outcomes, an absolute cut-off 
or “target value” to prevent complications has not 
been determined. In a study by Williams et al. in 
a large cohort of coronary artery bypass graft sur-
gery patients, the elevation of risk with CVP was 
present even for values under 9  mmHg [25]. 
Consequently, other indices should be sought in 
order to better risk stratify patients. Perfusion 
pressure (mean arterial pressure (MAP)-CVP, or 
diastolic arterial pressure (DAP)-CVP) as a sur-
rogate for the arterio-venous pressure gradients 
in end organs is also associated with renal failure 

in cardiac surgery patients, and may be a better 
predictor than absolute CVP values [26].

Additional pressure monitoring to be consid-
ered includes the appearance of the CVP and the 
RV pressure waveform during the cardiac cycle. 
This information is often readily available and 
could be used to detect RV dysfunction at the 
bedside. In the patient with a normal diastolic RV 
function, pressure inside the RV will remain low 
during the ventricular systole manifesting as a 
plateau on RV pressure monitoring (Fig. 22.1a). 
With increasing diastolic RV dysfunction, 
ventricular compliance during diastolic decrease 
and the waveform will have an oblique appearance 
(Fig. 22.1f) and, in very severe cases, a square-
root pattern (Fig. 22.1k). During RV systole, the 
tricuspid annulus moves downward (TAPSE) 
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Fig. 22.1  Features of acute right ventricular (RV) failure 
on (1) RV pressure monitoring (2) right atrial pressure 
monitoring (3) hepatic vein (HV) and portal vein (PV) 
transthoracic Doppler ultrasound and (4) renal arterio-
venous Doppler ultrasound. Patterns in patients with nor-
mal RV function (a, b, c, d, e) and typical patterns 
commonly observed in patients with mild (f, g, h, i, j) and 
severe (k, l, m, n, o) RV dysfunction. Abbreviations: AR, 

atrial reversal; D, diastole; IVC, inferior vena cava; Ppa, 
pulmonary artery pressure; Prv, right ventricular pressure, 
S, systole. The numbers on the images correspond to the 
location of the images: 1, right ventricle; 2, right atrium; 
3, liver; 3H, hepatic venous flow; 3P, portal venous flow; 
4, renal venous flow. (Adapted from Amsalem et al. [27] 
and Beaubien-Souligny et al. [28])
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which is partially responsible for the decrease in 
right atrial pressure indicated by the X descent 
(Fig.  22.1b). With systolic RV dysfunction, the 
reduction in the TAPSE leads to the disappearance 
of the X descent (Fig. 22.1g and l) and a prominent 
Y descent during diastole. Recognition of these 
patterns could be used by the astute clinician as 
possible warning signs of RVF in an unstable 
patient.

Continuous RV pressure monitoring makes it 
possible to assess the hemodynamic effect of the 
pharmacological agent on RV function and is 
also a useful tool in the diagnosis of RV outflow 
tract obstruction (RVOTO). Excessive inotropic 
stimulation and afterload reduction may lead to 
RVOTO that can be instantaneously diagnosed 
with continuous pulmonary artery and RV pres-
sure monitoring (Fig.  22.2). This condition is 
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LV
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Ppa catheter

Diastole

Systole RVOT obstruction
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Fig. 22.2  Right ventricular outflow tract (RVOT) 
obstruction. Mid-esophageal inflow-outflow views in (a–
b) diastole and (c–d) systole show significant collapse of 
the RVOT during systole. (e) A 22 mmHg pressure gradi-
ent is present using combined right ventricular pressure 

(Prv) and pulmonary artery pressure (Ppa) waveforms. (f) 
The intraoperative aspect of the right ventricle (RV) shows 
a dimpling on the RVOT. Abbreviations: LA left atrium, 
LV left ventricle, RA right atrium. (With permission of 
Denault et al. [29])
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seen when the RV systolic pressure is at least 
6 mmHg above the SPAP. Right ventricular out-
flow tract obstruction can be dynamic or mechan-
ical and can be the source of important 
hemodynamic instability [30]. In this situation, 
similar to dynamic LV outflow tract obstruction 
associated with systolic anterior motion of the 
mitral valve, inotropic agents would be contrain-
dicated. If the RVOTO is non-mechanical, vol-
ume and beta-blocking agents can be used. 
Hemodynamic instability from RVOTO can 
occur in presence of an anterior pneumothorax, 
during sternal closure and after lung transplanta-
tion. This condition is likely to be under-
diagnosed in the perioperative period.

The MAP/MPAP ratio helps the clinician to 
appreciate the importance of PH related to the 
cardiac condition. In a situation where there is 
rapid variation of loading conditions, MPAP can 
be underestimated as it can be reduced propor-
tionally to the decrease in systemic pressures. In 
patients with PH, it has been shown that MAP/
MPAP ratio is not influenced by loading condi-
tions and is an independent predictor of hemo-
dynamic complication after cardiac surgery 
[31–35]. Also, MAP/MPAP ratio correlates with 
the TTE interventricular septal curvature and is 
correlated to five-year mortality after aortic 
valve replacement [36].

�Extra-Cardiac Ultrasound Assessment

By using point-of-care ultrasound, the clinician 
can investigate the hemodynamic impact of right 
heart failure in end-organs. Doppler ultrasound 
of the liver offers the possibility to assess flow in 
the portal and hepatic veins. These can provide 
an important insight into the severity of RVF and 
hepatic congestion and require only basic train-
ing in Doppler ultrasound. Hepatic venous flow 
can be used to evaluate RV systolic function 
based on the aspect of the Doppler signal pattern. 
Hepatic vein flow can be obtained using a phased 
array probe or a curved array probe in the sub-
xiphoid or lateral chest regions. Normal hepatic 
flow is directed away from the liver and fluctu-
ates during the cardiac cycle as shown in 

Fig.  22.1c. Systolic flow is usually of higher 
velocity than diastolic flow. This is due to down-
ward motion of the tricuspid annulus during ven-
tricular systole resulting in a rapid filling of the 
right atria. In patients with right heart failure, 
decreased TAPSE and/or tricuspid regurgitation 
during ventricular systole lead to a reduction of 
the velocity in systole and to a systolic-to-
diastolic ratio less than one as shown in Fig. 22.1h 
[37]. In severe right heart failure or tricuspid 
regurgitation, the systolic wave (S) appears to be 
completely reversed with backward flow in the 
hepatic veins during systole (Fig. 22.1m).

Flow in the portal vein can be assessed using a 
phased array or a curved linear array probe posi-
tioned in a right mid-axillary coronal view. Portal 
vein imaging using TEE is accomplished in the 
transgastric position. A transverse (short axis) cut 
of the liver is obtained by turning the probe to the 
right side of the patient. A multiplane angle rota-
tion of 90 to 110 degrees leads to a craniocaudal 
plane of the liver. The portal vein is usually 
within a few centimeters of the transducer and 
the inferior vena cava (IVC) is usually not 
included in the same 2D view. Venous flow 
through the portal vein is of low velocity 
(20 cm/s) because this circulation is isolated from 
the systemic circulation by the liver sinusoids 
and splanchnic capillary bed. Therefore, portal 
venous flow presents minimal variations through 
the cardiac cycle (Fig. 22.1d). Portal vein pulsa-
tility index (PVPI) can be calculated as the ratio 
of maximal and minimal velocity [(Vmax – 
Vmin)/Vmax]. A PVPI of more than 50% can be 
considered abnormal and is called pulsatile portal 
flow (Fig. 22.1i and n).

An alternative approach to the portal vein flow 
evaluation is to assess splenic vein flow. The 
splenic vein is a direct tributary of the portal vein 
and thus its assessment could provide the same 
information. Assessment of splenic vein flow can 
also be done with TEE via the transgastric 
approach. This view can be obtained by turning 
the probe to the left side of the body and by per-
forming a multiplane angle rotation of 90 degrees. 
This will bring the view close to the splenic hilum. 
In this view, venous blood will travel in the direc-
tion of the probe and the velocities measured dur-
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ing Doppler examination will be positive. An 
alternative view can be obtained. With the probe 
toward the posterior aspect of the body, the elec-
tronic rotation angle is maintained at 0 degree. 
From this position, the splenic vein is located ante-
rior to the descending aorta. From this view, the 
venous flow will be travelling away from the probe 
and the Doppler signal produced will exhibit nega-
tive velocities. An association has been observed 
between PVPI values greater than 50 % and high 
right atrial pressure, moderate or greater tricuspid 
regurgitation, and RV dysfunction [38, 39]. More 
recently, PVPI has been linked to cardiorenal syn-
drome and acute kidney injury after cardiac sur-
gery [40, 41]. Intraoperative PVPI ≥ 0.5 has been 
previously reported to be the most important pre-
dictor of postoperative complications after cardiac 
surgery by being superior to any hemodynamic, 
2D and Doppler cardiac measurement [39]. An 
international multicenter study (NCT03656263) is 
currently exploring the clinical significance of 
portal hypertension after cardiac surgery.

Pulsatile blood flow is a sign of post-hepatic 
portal hypertension and has been studied as a 
sign of severity in patients with congestive heart 
failure. The presence of an abnormal portal pul-
satility predicts increased CVP and worse func-
tional class in heart failure patients. Venous 
congestion resulting from congestive heart fail-
ure begins with an elevation of the CVP and dila-
tation of the IVC and its main tributaries such as 
the hepatic veins. When the dilatation becomes 
severe, the venous compliance of the IVC is 
decreased and pressure is transduced through the 
hepatic sinusoids to the portal system. This 
results in a decrease in velocities in the portal 
system or, when severe, in a complete absence or 
reversal of portal flow. Doppler evaluation of the 
portal flow could be used as a marker of end-
organ venous congestion. For the portal flow to 
be representative of central venous congestion, 
other causes of portal hypertension such as cir-
rhosis and portal thrombosis must be absent. A 
PF of more than 50% has also been reported in 
some individuals with low body mass index and 
normal cardiac function. However, other signs of 
elevated CVP such as IVC dilatation/non-

collapsibility and abnormal hepatic vein flow 
waveform should support this finding.

The impact of elevated CVP on intra-renal 
hemodynamics can be assessed by Doppler ultra-
sound. In physiological conditions, blood flow in 
the interlobar veins is continuous during the car-
diac cycle (Fig. 22.1e). With high CVP, venous 
flow transforms into a discontinuous biphasic 
pattern like the Doppler pattern seen in the 
hepatic veins (Fig. 22.1j). With severe right heart 
failure, venous flow transforms into a monopha-
sic discontinuous pattern with flow being present 
only during diastole (Fig. 22.1o). Discontinuous 
flow in the interlobar renal veins can be linked to 
the CVP waveform during the cardiac cycle. As 
CVP increases and the IVC becomes non-
compliant, the CVP waveform is transmitted 
deep into the renal parenchyma. Flow in the 
interlobar vein can be observed during the sys-
tolic and diastolic filling of the right atria (during 
the X and Y descent on CVP waveform). As right 
heart failure worsens, intra-renal venous flow 
becomes monophasic reflecting the predomi-
nance of the Y descent of the CVP waveform 
analogous to the variation in the S/D ratio in the 
hepatic vein waveform (decrease filling of the 
right atria during systole).

In Iida et al., the intra-renal venous flow pat-
tern strongly correlated with death from cardio-
vascular disease and unplanned hospitalization 
for heart failure independent of renal resistance 
index, CVP and hemodynamic status including 
echocardiographic parameters [42]. In this study, 
patients with the monophasic discontinuous flow 
pattern also had lower estimated glomerular filtra-
tion rate (55 mL/min/1.73 m2) compared with con-
tinuous and biphasic flow (67  mL/min/1.73  m2) 
(p  =  0.005). The biphasic and monophasic pat-
terns have been associated with increased mortal-
ity in heart failure [43, 44] and postoperative renal 
failure in cardiac surgery [41, 45].

�Integrating Ultrasound Assessment 
into Practice

Clinical assessment of RV function during sur-
gery relies on the integration of multiple param-
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eters, each having their own advantages and 
caveats. As such, patient management should 
not be based solely on findings from ultrasound 
assessment. Use of bedside ultrasound and 
venous waveform interpretation to enhance 
physical examination would rather provide the 
opportunity for early detection of the effects of 
venous congestion on end-organs. This assess-
ment can be repeated to monitor the response to 
therapy.

Integrating the understanding of the patho-
physiology of a clinical syndrome and ultrasono-
graphic assessment, as described in this chapter, 
may help individualize the management of 
patients with acute or chronic right heart failure 
in order to avoid the adverse effects of venous 
congestion.

�Treatment and Management

Treatment of patients with PH and RVF is par-
ticularly challenging. The choice of appropriate 
therapy depends on identifying the underlying 
cause and the hemodynamic effects of PH 
(Fig. 22.3). Despite the fact that the treatment of 
PAH has undergone an extraordinary evolution in 
recent years, there is currently no specific treat-
ment for PH associated with lung disease and/or 
hypoxemia or secondary to left heart disease. As 
a result, drugs with proven efficacy in PAH are 
increasingly being used, in spite of the absence of 
clinical trials in support of this approach. 
Therefore, when managing a patient with PH in 
the ICU, treatment should primarily target the 
specific cause of PH and the resolution of RVF.

Fig. 22.3  Bedside approach to acute right ventricular 
(RV) dysfunction in cardiac surgery. Abbreviations: CPB 
cardiopulmonary bypass, FRC functional residual capac-
ity, HR heart rate, iPGI2 inhaled prostacyclin (epopros-
tenol), iMil inhaled milrinone, LV left ventricle, LVOT left 

ventricular outflow tract, NIRS near-infrared spectros-
copy, PA pulmonary artery, RCA right coronary artery, 
RVOT right ventricular outflow tract, TEE transesopha-
geal echocardiography, VAD ventricular assist device. 
(Adapted from Denault et al. [46])
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Intravenous vasodilators have traditionally 
been used in managing PH in heart surgery, but 
they lack specificity for the pulmonary circula-
tion and their systemic hypotensive effects neces-
sitating additional vasopressor support often 
limit their use. This limitation highlights the need 
for selective pulmonary vasodilators for this 
cohort of patients, whereby nebulization of drugs 
could provide such localized effect with no 
hypotension.

Following a systematic review of the literature 
covering the period between 1980 and 2010, 
Price et al. [47] made recommendations regard-
ing the management of pulmonary vascular and 
RV dysfunction in intensive care patients. 
Phosphodiesterase enzyme (PDE) type 3 inhibi-
tors were strongly recommended to reduce pul-
monary pressures and pulmonary vascular 
resistance (PVR) and improve RV performance. 
Furthermore, the use of pulmonary vasodilators 
was strongly recommended for reduction of 
PVR, improvement of cardiac output and oxy-
genation, and following cardiac surgery when PH 
and RV dysfunction are present. In addition, a 
strong recommendation was made for the admin-
istration of pulmonary vasodilators by inhalation 
rather than by intravenous route when systemic 
hypotension is expected.

�Inhalation Therapy in Cardiac 
Surgery

Several PH-specific therapies have been approved 
for the treatment of PH. Although not currently 
approved for this indication, administration by 
nebulization of some of these agents is being 
increasingly investigated in adults and in cardiac 
surgery. Therefore, most of our understanding on 
the use of inhaled therapy is derived from small 
observational or single centre trials reported in 
the literature, and offers little clarity on the best 
therapeutic option for cardiac surgical patients 
with PH. Further larger randomized clinical stud-
ies are warranted in this field to provide much 
needed clinical practice guidelines. Inhaled ther-

apies commonly used to treat PH in the cardiac 
surgical setting include inhaled nitric oxide, 
inhaled prostacyclin (iPGI2), inhaled iloprost, 
and inhaled PDE inhibitors such as milrinone.

�When to Administer Inhaled Agents 
in Cardiac Surgery

Owing to their selective pulmonary vasodilator 
effect, inhaled agents are being increasingly 
used in high-risk patients during cardiac sur-
gery for management of acute PH or RVF and 
to facilitate weaning from CPB.  However, 
there is still no consensus on the appropriate 
timing of drug administration. Review of the 
literature reveals that inhaled agents are admin-
istered at different times throughout the peri-
operative period. In a study by Groves et  al. 
[48] the impact of early versus late initiation of 
iPGI2 therapy was retrospectively investigated 
in 37 consecutive patients undergoing LV assist 
device placement. Inhaled prostacyclin was 
initiated at weaning from CPB in group I, 
whereas it was started shortly after induction 
of anesthesia and continued throughout and 
post-CPB in group II. Results show that iPGI2 
reduces SPAP and MPAP in the postoperative 
period regardless of the timing of initiation. 
Early initiation of therapy reduced SPAP and 
MPAP more effectively during weaning from 
CPB, but this was associated with an increased 
blood loss in the immediate postoperative 
period. Similarly, Lamarche et  al. [49] evalu-
ated the impact and timing of administration of 
inhaled milrinone (iMil) on retrospective data 
from 73 high-risk patients undergoing cardiac 
surgery with CPB. Patients receiving iMil prior 
to CPB initiation had greater reduction in PAP 
after CPB and less emergency re-initiation of 
CPB after weaning compared to those with 
administration after CPB.  No detectable side 
effects were linked to administration of the 
drug. These data suggest that administration of 
iPGI2 and iMil before CPB initiation may help 
weaning from CPB.
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�Systematic Review and Meta-Analysis 
of Inhaled Agents in Cardiac Surgery

In recent years, there has been a growing interest 
for using inhaled agents for the treatment of PH 
in cardiac surgery. The efficacy of these inhaled 
strategies, however, continues to be shown only 
through a limited number of small trials, case 
reports and series. We recently published a sys-
tematic review and meta-analysis comparing the 
efficacy of inhaled aerosolized agents with intra-
venously administered agents or placebo for the 
treatment and management of PH in patients 
undergoing cardiac surgery [50]. The purpose of 
this review was to summarize the state of the art 
in this field. Databases such as MEDLINE, 
CENTRAL, EMBASE, Web of Science, and 
clinicaltrials.gov were searched, which identified 
2897 relevant citations. From those, 10 studies 
were included in the review and meta-analysis, 
comprising a total of 434 patients.

The primary outcome of the study was the 
incidence of mortality. Secondary outcomes were 
length of stay in hospital and in the ICU and eval-
uation of the hemodynamic profile. The meta-
analysis revealed that inhaled aerosolized agents 
were associated with a significant decrease in 
PVR and a significant increase in MAP and 
RVEF when compared to intravenously adminis-
tered agents. No significant hemodynamically 
meaningful differences were observed between 
inhaled agents and placebo. However, an increase 
in length of stay in the ICU was shown with the 
use of inhaled aerosolized agents compared to 
placebo.

This systematic review and meta-analysis 
showed that the administration of inhaled aero-
solized vasodilators is associated with improved 
RV performance when compared to intrave-
nously administered agents for the treatment of 
PH during cardiac surgery. This study, however, 
did not show any benefit on mortality, nor did it 
support any benefit compared to placebo on 
major outcomes. The limitations of this review 
were the limited number of studies published on 
this topic and the small size of the trials. This 
review shows that more studies are required in 
this area of research and that these should focus 
on clinically significant outcomes.

�Intratracheal Milrinone

In acute RVF, the administration of inhaled 
agents is limited by the availability of a nebuliser 
and also their time-consuming administration. In 
such a situation when immediate treatment has to 
be initiated to avoid further cardiac deterioration 
and hemodynamic compromise, at the Montreal 
Heart Institute, we use intratracheal bolus admin-
istration of milrinone. Our experience over 12 
years has been reported in patients with acute 
RVF. The success rate in avoiding the use of ino-
tropic agents or return on CPB was 61.9% when 
intratracheal milrinone was given during CPB 
separation. Severely decreased left ventricular 
ejection fraction (<35% vs >50%), longer CPB 
duration and elevated postoperative fluid balance 
were found to be significant predictors of persis-
tent RV failure despite intratracheal milrinone 
[51, 52]. Thus, direct intratracheal bolus adminis-
tration of milrinone might offer a rapid and easily 
applicable alternative delivery mode for milri-
none in acute RVF.
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