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Abstract

OBJECTIVES: Left ventricular assist devices (LVADs) have become an important treatment option for heart failure patients. However,
altered blood flow patterns are suspected to affect perfusion in the aorta or cause structural changes to the aortic root, leading to re-
gurgitation and valve dysfunction or thrombus formation. The purpose of this study was to evaluate flow patterns in a realistic in vitro
model system using four-dimensional flow-sensitive magnetic resonance imaging.

METHODS: A magnetic resonance compatible model system was developed consisting of an aorta connected to a VAD simulating the
pulsatile flow of the native heart. An LVAD was connected to the aorta model via three different cannula positions. Flow patterns in the
entire system as well as flow rates in predefined positions for reduced and zero cardiac output were evaluated.

RESULTS: Cannula position influences flow patterns and flow rates in the entire thoracic aorta. For a residual cardiac output, a larger
anastomosis and a decreased flow rate of the LAVD result in a higher flow rate and smaller retrograde flow in the ascending aorta
when compared with a smaller anastomosis or a cannula position in the descending aorta. Pronounced flow turbulences in the aorta
were observed for the cannula position in the descending aorta.

CONCLUSIONS: In the setting of reduced cardiac output, as commonly observed in patients on LVAD therapy, a large anastomosis to
the ascending aorta for the outflow cannula induces the least-adverse flow patterns in the aortic root. Our approach may aid in a
better understanding of LVAD-induced flow-pattern changes. Optimization of the cannula position and anastomosis may help to
prevent the progression of aortic valve-regurgitation and thrombus formation.
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INTRODUCTION

Left ventricular assist devices (LVADs) have become an important
treatment option for heart failure patients as a ‘bridge to trans-
plant’, a ‘bridge to recovery’ or destination therapy. Most com-
monly, implantable axial or centrifugal pumps are employed
with continuous blood flow through cannulas, anastomosed to
the ascending or descending aorta [1, 2].

However, device implantation and continuous non-pulsatile
blood flow may alter blood-flow patterns in the native aorta and
supra-aortic vasculature [3], potentially affecting end-organ per-
fusion and inducing structural changes to the aortic root, result-
ing in aortic regurgitation and valve dysfunction [4–7]. Secondary

aortic root dilatation, de novo aortic regurgitation as well as
aortic fusion and valve clots have been reported for patients on
long-term LVAD support without relevant remaining cardiac
function [8–10].
Two directional- and three directional-computational fluid

dynamic (CFD) models have been used to investigate the effects
of cannula positions on ventricular and aortic branch flow pat-
terns [11–15]. However, CFD simulations usually employ simpli-
fied boundary condition specifications, potentially limiting
precision and applicability.
In a study by Laumen et al. [16], an aortic branch and left ven-

tricle model was used to evaluate the effect of different inflow
and outflow cannula tip geometries for cardiopulmonary bypass
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(cannulation in the right subclavian artery and ascending aorta)
and LVAD support (cannulation in the ventricle) by using particle
image velocimetry (PIV). The reported results indicated that
cannula locations clearly impact the blood flow through the ven-
tricular chamber and greater vessels. However, only flow patterns
around the VAD-inflow or -outflow cannula were analysed and
the impact of the residual function of the failing heart has not
been investigated. The drawbacks of PIV are the following (i)
only two-dimensional information with two-directional velocities
can be determined in standard experiments; (ii) the optical
access is a limiting factor since only transparent models with
perfect optical quality can be used; (iii) the determination of
quantitative parameters such as flow rates is limited and (iv) the
performance of the experiments and data processing is very
time-consuming.

In contrast, flow-sensitive four-dimensional-magnetic reson-
ance imaging (4D-MRI) is a powerful tool to non-invasively assess
the cardiovascular haemodynamics in vivo, providing time-
resolved three-dimensional with three-directional velocity [17–
19], and can be used to investigate local and global haemo-
dynamics in patient-specific in vitro models [20–22]. Flow-
sensitive 4D-MRI in combination with a mock loop circulation
system, has been employed for a detailed analysis of the flow dy-
namics within VADs and to investigate flow characteristics, pump
chamber geometry and valve dynamics of an magnetic resonance
(MR) compatible pulsatile LVAD under different conditions [19].

Thus, we sought to investigate aortic blood flow alterations
induced by various positions of the inflow cannula of an LVAD,
providing continuous flow and various levels of remaining
cardiac function. In doing so, we employed 4D phase contrast
(PC) - MRI in a patient-specific in vitro model of the aortic root,
thoracic aorta and supra-aortic vessels.

METHODS

An MR-compatible model system was developed consisting of a
thoracic aorta connected to an LVAD simulating the pulsatile
flow of the native heart. An LVAD consisting of a rotary pump
providing continuous blood flow (simulating the ‘real’ LVAD) was
connected to the aorta model using three different cannula
positions. Flow patterns and flow rates in the entire system were
evaluated for predefined cannula positions with regular, reduced
and zero cardiac output.

Thoracic aorta model

An anatomical, three-dimensional dataset required for modelling
of an aortic phantom was derived from a contrast-enhanced MR
angiograph of a healthy volunteer (female, 22 years; height, 170
cm and weight, 63 kg). The segmented contours of the aorta
wall and proximal supra-aortic vessels were imported into the
CAD software (MIMICS, Materialise, Belgium) and two rigid
rapid-prototyping models of the outer and inner vascular wall
were reconstructed. Using these models, negative moulds were
generated. A wax model of the aortic lumen was created using
the inner negative mould and then positioned inside the outer
negative-mould. The remaining cavity, equivalent to the aortic
vascular wall, was filled with an artificial resin (Biresin®U1404,
SIKA GmbH, Germany) using a vacuum casting technique.
Finally, the inner wax model was removed by heating. The

highly-elastic resin employed mimics the elastic properties of
the aorta and replicates pulsatile changes occurring throughout
the cardiac cycle. As with the routine surgical approach, the
LVAD outflow graft was anastomosed at three different positions
to the ascending or descending aorta by attaching an outflow
graft into the wall, as explained in further detail below (Fig. 1).

In vitro model system set-up

Figure 1 illustrates the set-up of the flow circuit employed, con-
sisting of a pneumatically driven MEDOS paracorporeal VAD
(chamber size 60 ml, MEDOS Medizintechnik AG, Stolberg,
Germany) attached to the root of the aortic phantom to gener-
ate pulsatile blood flow imitating the beating heart; an integrated
pressure control unit (Sirecust, Siemens, Erlangen, Germany)
connected to the end of the descending aorta; a MEDOS
DeltaStream diagonal-pump (DP 3, MEDOS Medizintechnik AG,
Stolberg, Germany) simulating the LVAD with continuous non-
pulsatile blood-flow connected via polyvinyl chloride tubings to
an outflow cannula attached to the aortic phantom in various
positions (see below). The diagonal-pump was positioned
outside the scanner room due to its non-MR-compatibility.
The set-up comprises two linked circuits with two reservoirs:

Circuit 1 (‘preload reservoir’) was connected to the inflow
cannula of the paracorporeal VAD generating the pulsatile
blood-flow. The outflow of the supra-aortic blood vessels and
the descending aorta was drained into the reservoir of circuit 2
(‘afterload reservoir’). This set-up facilitated stable flow, resistance
and pressure conditions within the aortic phantom, avoiding var-
iations in preload and afterload conditions.

Left ventricular assist device boundary conditions

Systolic and diastolic pressures and therefore the ejection frac-
tion of the pulsatile LVAD, as well as the frequency (bpm), were
controlled by a commercially available VAD control unit
(MEDOS VAD-Driving Unit, MEDOS Medizintechnik AG, Fig. 1).
The flow rate of the non-pulsatile LVAD was adjusted using a
Deltastream MDC console (MEDOS Medizintechnik AG) by
means of an ultrasonic flow probe (4 or 5 l/min).

Set-up parameters

Three experimental conditions were evaluated:

(i) ‘Reduced cardiac output’, LVAD flow 4 l/min: a reduced
cardiac output was simulated by adjusting the parameters of
the MEDOS VAD console as follows: systolic pressure (PSys):
120 mmHg, diastolic pressure (PDias): −65 mmHg, systolic
time (TSys): 39%, frequency: 60 l/min. In this set-up, the pres-
sure control unit displayed pressure conditions of arterial
pressure (AP): 80/36 mmHg. The mean arterial pressure
(MAP) was 55 mmHg.

(ii) ‘Reduced cardiac output’, LVAD flow 5 l/min: Using the same
MEDOS VAD console adjustments as stated in set-up 1, the
pressure conditions caused by these settings were AP: 81/
43 mmHg (MAP: 59 mmHg).

(iii) ‘No cardiac output’, LVAD flow 5 l/min: For simulating the
absence of cardiac ejection, the MEDOS VAD console was
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switched off, while maintaining the LVAD flow at 5 l/min
(MAP: 48 mmHg).

Left ventricular assist device cannula positions

A total of four different models were generated and investigated
(Fig. 2). In two models, the outflow-cannulas were anastomosed
to the ascending aorta (‘Asc 1’, small anastomosis [area, 4.2 cm2]
to the ascending aorta; ‘Asc 2’, large anastomosis [area, 5.6 cm2]
with a different angulation to the ascending aorta). In the third
model, the outflow cannula was anastomosed to the descending
aorta (‘Desc’). The fourth model was not anastomosed to the
LVAD and served as a control for baseline measurements.

Magnetic resonance imaging

All MR experiments were performed on a 3T system (Magnetom
TRIO, Siemens, Erlangen, Germany) using a 12-channel thorax
coil. A prospectively gated time-resolved three-dimensional
phase contrast sequence with three-directional velocity encoding
(4D flow-sensitive MRI) with an isotropic spatial resolution of
2.0 mm and a temporal resolution of 40.8–42.4 ms was applied
to assess three-dimensional aortic haemodynamics in all LVAD
models and all boundary conditions. Further imaging parameters
are listed in Table 1.

A mixture of 60% distilled water and 40% glycerol reproducing
the kinematic viscosity (ν = 0.003 m2/s) and density of blood was

used as a blood substitute [16]. To increase signal-to-noise ratio
(SNR), the fluid was doped with a gadolinium-based contrast
agent (Gadovist, Bayer Healthcare, Germany) at a concentration
of 1.08 mmol/l, allowing a flip angle of 15°.
An ECG trigger signal was generated by using a home-built

software tool (LabView®, National Instruments, Austin, TX, USA)
and delivered to the MEDOS VAD console and the MRI scanner
in order to synchronize the time-resolved MRI acquisition with
the pulsatile activity of the MEDOS VAD. Due to technical
reasons, a delay of 270 ms between the systole of the pulsatile
MEDOS VAD and the trigger signal for the scanner was observed.
For all in vitro set-ups, additional MRI acquisitions were per-
formed without flow (flow-off ) to enable data subtraction in
order to improve the SNR.

Magnetic resonance imaging data post-processing

To reduce phase offset errors as induced by Eddy currents,
flow-on and flow-off data sets were subtracted. Noise masking
and anti-aliasing of phase difference images were performed by
using a home-built processing tool as described previously [23].
Processed data sets were further assessed using a commercially
available three-dimensional visualization software (EnSight; CEI,
Apex, NC, USA).
For each 4D PC-MRI data set, a three-dimensional angiogram

was calculated and visualized as a three-dimensional isosurface
as illustrated in Fig. 2. Predefined analysis planes were manually

Figure 1: Left: photographs of the four different set-ups. Control: without LVAD; Asc 1: small anastomosis to ascending aorta; Asc 2: large anastomosis to ascending
aorta; Desc: anastomosis to descending aorta. Right: schematic view of the experimental set-up employed.
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positioned orthogonal to the vessel axis at standardized locations
for the different set-ups (Control, Asc 1, Asc 2 and Desc): Plane
1, in the outflow cannula (not in Control); Plane 2, in the prox-
imal ascending aorta; Plane 3, in the aortic arch proximal to the
right subclavian artery; Plane 4, in the supra-aortic branches;
Plane 5, in the descending aorta and Plane 6, in the distal des-
cending aorta after the anastomosed outflow cannula connec-
tion (only Desc).

Flow visualization

Using the three-dimensional-visualization software (EnSight),
aortic haemodynamics were visualized by calculating time-
resolved three-dimensional particle traces emitted from the
standardized analysis planes as defined above, and from a plane

Figure 2: Schematic illustration of the outflow cannula anastomosis and position of the analysis/emitter planes for 4-dimensional flow quantification and visualiza-
tion (upper row). Particle traces are illustrated in the lower row (colour-coded for origin) for Control and LVAD support of 5 l/min with reduced cardiac output.

Table 1: MRI-parameters for all set-ups

Parameter Control Asc 1/Asc 2/Desc

FOV (cm) 178 × 260 260 × 260
Matrix size 88 × 128 × 32 128 × 128 × 30
Spatial resolution (mm) 2 × 2 × 2 2 × 2 × 2
Temporal resolution (ms) 40.8 42.4
TE (ms) 2.7 2.8
TR (ms) 5.1 5.2
Venc (m/s) 1.2 0.8
Flip angle (°) 15 15
Scan time (min) 15 20
Bandwidth (Hz/pixel) 460 460

FOV: field of view; TE: echo time; TR: repetition time; Venc: velocity
encoding.
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proximal to the in-flow to the pulsatile LVAD simulating the left
ventricle. Particle traces were viewed dynamically to depict the
spatial and temporal dynamics of aortic flow during the cardiac
cycle. The resulting traces were colour-coded according to their
origin (Fig. 2) in order to visualize the blending of flow streams
originating from the heart and the outflow cannula.

Flow quantification

For flow velocity quantification, all planes were imported into a
home-built analysis tool programmed in MatLab (The Mathworks,
Massachusetts, MA, USA). This tool allowed for manual vessel
lumen contour segmentation and velocity quantification for each
time frame [24]. For each analysis plane, the total flow and fraction
of retrograde flow were determined.

RESULTS

Total flow and relative amount of retrograde flow for the different
cannula positions and various levels of LVAD support and cardiac
output are listed in Table 2. Total flow in the outflow cannula, as
assessed by 4D-MRI flow quantification concurred with the pre-
defined settings at the Deltastream MDC console (4 and 5 l/min)
with deviations of <5%. Furthermore, the sum of the total flow
through Plane 1 and 2 concurred with the total flow through
Plane 3 (Asc 1 and Asc 2). Similarly, the sum of the total flow
through Plane 4 and 5 concurred with the total flow through
Plane 3 (for Control, Asc 1 and Asc 2). For set-up Desc, total flow
in Plane 1 concurred with the total flow in Plane 6 subtracted by
the total flow in Plane 5, also when the flow was completely
reversed in the setting of zero cardiac output. These results

corroborate the robustness of the measured total flow values
over the cardiac cycles in the different planes and experiments.

Ascending aortic cannula position

With a reduced but residual cardiac output (a typical scenario in
patients with an LVAD), a higher flow rate in the proximal
ascending aorta (Plane 2) can be observed for Asc 2 in compari-
son with Asc 1, and a higher flow rate for Asc 1 in comparison
with Desc. The flow rates for the set-ups Asc 1 and Asc 2 are
clearly higher with a lower flow of the LVAD (4 l/min) compared
with the higher flow (5 l/min). Furthermore, the amount of retro-
grade flow in this plane is lower for set-up Asc 2, compared with
Asc 1 and Desc. As expected for set-up Desc, the lower the
cardiac output, the higher the retrograde flow up the descending
aorta would be, providing a flow within the supra-aortic
branches of �1 l/min. The flow in the supra-aortic vessels was
lower in the control experiment without LVAD support and
normal cardiac output (Control) compared with the cannula
position at the ascending aorta (Asc 1 and Asc 2).

Descending aorta cannula position

The lower row in Fig. 2 depicts particle traces visualization during
a systolic time frame with traces colour-encoded according to
their origin (red: plane in the proximal ascending aorta; yellow:
plane the cannula outflow). Figure 3 displays streamline visualiza-
tion in different sections of the aorta for all set-ups (Asc 1, Asc 2,
Desc and Control) and for an LVAD flow of 5 l/min and reduced
cardiac output. On the left side, a systolic and a diastolic time
frame is shown for a section in the ascending aorta revealing a

Table 2: Flow quantification

Flow/condition No LVAD, full
ejecting ventricle

LVAD = 4 l/min, reduced CO LVAD = 5 l/min, reduced CO LVAD = 5 l/min, no CO

Model Control Asc 1 Asc 2 Desc Asc 1 Asc 2 Desc Asc 1 Asc 2 Desc

Plane 1—outflow cannula
Total flow (l/min) n/a 4.12 4.23 3.94 4.79 5.01 4.90 5.07 5.07 4.95
Retrograde flow (%) n/a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Plane 2—prox. ascending aorta
Total flow (l/min) 4.10 0.92 0.98 0.57 0.63 0.88 0.60 −0.01 0.03 0.00
Retrograde flow (%) 0.9 3.2 2.8 8.1 10.4 2.8 7.1 73.8 16.0 67.4

Plane 3—prox. arch
Total flow (l/min) 4.01 4.98 5.25 0.73 5.65 5.83 0.81 5.02 5.10 −0.08
Retrograde flow (%) 1.0 0.0 0.0 21.3 0.0 0.0 8.0 0.0 0.0 100.0

Plane 4—supra-aortic vasculature
Total flow (l/min) 0.76 1.08 1.29 0.96 1.30 1.54 1.12 1.34 1.31 0.95
Retrograde flow (%) 21.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Plane 5—descending aorta
Total flow (l/min) 3.18 4.10 4.19 0.32 4.74 4.34 0.01 3.76 3.67 −0.99
Retrograde flow (%) 5.1 0.0 0.0 32.6 0.0 0.0 49.6 0.0 0.0 100.0

Plane 6—distal descending aorta
Total flow (l/min) n/a n/a n/a 4.35 n/a n/a 4.87 n/a n/a 3.88
Retrograde flow (%) n/a n/a n/a 0.0 n/a n/a 0.0 n/a n/a 0.0

CO: cardiac output; Asc 1: small anastomosis to ascending aorta; Asc 2: large anastomosis to ascending aorta; Desc: anastomosis to descending aorta; n/a:
not applicable.
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markedly disordered flow pattern for set-up Desc during diastole,
yet this is less pronounced for the cannula positioned to the
ascending aorta (Asc 1 and Asc 2). As somewhat more turbulent
flow can be observed during systole at the inner curvature of the
ascending aorta for the small anastomosis (Asc 1, see arrow)
when compared with the large anastomosis (Asc 2). This is in
alignment with the findings in Table 2 where Asc 2 yields the
highest flow rate and the lowest retrograde flow in the ascending
aorta (Plane 2). As shown on the right side of Fig. 3, a strong heli-
city of the flow vector field throughout most of the cardiac cycle
can be seen in the descending aorta for set-up Desc (see arrow),
which is not visible for all other types of cannula positioning. The
formation of two small vortices could be observed for
the cannula connection in the ascending aorta, one above the
outflow graft anastomosis (Asc 1) and the other at the inner
curvature of the proximal descending aorta (Asc 2, see arrow).

Fig. 4 displays the velocity time courses in four different
planes for the different set-ups (Asc 1, Asc 2 and Desc) with an
LVAD flow of 5 l/min and reduced but residual cardiac output.

The most constant as well as highest flow, in the proximal
ascending aorta (Plane 2) was observed for set-up Asc 2 with the
large anastomosis. A pronounced retrograde flow occurs in
Plane 3 and 5 for the set-up Desc where the outflow cannula is
positioned in the descending aorta, which is not visible for Asc 1
and Asc 2. Furthermore, the highest flow rates in the supra-aortic
branches (Plane 4) occur for set-up Asc 2. Set-up Asc 2 provides
the highest flow of the supra-aortic branches, which is slightly
reduced (by �10%) for Asc 1 and clearly reduced for Desc
(�27%) compared with Asc 2. However, set-up Desc still sup-
ports the supra-aortic branches via retrograde flow in the des-
cending aorta with a flow rate of �1 l/min.

DISCUSSION

LVADs have become a well-established therapy for patients with
terminal heart failure. Over the last decade, an increasing number
of smaller, implantable non-pulsatile pumps have become avail-
able for routine clinical use. However, little is known about the
haemodynamic changes induced by LVADs in the throracic aorta
and supra-aortic branches and the relevance of the location and
geometry of the LVAD outflow graft. Thus we sought to investigate
these haemodynamic alterations by using flow-sensitive 4D-MRI
in a complex in vitro model system with different LVAD cannula
positions and different conditions of the failing heart simulated by
an MR compatible paracorporeal VAD. Flow-sensitive 4D-MRI was
a feasible option to model blood flow alterations in the thoracic
aorta induced by the LVAD outflow cannula, and changes in
blood-flow patterns were visualized using streamlines (Fig. 3). The
results clearly indicate that cannula position influences flow rates
in the ascending as well as in the descending aorta.
Aortic fusion and valve clots have been reported for patients

on long-term LVAD support without relevant remaining cardiac
function [8–10]. Assuming that a maximum forward flow through
the aortic valve (i.e. Plane 2) best protects the aortic valve and
best avoids blood coagulation near the aortic valve due to slow
flow or even stagnating blood flow, the results indicate that the
optimal (in terms of the compared experiments) cannula pos-
ition is given by a large anastomosis to the ascending aorta (Asc
2). In this case, the highest flow with the lowest percentage of
retrograde flow was measured in the proximal ascending aorta.
This finding was corroborated by the streamline analysis as
shown in Fig. 3. Moreover, with a residual output of the native
ventricle (here the pulsatile LVAD) the results indicate that a

Figure 3: 4D flow visualization of the different set-ups during systole and diastole employing velocity encoded streamlines for Control and LVAD support of 5 l/
min with reduced cardiac output. Asc 1: small anastomosis to ascending aorta; Asc 2: large anastomosis to ascending aorta; Desc: anastomosis to descending
aorta.
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reduced output of the LVAD seems to be beneficial (4 l/min
compared with 5 l/min). It can be assumed that the reduced
LVAD outflow may imply improved support for the remaining
function of the left ventricle. However, more experiments with
different LVAD flow rates and different cardiac output rates of
the simulated native ventricle have to be performed to investi-
gate the interplay between the LVAD and the residual function
of the native heart with respect to the optimal LVAD conditions.

Interestingly, the presence and amount of retrograde flow into
the ascending aorta and through the valve did not change with
the different investigated conditions of LVAD flow. Reduced
cardiac output did not lead to an increase in retrograde flow, in-
dicating that even limited cardiac function is sufficient to main-
tain forward flow and protect the aortic valve.

As shown in Fig. 3, the cannula connected to the descending
aorta (set-up Desc) induces retrograde flow and pronounced
flow turbulences in the entire aorta, in the ascending and in the
descending aorta above the graft, for a reduced cardiac output.
As expected, flow stagnation was observed in the aortic root in
the absence of cardiac output for all cannula positions. This is in
accordance with findings by DiGiorgi et al. [25], who used ultra-
sonic flow probes and a dye tracer. Flow stagnation in the aortic
root is expected to increase the risk of thrombus formation and
aortic valve fusion. Based on transoesophageal echocardiog-
raphy, Kar et al. [12] observed aortic-root stasis in patients with a
Jarvik 2000 LVAD and a descending outflow anastomosis. The
pronounced retrograde flow up the descending aorta may
compete with the residual cardiac output of the LV and there-
fore poses an increased preload of the failing heart.

For set-up Asc 1, the anastomosed LVAD outflow graft causes
an aligned jet stream into the ascending aortic, directed to the
subclavian artery. The vortex formation above the outflow graft
anastomosis (Fig. 3) is possibly related to the aortic geometry with
its outlet to the right subclavian artery. This vortex is not visible in
set-up Asc 2. However, at the descending inner aortic arch, minor

flow turbulences occur as well (Fig. 3). As was also expected, the
area proximal to the anastomosed LVAD outflow graft shows con-
sistently lower velocities compared with those distal of the graft
anastomosis in case of reduced cardiac ejection. In both set-ups
flow turbulences in the ascending aortic root were observed,
which are present throughout the diastole, whereby a somewhat
more turbulent flow was noted in set-up Asc 1 than in Asc 2. As
previously mentioned, this is in alignment with the findings in
Table 2 where Asc 2 yields the highest flow rate and the lowest
retrograde flow in the ascending aorta (Plane 2).
To accurately simulate the native left ventricle, a pulsatile

MEDOS paracorporeal VAD with a ventricle volume of 60 ml was
chosen. The geometry of this VAD does not represent the
complex structure of the native ventricle; however, near-
physiological flow and pressure conditions were adjusted for all
experiments. The coronary arteries were not integrated into the
model. However, our findings suggest that different positions and
geometries of the outflow graft may also alter the perfusion of the
coronary arteries. As with our aortic model, the arteries originate
in the area where Plane 2 is positioned. Therefore, complete flow
stagnation in the aortic root—i.e. as present for all scenarios with
no cardiac ejection—is rather disadvantageous. Furthermore, the
impact of the LVAD flow rate as well as the cannula position on
the aortic wall, which can be characterized by the wall shear
stress, may be of interest for future investigations.
No analysis of reproducibility was performed; however, excel-

lent test–retest reliability of velocities, flow rates and flow pat-
terns for in vitro flow measurements has been reported recently
using the same measurement sequence on the same MR
scanner and surface coil with identical or very similar parameters
such as the spatial resolution, bandwidth or flip angle, and there-
fore, approximately resulting in an identical SNR [18].
In conclusion, our three-dimensional flow measurements

demonstrate that the location of the LVAD outflow graft anasto-
mosis has important qualitative effects on the flow pattern in the

Figure 4: Flow quantification for set-up Asc 1, Asc 2 and Desc throughout the cardiac cycle for LVAD support of 5 l/min and reduced cardiac output.
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ascending and descending aortas. The results show that a larger
anastomosis results in the highest flow rate and the smallest
retrograde flow in the ascending aorta, and thus better sup-
ports the contractility of the failing heart when compared with
a smaller anastomosis or a cannula position in the descending
aorta. Furthermore, in the case of a residual cardiac output, a
lower flow rate of the LVAD may result in the superior support
of the heart as indicated by the higher flow rate in the aortic
root, therefore better preventing the progression of valve
regurgitation.
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