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Abstract The role of left ventricular assist devices (LVAD) in
patients with end-stage heart failure is well known, both as a
temporary treatment before transplantation and as destination
therapy, in a scenario of a relative shortage of donors to satisfy
the increasing requests for transplantation. The increased pop-
ulation of LVAD patients needs careful imaging assessment
before, during, and after LVAD implantation; echocardiogra-
phy is the best tool for their evaluation and is considered the
diagnostic technique of choice for the assessment before, dur-
ing, and after device implantation. Although the conventional
echocardiographic assessment is quite effective in evaluating
the main critical issues, the role of new technologies like
three-dimensional echocardiography and myocardial defor-
mation measurements is still not properly clarified. In this
review, we aim to provide an overview of the main elements
that should be considered in the assessment of these patients,
underlining the role that could be played by new techniques to
improve the diagnostic and prognostic effectiveness of echo-
cardiography in this setting.
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Introduction

The role of left ventricular assist devices (LVAD) in patients
with end-stage heart failure (HF) is established. Significant
changes have occurred in pump design, patient selection,
and diagnostic imaging strategies since the REMATCH trial
era (late 1990s; Fig. 1) [1]. LVAD therapy is now considered a
mainstay treatment option for end-stage heart disease and can
be used for several indications, including bridge to transplant,
bridge to candidacy, destination therapy, and bridge to recov-
ery. Echocardiography currently plays a pivotal role in the
assessment, management, and optimization of LVAD therapy,
with emerging newer techniques poised to improve accuracy
and quantification.

Currently, the global prevalence of HF is estimated at ap-
proximately 25 million people, and it is expected to increase
[2]. From 2006 to 2014, more than 15,000 patients in the USA
received a ventricular assist device implant, with 1- and 2-year
survival of 80 and 70 %, respectively [3]. This select popula-
tion of patients is resource-intense and requires structured care
to achieve an optimal outcome. Echocardiography has been
advocated by the International Society for Heart and Lung
Transplantation’s current guidelines for mechanical circulato-
ry support (2013) [4]. The first fundamental goals of the echo-
cardiographic evaluation of patients with end-stage HF are the
identification of the subgroup that could benefit from device
implantation, followed by stratification of the risk profile of
individual patients. Moreover, echocardiography plays a key
role in the perioperative evaluation of the clinical conditions
and in the early detection of complications that could severely
threaten the life of a patient. Finally, serial echocardiographic
assessments are required during follow-up to detect device
malfunction or to adjust LVAD working parameters.
However, conventional parameters for the evaluation of right
ventricular (RV) and left ventricular (LV) size, volumes, and
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function cannot always be used successfully in the LVAD
population, so new measurements and algorithms are needed
to improve the effectiveness of the echocardiographic assess-
ment. Nevertheless, newer technologies, including three-
dimensional (3D) echocardiography and strain and strain rate
measurements, are still widely underutilized in this setting.

LVAD Components and Function

The main elements of an LVAD include an inflow cannula, an
outflow cannula, a propulsion pump, and an external control-
ler. Inflow and outflow cannulas link the pump, the true core
of the LVAD, to the left ventricle and ascending aorta, respec-
tively, whereas the controller allows the clinician to change
the machine settings. The main goal of LVAD is to support LV
systolic function by mechanically unloading the LV through
the inflow cannula, usually placed in the LV apex, and to
provide blood to the systemic circulation through the outflow
cannula. According to the pumping mechanisms, LVAD can
be classified as Bpulsatile^ and Bcontinuous flow.^ Pulsatile
LVADs, the first generation of VADs available, were charac-
terized by a pumping mechanism that simulated the pulsatile
action of the heart; these models of LVADs have unidirection-
al valves in the inflow and outflow cannulas that regulate the
blood direction but increase the risk of thrombus formation.
On the other hand, continuous LVADs provide a continuous
blood flow that could be axial or centrifugal, according to the
mechanical structure of the pump. Continuous LVADs do not
require unidirectional valves, are smaller, and guarantee
higher flows at lower pressures compared with pulsatile ones.

Echocardiographic Assessment of Left Ventricular
Structure and Function

Preoperative Assessment

LV structure and function play a pivotal role in the assessment
of HF, and preoperative echocardiographic assessment is

fundamental to the evaluation of a patient’s eligibility for
LVAD therapy. Several clinical and echocardiographic variables
previously have been identified to stratify the risk profile for
morbidity and mortality of patients with end-stage HF [5], and
a reduced LVejection fraction (EF), an altered LV geometry, and
a restrictive LV filling pattern seem to be the most reliable to
help identify patients at high risk [6–8]. However, two-
dimensional (2D) echocardiographic assessment of LV volumes
and ejection fraction can be affected by both geometric assump-
tions and the use of foreshortened apical views; these limitations
could be overcome by 3D echocardiography. Most vendors
now have the capability to provide comprehensive quantitative
and reproducible assessment of LV volumes and function with-
out geometric assumptions, with adequate spatial and temporal
resolution [9] (Fig. 2). A recent meta-analysis definitively
showed the lesser variability and better accuracy of 3D echocar-
diographic evaluation of LV volumes and EF comparedwith 2D
echocardiography [10].Moreover, the application ofmyocardial
deformationmeasurements, such as speckle-tracking echocardi-
ography (STE) strain and strain rate, could provide a further risk
stratification in patients with HF (Fig. 3). STE provides frame-
by-frame tracking of natural acoustic markers, is angle-indepen-
dent, and is not influenced by translational movement due to
respiration and tethering from the adjacent myocardium. 2D
[11–13] and 3D [14, 15] STE strains have been shown to predict
hospitalization for HF and an increased mortality risk and
should be considered robust prognostic elements.

Once the eligibility for LVAD therapy is established, pre-
operative assessment should focus on the evaluation of spe-
cific elements that could modify the surgical procedure or
complicate the clinical course, including the presence of ven-
tricular clots and intracardiac shunts. A detailed assessment
for ventricular clots, particularly at the LV apex, is highly
recommended in patients with HF because depressed LV sys-
tolic function is an important determinant of thrombus forma-
tion and the presence of a thrombus increases the risk of in-
flow cannula obstruction. 2D transthoracic echocardiography
(TTE) is usually sensitive enough for the detection of LV
apical thrombosis. However, when LV endocardial definition
is poor, the use of intravenous contrast agents [16, 17] or
transesophageal echocardiography (TEE) is recommended to

Fig. 1 a The Thoratec Corp. HeartMate II (left) and HeartWare HVAD System (right) ventricular assist devices are shown. The inlet cannula (blue
arrows), impeller housing (yellow arrows), and outflow graft (black arrow) are the main components of a left ventricular assist device (b and c)
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improve the accuracy of the evaluation. In this regard, TEE
can be used to define the location and extent of intracardiac
shunting, the presence of which will alter the surgical ap-
proach. Indeed, the use of agitated saline along with the
Valsalva maneuver facilitates recognition of interatrial septal
shunting. Moreover, the evaluation for intracardiac shunts
should be repeated after LVAD placement because the decom-
pression of the left chambers can unmask a patent foramen
ovale [18]. It is imperative that intracardiac shunting be de-
fined and corrected at the time of LVAD surgery since LV
unloading drastically reduces LV and left atrial pressure
throughout both systole and diastole, a scenario that will result
in right-to-left shunting, systemic oxygen desaturation, and
possible paradoxical embolization [4, 19]. The detection of
ventricular thrombi and intracardiac shunts might be enhanced
with 3D echocardiographic assessment, as full-volume data
can define the anatomy of abnormalities without the assump-
tions made using 2D echocardiography [20–25]. 3D evalua-
tion is superior to 2D echocardiography for differentiation of
thrombus from myocardium and assessment of thrombus mo-
bility, structure, and dimensions. Furthermore, it is considered
the technique of choice to study patent foramen ovale anato-
my and to guide its closure.

Thus, we advocate the use of 3D echocardiography for a
more reliable quantification of LV volumes and function and

Fig. 2 Pre-implantation left ventricular assist device evaluation using 3D transthoracic echocardiography to assess left ventricular end-diastolic volume
(EDV), end-systolic volume (ESV), and ejection fraction (EF). EDV=301 ml, ESV=229 ml, left ventricular EF= 24 %

Fig. 3 Transthoracic strain echocardiography displaying a diffuse
abnormal strain pattern in a 65-year-old man with ischemic cardiomyop-
athy. Global longitudinal peak systolic strain measure −5.5 %
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the detection of ventricular thrombi and intracardiac shunts; in
addition, we suggest including 2D or 3D STE LV strain and
strain rate in the risk stratification algorithms to improve the
prognostic power of conventional parameters (Table 1).

Perioperative Assessment

Intra-operative TEE evaluation is advocated during implanta-
tion of LVADs and should focus on four main concerns: (1)
de-airing of the heart chambers, (2) assessment of a proper LV
unloading, (3) evaluation of pericardial effusion, and (4) de-
tection of intracardiac shunts unmasked by the decompression
of the left chambers (previously discussed).

De-airing of the heart chambers is fundamental to avoiding
right coronary artery ischemia and the consequent high risk of
RV failure [19, 26] and stroke from air embolism. 2D TEE
performed after LVAD implantation and before LVAD activa-
tion is required to exclude air in the left ventricle and ascend-
ing aorta before the cross-clamp of cardiopulmonary bypass is
released. Common sites for air trapping should be inspected
and resolved, including anastomotic sites, inflow and outflow
cannulas, and the anterior interventricular septum [27]. Again,
the use of 3D TEE may improve the detection of bubbles by
allowing better anatomic visualization of adjacent cardiac
structures in the same volume data set image.

The evaluation of proper LV decompression after LVAD
activation requires the assessment of central hemodynamics.

The most direct measure is obtained by direct catheterization;
however, several echocardiographic parameters for the indi-
rect quantification of LV hemodynamics have been shown to
have excellent correlation with invasive findings [28•, 29–31].
Estep et al. [28•] compared various measurements obtained by
2D TTE with cardiac catheterization findings and created a
comprehensive, easy-to-use diagnostic algorithm to distin-
guish normal from elevated LV filling pressures with high
accuracy. Doppler parameters considered by the authors were
mitral ratio of the early to late ventricular filling velocities (E/
A), right atrial pressure (RAP), systolic pulmonary artery pres-
sure (sPAP), left atrial volume index (LAVi), and ratio of mi-
tral inflow early diastolic filling peak velocity to early diastol-
ic mitral annular velocity (E/e′). Mitral E/A ratio was consid-
ered the main point to predict elevated left-sided filling pres-
sures. Patients with E/A ≤1 and with any one other parameter
between RAP ≤10 mmHg or sPAP ≤40 mmHg and/or LAVi
≤33 ml/m2 and/or E/e′ ≤14 were shown to have pulmonary
capillary wedge pressure (PCWP) ≤15 mmHg; patients with
E/A >2 and one between RAP >10 mmHg or sPAP
>40 mmHg and/or LAVi >33 ml/m2 and/or E/e′ >14 were
shown to have PCWP >15 mmHg; finally, to predict elevated
PCWP for patients with E/A ratios >1 to ≤2, two concordant
findings from the three parameters examined were requested.
Further, qualitative estimation of good LVunloading could be
obtained by comparing the size of the left heart chambers and
the position of the interventricular septum (IVS) after LVAD

Table 1 Echocardiographic assessment of main issues concerning the left ventricle before, during, and after left ventricular assist device (LVAD)
implantation

Structure LVAD implantation
phases

Main issues Techniques and parameters

LV Preoperative HF patient risk stratification
for LVAD eligibility

2D TTE and 3D TTE evaluation of LV volumes, LVEF,
mitral inflow velocities, and LV strain and strain rate

Intraventricular clots 2D TTE and TEE and 3D TTE and TEE assessment of
LVapex (with contrast, if necessary)

Intracardiac shunts 2D TEE Doppler and 3D TTE and TEE Doppler assessment
of interatrial and interventricular septa

Perioperative De-airing of heart chambers 2D TEE and 3D TTE and TEE assessment of LV, ascending
and descending aorta, anastomotic sites, and both inflow
and outflow cannulas for the detection of air bubbles

LV unloading 2D TEE and 3D TTE and TEE assessment of mitral inflow
velocities, right atrial pressure, sPAP, left atrial volume,
LV volumes and size, and IVS position

Pericardial effusion 2D TTE and TEE and 3D TTE and TEE assessment of pericardium

Intracardiac shunts 2D TEE and 3D TTE and TEE assessment of intracardiac
shunts unmasked by decompression of left heart chambers

Follow-up LV unloading 2D TTE and 3D TTE assessment of mitral inflow velocities,
right atrial pressure, sPAP, left atrial volume, LV volumes
and size, and IVS position

Native LV function 2D TTE and 3D TTE aortic valve opening, LV strain, and
strain rate

2D two-dimensional, 3D three-dimensional,HF heart failure, IVS interventricular septum, LV left ventricle, LVAD left ventricular assist device, LVEF left
ventricular ejection fraction, TEE transesophageal echocardiography, TTE, transthoracic echocardiography, sPAP systolic pulmonary arterial pressure
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activation with images obtained prior to implantation.
Reductions of 20 to 30 % in LV end-diastolic diameter and
40 to 50 % in LV volumes are expected when an LVAD is
properly unloading the LV [32, 33]. The IVS is expected to be
neutral or to have a slight leftward shift during peak systole
because of the reduction of relative LV/RV pressure through
the cardiac cycle [34]. The presence of a dilated LVand right-
ward shift of the septum should raise the consideration of
inadequate LVAD speed, device malfunction, or cannula ob-
struction (Fig. 4), whereas a small LVand leftward septal shift
may indicate an excessive unloading due to high pump speed
and could result in RV dysfunction, worsening of tricuspid
regurgitation, and onset of RV failure. 3D TEE could improve
the evaluation of both RVand LV volumes and the assessment
of IVS position during the cardiac cycle, allowing a better
evaluation of hemodynamics.

The clinical recognition of pericardial effusion is enhanced
with either TTE or TEE imaging. Cardiac tamponade can
occur with even small collections of pericardial blood or fibri-
nous material in the postoperative state. Since right and left
heart pressures may not have the usual interdependence dur-
ing LVAD support, the Doppler diagnosis of increased peri-
cardial pressures can be challenging [35]. 3D echocardiogra-
phy provides incremental value to 2D for the evaluation of
pericardial effusion, allowing a more comprehensive assess-
ment of its size and extent and providing better characteriza-
tion of its nature [36] and, therefore, should be considered the
technique of choice in this setting (Table 1).

Follow-up

After LVAD implantation, patients typically undergo serial
clinical evaluation with echocardiography-guided optimization
of LVAD pump speeds. In addition, TEE or TTE is among the
mainstay diagnostic tools for the assessment of LVAD compli-
cations such as thrombosis, hemolysis, and valvular or RV

dysfunction. The ease and reproducibility of 3D TTE to eval-
uate cardiac structure and function should allow this technique
to replace traditional 2D techniques for the accurate quantifica-
tion of volumes, masses, and shunts. LVAD implantation is
expected to improve patient hemodynamics [37, 38] and in a
minority of patients can induce LV reverse remodeling [39].
When the typical successful pattern of smaller LV cavity, neu-
trally positioned IVS, grade 1 or less mitral regurgitation, and
rare or only partial opening of the aortic valve is not demon-
strated, potential pump adjustments or further diagnostic stud-
ies should be performed (example: echocardiography-guided
ramp study). Indeed, persistent rightward deviation of the sep-
tum in the presence of elevated left atrial pressure is associated
with poor mid-term outcomes [30, 40]. We advocate serial
echocardiographic evaluations of these patients to improve ear-
ly detection of complications. The proper LV unloading can be
obtained through echocardiographic measurements during ad-
justments of rotor speed; the speed should be increased if the
LV is dilated or reduced if the LV is underfilled. Several algo-
rithms have been proposed [41] for LVAD optimization but,
thus far, standardized protocols are lacking.

Another important role of follow-up assessments is the
quantification of native LV function. Since LV function is
preload- and afterload-dependent, both dramatically altered
by LVAD therapy, true EF cannot be calculated with loading
the LV. Therefore, the most used method to assess native
function is reducing pump speed to reduce LVAD support
[42–44]. In this context, strain could be used as a measure of
LV function. Strain has been shown to be more sensitive and
accurate in the detection of myocardial contractility compared
to other parameters in several clinical settings [45]. Although
limited experience is available using STE strain with LVAD
therapy [46], we believe that in the coming years, myocardial
deformation (strain, strain rate, etc.) measurements will have
great importance in the evaluation of native cardiac mechanics
(Table 1).

Fig. 4 Parasternal long-axis and aortic valve M-mode of a 63-year-old
male left ventricular assist device (LVAD) patient. Panel a demonstrates
slight rightward septal shift. Panel b shows aortic valve opening with

every systolic beat. Images demonstrate improper LVAD unloading or
decompression of the left ventricle
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Echocardiographic Assessment of RV Function:
a Pivotal Element for Patient Outcomes

Preoperative Assessment

The assessment of RV function plays a pivotal role in the
comprehensive evaluation of patients selected for LVAD ther-
apy. Indeed, RV dysfunction is a powerful prognostic tool in
the risk assessment of patients with advanced heart failure,
and it is able to predict reduced exercise capacity and shorter
survival [47]. Although conventional echocardiographic pa-
rameters such as RV fractional area change [48], tricuspid
annular plane systolic excursion [49], and tricuspid annular
longitudinal velocity (S′) have shown a good prognostic effec-
tiveness in the detection of RV dysfunction in this population,
the application of STE strain to RV assessment has strongly
improved patient risk stratification. It has emerged as the most
accurate and sensitive tool for evaluation of RV function [50,
51], with an incremental prognostic value to LV EF [52]. In
addition, STE strain has shown a great correlation with inva-
sive hemodynamics, allowing a noninvasive evaluation of he-
modynamic parameters such as RV stroke work index [53].
The importance of strain as a diagnostic tool for the quantifi-
cation of RV function is perhaps superior than in the LV set-
ting, because the complex RV chamber shape and geometry,
with the inflow and outflow portions in different planes, pre-
clude the assessment of a reliable RV EF by 2D echocardiog-
raphy. These limitations can be overcome by 3D echocardi-
ography because it provides a more accurate evaluation of RV
volumes with higher feasibility and accuracy than 2D [54]. 3D
echocardiography has shown excellent correlations with car-
diac magnetic resonance imaging in the quantification of RV
volumes and EF [54], and the volumetric semiautomated bor-
der detection approach is the recommended method for the
assessment of RV EF. Therefore, in patients with HF, 3D
TTE should be considered the technique of choice for the
assessment of RV volumes and function.

RV dysfunction is a powerful determinant of poor out-
comes after LVAD implantation [55, 56]. Indeed, RV failure
(RVF) is one of the most life-threatening complications after
implantation, and a high RVF risk profile is a key element
affecting the surgical management of patients. The pathophys-
iology of RVF is not completely understood. It is probably
based on the presence of concomitant RV myocardial dys-
function, increased RV preload due to augmented cardiac out-
put, disturbance of the interventricular pressure gradients, and
uncoupling of interventricular dependence. In general, the
evaluation of RV failure risk post-LVAD implantation is de-
pendent on hemodynamic assessment, which could be obtain-
ed invasively by catheterization or indirectly by echocardiog-
raphy, and the quantification of RV function. Pulmonary hy-
pertension [57] and high pulmonary vascular resistance [58]
are highly associated with RV failure and reduced survival.

Doppler TTE can provide reliable estimation of most hemo-
dynamic parameters, allowing noninvasive and easily repeat-
able assessment. Conventional parameters—e.g., tricuspid an-
nular plane systolic excursion (TAPSE), tricuspid annular lon-
gitudinal velocity by tissue Doppler imaging (TDI S′), right-
sided index of myocardial performance (RIMP), and fraction-
al area change (FAC)—have good prognostic value [55, 59] in
the risk stratification for RVF; however, there is no concor-
dance in the literature about their accuracy and sensitivity
[60••, 61]. On the other hand, RV strain and strain rate obtain-
ed by 2D STE provide reliable and accurate prognostic infor-
mation, with absolute strain and strain rate being reduced in
patients who are at risk of developing RVF [60••, 62–65].
Patients with low risk show higher strain at baseline and an
improvement in its value at follow-up [66, 67]. Grant et al.
[60••] were the first authors who evaluated RV strain by STE
in this context. They demonstrated that a peak strain cutoff
value of −9.6 % predicted RVF with 76 % specificity and
68 % sensitivity, and it provided incremental predictive value
when added in models including the Michigan score (which
uses the need for preoperative treatment with vasopressors and
evidence of an AST ≥80 IU/liter and bilirubin ≥2.0 mg/dL to
predict RVF) [64]. Therefore, we advocate that 2D strain and
strain rate should be considered the most reliable and accurate
parameters for RVF risk stratification and should be routinely
used. While the role of 3D echocardiography for the assess-
ment of RVF has not been completely determined, Kiernan
et al. [68] reported that RV volumes assessed by 3D echocar-
diography were predictive of RVF in LVAD recipients inde-
pendent of hemodynamics (Table 2).

Perioperative Assessment

The main elements that should be evaluated by TEE in the
perioperative RVassessment are RV size and function changes
associated with LVAD activation. LVAD implantation can
have a beneficial or a detrimental effect on the RV. Ideally,
LV mechanical decompression results in reduction of pulmo-
nary pressure and RV afterload, which should improve RV
function. Conversely, improved left-sided output as seen with
an LVAD increases venous return to the RV, which may not be
tolerated in a patient with a compromised RV. Moreover, ex-
cessive LV unloading leads to leftward IVS shift, which alters
RV geometry, impairing contractility and worsening tricuspid
regurgitation. This scenario, also known as Bsuction cascade,^
has the paradoxical effects of reducing LVAD flow, increasing
right atrial pressure leading to venous congestion, and wors-
ening systemic perfusion. 2D and 3D TEE are the most useful
techniques for the evaluation of RV structure, function, and
hemodynamics among patients supported with LVAD therapy.
The evidence of small LV volumes, dilated RV, and leftward
IVS shift should suggest a reduction in LVAD pump speeds,
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with frequent re-assessment and alteration of pump speed as
needed (Table 2).

Follow-up

Echocardiographic RVassessment during follow-up should be
focused on the quantification of RV systolic function and he-
modynamics, which can be obtained using the same parame-
ters and techniques previously mentioned. RV remodeling
may occur over an extended period of time, despite the pro-
found and usually early reduction of pulmonary pressures and
pulmonary vascular resistance [58]. Finally, the post-LVAD
assessment of RV mechanics with 2D STE is feasible [65]
and adds incremental information to that obtained from pre-
operative imaging (Table 2).

Echocardiographic Assessment of Cardiac Valve
Function

Preoperative assessment of valve heart disease, either with
TTE or TEE, is important for surgical preparation as specific
valve lesions may require corrective intervention at the time of
LVAD implantation. With the exception of mitral regurgita-
tion, valve lesions may require modification of the surgical
procedure. Precise identification and quantification of signif-
icant valve dysfunction are critical, as concurrent valve re-
placements increase the mortality rates among patients under-
going LVAD therapy [69]. In particular, tricuspid regurgitation

may require a surgical ring or Devega stitch, while aortic
regurgitation often requires valve replacement with a biologic
valve (Table 3).

Aortic Valve

Normal continuous-flow LVAD function is usually associated
with the intermittent opening of the aortic valve, depending on
the balance between native LV systolic function, LVAD pump
speed, and preload and afterload pressures (Fig. 5). A perma-
nent valve closure suggests excessive LV unloading (Fig. 6),
whereas too-frequent opening indicates (1) an LVAD speed set
below optimal unloading, (2) LVAD malfunction, or (3) an
improvement of native LV function. Doppler echocardio-
graphic assessment of aortic valve alterations is by TTE.
Usually, 2D TTE is sensitive enough to detect aortic regurgi-
tation (AR) or stenosis; however, TEE provides a better as-
sessment of valvular anatomy and function. Further evalua-
tion could be obtained with 3D echocardiography, which has
recently allowed greater appreciation of specific leaflet abnor-
malities [70, 71]. It should be performed during the perioper-
ative assessment, when transvalvular gradients are closer to
those to be observed during follow-up after LVAD insertion
[72]; indeed, AR could be underestimated in the TTE preop-
erative study because of the increased LV end-diastolic pres-
sure and low aortic diastolic pressure.

Surgical correction of aortic stenosis with LVAD implanta-
tion is usually not indicated as most LVAD flow bypasses the
aortic valve, delivering blood from the LV to the ascending

Table 2 Echocardiographic assessment of main issues concerning right ventricle before, during, and after left ventricular assist device implantation

Structure LVAD implantation
phases

Main issues Techniques and parameters

RV Preoperative HF patient risk stratification
for LVAD eligibility

2D TTE assessment of RV volumes, function (FAC, TAPSE,
and TDI S′), and hemodynamics (sPAP, right atrial pressure);
3D TTE quantification of RV volumes and EF; 2D TTE
evaluation of RV strain and strain rate

Post-LVAD implant RV
failure risk stratification

2D TTE assessment of RV volumes, function (FAC, TAPSE,
and TDI S′), and hemodynamics (sPAP, right atrial pressure);
3D TTE quantification of RV volumes and EF; 2D TTE
evaluation of RV strain and strain rate

Perioperative RV size and function after
LVAD activation

2D TEE assessment of RV volumes, IVS position, and
hemodynamics (sPAP, right atrial pressure); 3D TTE
quantification of RV volumes, IVS position, and EF; 2D TTE
evaluation of RV strain and strain rate

Follow-up RV size and function after
LVAD activation

2D TTE assessment of RV volumes, IVS position, and
hemodynamics (sPAP, right atrial pressure); 3D TTE quantification
of RV volumes, IVS position, and EF; 2D TTE evaluation of
RV strain and strain rate

2D two-dimensional, 3D three-dimensional, EF ejection fraction, FAC fractional area change, HF heart failure, IVS interventricular septum, LVAD left
ventricular assist device, RV right ventricle, TAPSE tricuspid annular plane systolic excursion, TDI S′ tricuspid annular longitudinal velocity by tissue
Doppler imaging, TEE transesophageal echocardiography, TTE transthoracic echocardiography, sPAP systolic pulmonary arterial pressure
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aorta. However, permanent aortic valve closure in a heavily
calcified valve may predispose to thrombus formation.
Conversely, even among patients with a normal aortic valve,
chronic LVAD support can result in leaflet tethering and sub-
sequent AR, which may play a critical role in determining the
hemodynamic clinical improvement among patients receiving
LVAD therapy. Serial echocardiographic and pathologic stud-
ies have demonstrated that despite normal aortic valve func-
tion at the time of LVAD insertion, AR develops in a high
percentage of patients 1 year after LVAD insertion [73], par-
ticularly when the aortic valve is noted to be persistently
closed throughout the cardiac cycle. Moreover, pre-implant
AR could be worsened by LVAD activation because of pres-
sure overload above the aortic leaflets, which causes impaired
leaflet function, aortic root dilatation, and altered leaflet coap-
tation at the central portion of the aortic valve [74]. A signif-
icant regurgitation volume causes an LVAD preload increase
and reduces the forward flow. Thus, patients with more-than-
mild aortic regurgitation should be considered for aortic valve
surgery during device implantation [4]. Real-time 3D

echocardiography should be considered the technique of
choice during the perioperative assessment of aortic valve
function because it guarantees a higher accuracy and sensitiv-
ity compared with 2D for AR quantification [75].
Furthermore, Kellman et al. recently found that none of the
parameters obtained from intraoperative 2D TEE seemed to
predict development of at least moderate postoperative AR in
their cohort of patients [76]; therefore, the prognostic role of
3D echocardiography in this setting should be tested.

Mitral Valve

Mitral regurgitation (MR) is a very common finding in pa-
tients with end-stage HF and a dilated LV. LVAD implantation
usually improves MR severity, decompressing the LV and
reducing its size; thus, MR does not routinely require surgical
repair or valve replacement [4]. On the other hand, persistence
of significant MR after LVAD insertion can suggest inade-
quate LV decompression and should be carefully considered.
The assessment of MR could be obtained with 2D TTE and

Table 3 Echocardiographic
assessment of main issues
concerning cardiac valves and left
ventricular assist device
components

Structure Main issues Techniques and parameters

Cardiac valves Aortic regurgitation 2D TTE and TEE and 3D TTE and TEE echo-
Doppler evaluation of anatomy and severity
of valve dysfunction

Mitral regurgitation

Mitral stenosis

Tricuspid regurgitation

LVAD components Inflow cannula 2D TEE and 3D TTE and TEE evaluation of LV
apex and ascending aorta and detection of cannula
position; 2D TEE and 3D TTE and TEE Doppler
assessment of flow pattern and velocities

Outflow cannula

2D two-dimensional, 3D three-dimensional, LV left ventricle, LVAD left ventricular assist device, TEE trans-
esophageal echocardiography, TTE transthoracic echocardiography

Fig. 5 a Parasternal long-axis view focused on the aortic valve (AV) in a
patient with normal left ventricular assist device. Note that the AV is
remaining closed for multiple beats and is not opening during systole.

Panel b demonstrates a color M-mode image through the AV with
continuous mild aortic regurgitation
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TEE echo-Doppler. However, real-time 3D echocardiography
provides a better accuracy, sensitivity, and specificity com-
pared with 2D TTE and TEE in detecting etiology, mecha-
nisms, and severity of MR [77].

Mitral valve stenosis is a rare finding in LVAD-eligible
patients. When found, it should be carefully evaluated by 2D
and 3D [78] echocardiography because it can reduce LV fill-
ing, leading to low device output. Valve replacement with a
tissue valve should be considered for more-than-mild mitral
valve stenosis [4].

Tricuspid Valve

Tricuspid regurgitation is a common finding in patients with
progressive HF and is an independent predictor of negative
outcomes after LVAD implantation [79]. As previously men-
tioned, LVAD implantation may improve or worsen tricuspid
regurgitation depending on the degree of pressure unloading
of the LV and pulmonary circuit and/or concomitant volume
loading and geometric disturbances of the RV. Therefore,

Fig. 6 Parasternal long-axis view
of a 56-year-old ischemic
cardiomyopathy patient with a
left ventricular assist device. Note
the aortic valve is not opening,
unchanged end-diastolic and
end-systolic volumes, and a
midline left ventricular septum
(a and b)

Fig. 7 a Color comparison high right parasternal image demonstrating
outflow graft (yellow asterisk) with anastomosis to ascending aorta (red
asterisk). Note the color flow blue jet (white arrow) is going away from
the transducer position. b Continuous Doppler outflow graft velocity
demonstrating a peak velocity of 2.02 m/s. This flow demonstrates a
typical appearance of an unobstructed outflow graft

Fig. 8 Apical long-axis view demonstrating the inlet cannula (arrow) of
the left ventricular assist device
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moderate or greater tricuspid regurgitation should be consid-
ered for surgical repair at the time of implantation [4].

Tricuspid regurgitation can be successfully evaluated by 2D
TTE and TEE with conventional Doppler measurements;

Fig. 9 Panel a shows a two-dimensional transthoracic echocardiographic
short-axis view of the left ventricular assist device inlet cannula. Note the
hyperechoic density (arrow) within the cannula. Panel b is a 3D
transthoracic echocardiogram demonstrating the short-axis view of the

left ventricular assist device inlet cannula without a hyperechoic density
within the cannula; the 3D picture disproves the hypothesis of cannula
thrombosis

Fig. 10 Panels a and c demonstrate an underfilled, hypovolemic left
ventricle (Bsuction cascade effect^) with a left ventricular assist device
(LVAD) speed of 2360 rpm. Panels b and d demonstrate an increase in left

ventricle preload with a bolus of intravenous fluids and a slower LVAD
speed of 1900 rpm
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however, real-time 3D echocardiography has been shown to
better identify septal leaflet tethering, septal-lateral annular
dilatation, and the severity of pulmonary hypertension [80].

Echocardiographic Evaluation of LVAD
Components

Perioperative TEE assessment plays a key role in the correct
placement of inflow and outflow cannulas during LVAD im-
plantation. The inflow cannula is usually positioned in the LV
apex and oriented within the LV toward the P2 segment of the
mitral valve. A properly aligned inflow cannula should have
laminar and unidirectional flow from the ventricle to the de-
vice, which can be evaluated by TEE Doppler. The normal
peak velocity in axial-flow LVAD ranges from 1 to 2 m/s and
power Doppler shows a consistently phasic, slightly pulsatile
flow pattern. The presence of elevated velocities should sug-
gest cannula obstruction, which could be due to cannula
thrombus, cannula angulation into the myocardium, or other
cannula malposition; in addition, regurgitation flow suggests
an LVAD pump malfunction.

The outflow cannula is usually anastomosed along the
ascending aorta and shows a flow pattern similar to the
inflow cannula (Fig. 7). The ascending aorta should be in-
terrogated for significant atheromatous disease, aneurysms,
and dissection, which should be repaired before the cannula
placement.

2D TEE commonly is used for the assessment of inflow
and outflow cannula position and flow during the periopera-
tive assessment, whereas 2D TTE commonly is used during
the follow-up period (Fig. 8). However, reliable evaluation of
the inflow cannula and surrounding structures is not always
possible and some new-generation LVADs can generate a
Doppler artifact that precludes interrogation of the inflow can-
nula velocities [81]. Moreover, the assessment of the ascend-
ing aorta can be challenging and the study of outflow patterns
might not be possible with 2D TEE. Real-time 3D TTE and
TEE can provide a detailed and accurate assessment of inflow
cannula structure and flow [82] by cropping away the basal
regions of the LV and enabling the echocardiographer to ob-
tain an en face view of the inflow cannula as it enters the LV.
3D echocardiography has shown a greater sensitivity com-
pared with 2D in detecting cannula thrombi [83, 84] (Fig. 9).

Table 4 Role of emerging
technologies in the
echocardiographic assessment of
left ventricular assist device
patients

Technique Diagnostic and prognostic role

3D echocardiography Accurate and reliable quantification of LVand RV volumes and
EF with diagnostic and prognostic relevance for risk stratification
of patients with HF before LVAD implant

Accurate and reliable assessment of RV volumes and EF with high
prognostic relevance for risk stratification of post-LVAD implant
RV failure

Sensitive and accurate detection of intraventricular clots and
intracardiac shunts before and after LVAD activation

Detailed evaluation of cannula position, flow pattern, and velocities

Accurate and reproducible assessment of cardiac valve function with
reliable indication for surgical management

Improved detection of air bubbles in the LV, ascending and descending
aorta, anastomotic sites, and inflow and outflow cannulas before
LVAD activation

Real-time sensitive and accurate assessment of LVand RV volumes
and IVS position and LVand RV hemodynamics for the evaluation
of proper LV unloading after LVAD activation

Highly sensitive detection of pericardial effusion and characterization
of its nature

Easy and repeatable assessment of LV and RV volumes and function
during follow-up

2D strain and strain rate More sensitive and accurate evaluation of LV and RV function compared
with conventional parameters, with diagnostic and prognostic relevance
for risk stratification of HF patients

More sensitive and accurate evaluation of RV function compared with
conventional parameters, with increased prognostic relevance for risk
stratification of post-LVAD implant RV failure

Feasible and repeatable quantification of LV function during follow-up

2D two-dimensional, 3D three-dimensional, EF ejection fraction, HF heart failure, IVS interventricular septum,
LV left ventricle, LVAD left ventricular assist device, RV right ventricle
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Detection of LVAD Dysfunction and Complications:
a Brief Road Map

The main LVAD alterations and post-implant complications
include pump failure, inflow and outflow cannula obstruction,
RV failure, and inadequate LV filling and emptying. All these
conditions, previously discussed in detail, can be broadly clas-
sified in well-defined categories.

Evidence of low pump flow with increased power should
suggest pump failure or increased afterload. The typical sce-
nario includes a dilated LV, rightward deviation of the IVS,
MR, and permanent opening of the aortic valve. Pump failure
is usually due to pump thrombosis, whereas mechanical mal-
function is rare. The echocardiographic diagnosis of pump
thrombosis can be challenging because of the high
echogenicity of the LVAD. Therefore, alternative algo-
rithms—e.g., some ramp test protocols that evaluate the pa-
tient’s left ventricular end-diastolic dimension (LVEDD), fre-
quency of aortic valve opening, valvular insufficiency, blood
pressure, and CF-LVAD parameters at increments of 400 rpm
from 8000 to 12,000 rpm—have been proposed [41]. In pa-
tients with pump thrombosis, LVEDD changed only minimal-
ly with changes in revolutions per minute. However, the ef-
fectiveness of these protocols should be further tested. The
main causes of increased afterload are kinking or obstruction
of the outflow cannula and hypertensive emergencies. Loss of
Doppler flow signal or Doppler velocities >2 m/s with color
Doppler aliasing at the cannula orifice indicate the former,
whereas high blood pressure with normal echocardiographic
findings suggests the latter.

RVF, hypovolemia, severe tricuspid regurgitation, inflow
cannula obstruction, and cardiac tamponade are all conditions
that cause a reduction of pump filling and output, despite
normal rotor speed and power. The combination of a small
LV with a leftward deviation of the IVS, dilated RV, decreased
RV systolic function, increased right atrial pressure, and in-
creased tricuspid regurgitation suggests RVF (Fig. 10). On the
other hand, increased LV volumes with high Doppler veloci-
ties or loss of signal at the inflow cannula suggest cannula
obstruction. High pump flow with a low cardiac output raises
concern about de novo, severe AR. A large regurgitant vol-
ume results in reduced forward flow and an increased LVAD
preload. The presence of a pericardial effusion and distortion
or compression of one or more cardiac chambers is consistent
with tamponade.

Conclusions

The role of 2D echocardiography in the assessment of LVAD-
eligible patients is well established; however, the role of newer
technologies is currently underappreciated. Real-time 3D
echocardiography has great diagnostic and prognostic

relevance in all phases of LVAD implantation, being able to
provide more accurate and reliable quantification of LV and
RV volumes, evaluation of valves and pericardial alterations,
and detection of LV or cannula thrombi and intracardiac
shunts. Moreover, 2D strain measurements provide incremen-
tal value in risk stratification for patients with end-stage HF
and for post-implantation RVF and could be a useful tool for
the estimation of LV function during follow-up (Table 4).
Therefore, we suggest the routine use of these tools in the
evaluation of patients eligible for LVAD implantation.
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