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Abstract

Treatment of end-stage heart failure includes cardiac transplantation or ventricular assist device
(VAD) therapy. While increasingly prevalent, current VAD therapy has inherent complications,
including thrombosis. Studies have demonstrated that VVAD implantation alters intra-cardiac blood
flow, creating areas of stagnation that predispose to thrombus formation. Two potential surgical
configurations exist for VAD implantation: through the apical or diaphragmatic surfaces of the
heart. We hypothesized that diaphragmatic implantation causes more stagnation than apical
implantation. We also hypothesized that intermittent aortic valve (AV) opening reduces stagnation
of blood inside the left ventricle (LV) when compared to a closed AV. To test these hypotheses, a
human left-ventricle geometry was re-created /n7 sifico and a VAD inflow cannula was virtually
implanted in each configuration. A computational indicator-dilution study was conducted where
“virtually-dyed blood” was washed out of the LV by injecting blood with no dye. Simulations
demonstrated a substantial reduction in stagnation with intermittent AV opening. In addition,
virtual dye was cleared slightly faster in the apical configuration. Simulations from our study
demonstrate the clinical importance of VAD management to allow intermittent opening of the AV
to prevent subvalvular stagnation, and it also suggests that apical configuration might be more
hemodynamically favorable.
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Introduction

Ventricular assist device (VAD) therapy is the most viable alternative to cardiac
transplantation in medical therapy refractory heart failure [1-3]. Two surgical techniques
have been proposed for implantation of contemporary VADs. The most common surgical
technique, referred to in this study as “apical” implantation, is to place the inflow cannula
into the LV apex, directed towards the mitral valve (see reference [4] for description of
technique). Implantation of the Thoratec HeartMate Il (a second generation device) in the
apical configuration required the creation of a pump-pocket, which was a significant clinical
drawback [5]. Other theoretical drawbacks to this technique include fixating the ventricular
apex and impeding cardiac torsion. To avoid the creation of a pump-pocket, Gregoric and
colleagues (2011) proposed an alternative surgical technique, referred to in this study as the
“diaphragmatic” implantation, in which the inflow cannula is implanted parallel to the short
axis of the LV and anterior to the papillary muscle insertion [5]. Although creation of a
pump pocket is not required with third generation devices [6], the ideal inflow cannula
location remains a point of contention. Sileshi and colleagues (2015) compared the two
techniques demonstrating that in the acute setting, surgical technique did not affect total
hospital stay or post-operative ICU time [7]. However, very little data is available that can
provide insight into potential hemodynamic differences between the two configurations and
how these differences in blood flow patterns may affect long-term outcomes.

One of the most devastating complications of VAD therapy is thrombus formation leading to
stroke [8]. Stasis, endothelial injury, and hypercoagulability are three categories of factors
thought to promote thrombosis (i.e., the Virchow’s “triad”) [9]. Disruption of physiological
blood flow in VAD patients leads to regions of stagnation or “hot-spots” prone to forming
thrombi [10]. In physiological blood flow, thrombus formation is prevented by appropriate
levels of wall shear stress that create a homeostatic balance between fibrin monomer
polymerization and cleavage. In areas of stagnation, this homeostatic balance is disrupted,
increasing the susceptibility to pathological thrombus formation. Following continuous flow
VAD implantation, blood flow patterns are substantially altered in the heart, aorta, and great
vessels [11-15]. Studies have demonstrated that VAD implantation increases shear stress,
hemolysis, and stagnation [16]. These parameters are biologically important as they all
adversely affect thrombogenicity [17]. More importantly, case reports have demonstrated
that areas of stagnation caused by VAD implantation can be fatal [18].

Initial studies by Chiu and colleagues demonstrated that surgical VAD configuration affects
blood thrombogenicity [16]. To expand on these findings, we designed a computational
study to test the hypothesis that the VAD implantation site affects stagnation of blood flow
within the LV. To test this hypothesis, a three-dimensional (3D) model of the left-heart was
constructed from clinical imaging of a heart failure patient prior to VAD implantation. A
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VAD inflow cannula was virtually implanted in both apical and diaphragmatic
configurations. Computational fluid dynamic (CFD) simulations of blood flow through the
VVAD-supported ventricle were used to identify areas of stagnation. More specifically, an
indicator-dilution study was performed using an established technique known as the “virtual
ink” method [19] to identify areas of stagnating blood (Figure 1). This technique allowed
quantification and visualization of stagnant “hot-spots.” The virtual ink technique was used
to compare the two surgical configurations and test whether one configuration is more
hemodynamically favorable.

Another important clinical issue facing VAD patients is the development of aortic valve
(AV) complications. Multiple studies have demonstrated the risk of developing AV
pathology, aortic regurgitation and leaflet fusion [20, 21]. This has been shown in patients
with the HeartWare HVAD (centrifugal pump), the Thoratec HMI and the HMII (axial flow
pump) [22, 23]. The risk of development of AV disease is reduced in patients managed to
allow intermittent AV opening [24, 25]. While many hypotheses exist as to the exact causes
responsible for development of AV disease, most hypotheses are related to alterations in
physiological hemodynamics due to the implanted device. Based on these data, many centers
aim to adjust VAD speed to allow for intermittent AV opening. To determine if intermittent
AV opening has an effect on stagnation of blood within the LV, we also conducted
simulations to test this hypothesis. Predictions generated from these analyses offer insight
regarding optimal device design, site of surgical implantation, and implementation of VAD
therapy.

Patient Selection

This study was approved by the IRB at the Medical College of Wisconsin. Informed consent
was not required as the study was conducted in a retrospective fashion. Inclusion criteria
included: Adults, =18 years of age, =1 contrast-enhanced CT scan in the patient’s medical
record, diagnosis of severe heart failure (NYHA class 1V), and evidence of dilated left
ventricle with an estimated ejection fraction of <20% or current VAD candidate. Exclusion
criteria included: artificial heart valves, clinically significant valve disease, and/or history of
cardiac transplant. Based on these criteria, a patient was identified who had undergone
contrast-enhanced CT imaging 4 weeks prior to VAD implantation. The de-identified
DICOM images had 0.625 mm slice thickness and 0.6 mm pixel size.

Creation of Fluid Domain

A three dimensional model of the blood flow path within the left heart was created in
Mimics 16.0 (Materialise Inc., Leuven, Belgium) (Figure 2, B). Briefly, the de-identified
DICOM image set was imported and the flow lumen was manually segmented, verified by a
board-certified thoracic radiologist, and converted to a 3D object. The cardiovascular regions
contained in the 3D object included the pulmonary veins, left atria, LV, and ascending aorta.
This geometry was cropped to include the path from the mitral to AV. The 3D geometry of a
HeartWare HVAD inflow cannula was provided by HeartWare International, Inc (Figure 2,
C). Both geometries were imported into ICEM-CFD 14.0 (ANSYS, Canonsburg, PA), where
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the inflow cannula was positioned in both surgical configurations (Figure 2, D). The device
inflow cannula was subtracted from the fluid domain and its distal end defined as an outlet
(Figure 2, E). The model was inspected and verified by a board-certified cardiothoracic
surgeon. Four surfaces were defined in the geometry (Figure 2): mitral valve (inlet), aortic
valve (outlet), VAD inflow cannula (outlet), and the endocardium (walls).

CFD Simulations

Each geometry was reconstructed as a mesh of approximately 4.7 million tetrahedral cells
using ANSYS ICEM-CFD 14.0 (ANSYS Inc., Cannonsburg, PA). Transient 3D simulations
were conducted in ANSYS Fluent 14.0 (ANSYS Inc., Cannonsburg, PA). The spatial and
temporal resolutions, with an average spacing of approximately 100 microns and a time step
of 0.01 seconds, are able to capture the main features of the flow. The simulations were run
for a total of 12 one-second cardiac cycles. The simulation boundary conditions were as
follows: (1) unsteady velocity was used at the mitral valve, corresponding to a Doppler-
measured time-dependent flowrate, (2) the VAD cannula opening was set to a constant
pressure, and (3) no slip at the walls. Depending upon the simulation, the AV was set to be
either closed (no fluid flow) or intermittently opened. In simulations designed to replicate
intermittent AV opening, the AV was set to open every 4 beat. When open, the pressure at
both the AV outlet and VVAD outlet were set to the same pressure (afterload) allowing the
simulation to mathematically determine the volumetric flow through each outlet. While there
is no aortic arch in these simulations, this assumption is reasonable as flow through both the
VAD and AV conjoins in the aorta.

The inflow waveform across the mitral valve was derived from previously published /n vivo
measurements in another heart failure patient using echo-Doppler [26, 27]. A smoothed-
periodic curve was fitted to the echo-Doppler data in MATLAB R2014a (Mathworks,
Natick, MA) (Figure 3, A). The geometry was modeled as rigid given that the cross section
of the left ventricle was demonstrated to vary minimally in systole versus diastole in an
advanced heart failure patient (Figure 3, B). The curve was scaled to a cardiac index (CI) of
1.8 or 3.0, where CI = 1.8 represents the lower physiological limit of blood flow in a heart
failure patient and CI = 3.0 represents a well-compensated patient. To compute the cardiac
index [CI = Cardiac Output (L/min) / Body Surface Area (m?)], the body surface area (BSA)
was calculated from patient height (H) and weight (W) using the Du Bois equation (BSA =
0.007184 WO-425H0.725) ‘where H is in cm and W is in kg [28]. Based on these methods, the
average cardiac output was 3.02 L/min and 5.03 L/min for Cl = 1.8 and 3.0, respectively.
The initial flow conditions were obtained by running 2 cardiac cycles prior to the 12-cycle
simulation. Blood was modeled as a Newtonian fluid with a density of 1,060 kg/m3 and a
viscosity of 0.0035 Pa:s.

Output and Analysis

Stagnation was quantified using the virtual ink technique originally described by Rayz and
colleagues [19]. Briefly, the transport of virtual ink is described via a passive scalar with
zero flux at the walls. Transport of the virtual ink is governed by the underling blood flow
patterns, but has no influence on blood flow. The diffusion coefficient of the virtual ink is set
to zero, so that its clearance is determined purely by advection. Each simulation started with
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a virtual ink concentration equal to 1.0 (in arbitrary units) everywhere in the domain and the
percentage of ink remaining in the domain was plotted as a function of time.

A poor fit was obtained when the clearance curves were fit with a single exponential curve,
but an excellent fit was obtained with a double-exponential curve relating virtual ink
concentration to elapsed time:

C(H)=Cole ™ +e7/™)  Equation 1

where C () is the volume-average concentration of virtual ink as a function of time and ¢, =
1 is the initial concentration of virtual ink. The fitting constants z; and z, represent the
characteristic times of virtual ink clearance from the bulk flow (fast clearance) and
stagnating regions (slow clearance). Defining the half-life as the time required to clear 50%
of the virtual ink within each clearance mode, and assuming z; < z, the fast and slow
clearance half-lives are defined as:

(112) ., =1(2) Equation 2

=T79ln(2)

SLOW

(T1/2) Equation 3

Initial Simulations

Simulations

The inlet flow waveform was scaled to a cardiac index of 3.0 to represent the cardiac output
of a well-compensated patient (Figure 3). Pathlines illustrate the blood flow trajectories
under these conditions (Figure 3, C). Post processing analysis revealed that variations in
average wall shear stress, inlet pressure (measured at the mitral valve), and hydrodynamic
resistance were minimal between the two surgical configurations (Figure 3, D-F). These
results suggest that any differences observed in virtual ink clearance were due to differences
in stagnation. A virtual ink washout study over 1 heartbeat demonstrated approximately a
2% increase in red ink clearance of the apical configuration over the diaphragmatic
configuration (Figure 3, G). While a 2% difference is modest, this difference lead to the
hypothesis that over the course of multiple cardiac cycles, the difference would accumulate
and ultimately lead to substantial clinical differences in thrombogenicity.

Over Multiple Cardiac Cycles

To test the hypothesis that differences in virtual ink clearance simulations would accumulate
over multiple cycles resulting in substantial differences in stagnation, simulations were
performed in each configuration for 12 cardiac cycles (1 cycle = 1 second) at cardiac indices
of 1.8 and 3.0 (Figure 4). Clinically in VAD-implanted patients, blood flow through the
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VAD can vary resulting in a range of AV opening frequency. Thus, simulations were done to
represent the extremes of AV activity. In simulations designed to simulate infrequent
opening, the boundary condition at the AV was set to allow no flow (i.e., wall) for the
duration of the simulation, while in simulations with intermittent opening of the AV, the
valve was set to open every 41 cycle.

After 12 seconds with no flow through the AV (Figure 4, A), it was found that the apical
configuration cleared 1.2% more virtual ink for a cardiac index of 1.8 (83.3% vs 82.1%) but
was nearly identical at a cardiac index of 3.0 (93.4% apical vs 93.5% diaphragmatic). When
allowing the AV to open every 4" beat, a similar behavior was noted (Figure 4, B); ata
cardiac index of 1.8, the apical configuration was able to clear 1.7% more after 12 seconds
(91.3% vs 89.6%) whereas there was very little difference at a cardiac index of 3.0 (98.2%
apical vs 97.9% diaphragmatic). In every set of simulations, the curves for the two
implantation sites approached the same asymptote, but in every instance the apical
configuration initially cleared the virtual ink faster. Contrary to our expectation, however,
the difference between the two curves did not grow over time.

The importance of allowing intermittent opening of the AV has been established clinically as
a strategy to avoid AV leaflet fusion and subsequent aortic regurgitation. However, no
studies have tested the hypothesis that intermittent AV opening affects stagnation of blood
flow immediately proximal to the valve. The simulations conducted in Figure 4 allowed this
hypothesis to be tested directly. The results were re-plotted in Figure 5 to test intermittent
AV opening as the independent variable. In the diaphragmatic configuration, it was found
that intermittent AV opening allowed for a 7.5% increase in clearance of ink (89.6%
intermittent vs 82.1% closed) for a Cl of 1.8 and a 4.4% increase (97.9% intermittent vs
93.5% closed) for a Cl of 3.0 after 12 seconds (Figure 5, A). Similar differences were
observed when testing this hypothesis in the apical configuration (Figure 5, B).

To summarize, a modest difference in stagnation was observed between the apical and
diaphragmatic configurations, but a substantial difference in stagnation was observed when
intermittent AV opening was allowed.

Clearance half-lives

One weakness of the comparisons made between different curves in Figures 4 and 5 is that
these comparisons were made at arbitrary time points (t=1s and t=12s, respectively). To
quantify the clearance rate in a time-independent fashion, the washout curves were fit with a
double exponential curve (Equation 1), which provided half-lives for clearance of bulk flow
vs. stagnating regions. In simulations where the AV remained closed, the fast clearance half-
life (t1/2) sas7Was shorter in the apical configuration than in the diaphragmatic
configuration by 8.4% at a Cl of 1.8 (1.98 seconds vs 2.15 seconds) and by 21% at a Cl of
3.0 (1.19 seconds vs 1.45 seconds) (Figure 6). In simulations where the AV was allowed to
open intermittently, the fast clearance half-life was also shorter in the apical configuration,
although by smaller margin: a 7.7% difference at Cl of 1.8 (2.48 seconds vs 2.68 seconds)
and a 15.8% difference at a Cl of 3.0 (1.87 seconds vs 2.17 seconds). In contrast, the slow
clearance half-life (t1/2) sy ou/Was similar in the two VAD configurations, regardless of
whether the AV was always closed or allowed to open (Figure 6). These results suggest that
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ink clearance in the ventricle by bulk flow was faster in the apical implantation, but
clearance from the stagnating regions was similar in the two VAD configurations.

Virtual ink clearance was significantly faster when the AV opened intermittently as
compared to when the AV was closed (Figures 5 and 6). Intermittent opening of the AV led
to a significant reduction in the slow clearance half-life (Figure 6), which implies a reduction
in blood stagnation in the subvalvular region when the AV opens. In addition, intermittent
opening of the AV increased the fast clearance half-life in such a way that there was a much
smaller difference between the fast and slow clearance modes. This implies that the washout
curve behaved more like a single exponential decay with less regions of blood stagnation
when the AV opened every 4th beat.

Identification of Areas of Stagnation

Results from Figures 4-7 indicate two important findings with respect to stagnation of blood
flow: 1. Opening of the AV is the most important factor affecting blood stagnation in the
VVAD-supported left ventricle, and 2. The apical configuration clears blood slightly faster
than the diaphragmatic configuration. To identify stagnant “hot-spots”, a 3D representation
of the fluid geometry was created after 12 seconds of flow. Any voxel that contained at least
50% of the original virtual ink was colored red in Figure 7. In both surgical configurations,
blood stasis occurred in the sub-valvular region when the AV was kept closed. Intermittent
opening of the AV allowed flow through the valve to clear virtual ink from this region (there
was no retrograde flow in this model). However, for the lower cardiac output (CI = 1.8),
regions of blood stagnation can still be seen at the apex of the heart and lateral to the aorta
even when the AV opens intermittently. Finally, more blood stagnation was observed at the
apex of the heart in the diaphragmatic configuration than in the apical configuration (Figure
7).

Discussion

This study investigated regions of blood stagnation in a computational model of a VAD-
implanted LV using the virtual ink washout technique. Two hypotheses were tested: 1.
Whether blood stagnation is greater in diaphragmatic vs. apical implantation and, 2.
Whether intermittent AV opening decreases the amount of stagnating blood. Simulations
suggested that virtual ink clearance was slightly faster in the apical configuration compared
to the diaphragmatic configuration. Simulations demonstrated that opening of the AV greatly
reduced blood stagnation in the LV.

Stagnation of Blood in the Apical vs. Diaphragmatic Configurations

Complications associated with VVAD therapy can be divided into two categories: acute and
chronic complications [29]. Acute complications include those associated with surgery, such
as post-operative right ventricular failure, or perioperative bleeding. Chronic complications
include neurologic events, device thrombosis, and aortic regurgitation [20]. It has been
established experimentally for nearly 100 years that blood stagnation leads to thrombus
formation [30]. It is also well-understood in the literature that continuous flow VAD therapy
alters physiological blood flow by creating hemodynamically unfavorable stagnant “hot-
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spots” [18, 31]. In this study, we aimed to identify regions of blood stasis within the LV that
could be areas of thrombosis formation under the assumption that stagnant blood promotes
thrombotic events associated with chronic complications in VAD patients.

When implanting a VAD, many considerations must be taken into account when deciding on
the optimal implantation strategy. Current considerations include device size/type, patient
anatomy, and surgeon preference. To our knowledge, no studies have directly tested the
impact of surgical configuration on blood flow stagnation. While short-term clinical studies
have demonstrated equipoise between the two techniques [7], no long-term clinical studies
have compared complications. Our simulations suggest there might be a higher risk for
thromboembolic events with diaphragmatic implantation due to greater blood stagnation as
compared to apical implantation. Our simulations demonstrated blood flow was slower in
areas that were not directly along the path between the inlet (mitral valve) and outlets (VAD
and AV). Thus, it appears that implantation of a VAD in the diaphragmatic configuration
induces stagnation of blood in the apex of the heart. While our simulations demonstrated a
relatively modest difference in stagnation between the two configurations, it is important to
consider that even small areas of stagnation can still induce formation of thrombi with
clinical consequences [32].

This process can be thought of as analogous to atrial fibrillation causing blood stagnation in
the left atrial appendage [33]. However, one must use caution when interpreting these
results, as the difference in blood stagnation between apical and diaphragmatic
configurations was modest. Prior to using data from our study to justify a larger and more
expensive animal or clinical study, it would be important to repeat these simulations on
several patient geometries to determine if any statistically significant differences can be
identified. Importantly, if future studies confirm that the diaphragmatic configuration carries
an increased risk of thromboembolism; this drawback will still need to be quantitated and
weighed against other theoretical benefits of diaphragmatic implantation.

Opening of the Aortic Valve

With a closed AV, the entire cardiac output flows from the mitral valve, through the VAD,
and into the aorta at the site of the outflow graft (configuration in series). This artificial
blood flow path greatly increases blood residence time along areas not directly in the flow
path, potentially resulting in thrombosis [18]. One serious long-term complication of VAD
therapy is the development of AV disease including leaflet fusion, stenosis, and regurgitation
[20, 21]. The molecular mechanisms for development of these pathologies are incompletely
understood, but hypothesized to be the result of non-pulsatile flow, diminished leaflet
motion, and/or activation of the clotting cascade due to blood trauma induced by the VAD
[15].

When the AV opens, blood flow travels through both the native heart and the VAD
(configuration in parallel). Many computational studies have focused on stagnation of blood
flow in the aorta and great vessels. Studies conducted where the AV remained closed found
that stagnation typically occurs immediately distal to the AV [11, 14, 34]. A previous study
by our group followed up on these results demonstrating that including residual cardiac
function in the simulation eliminated stagnation [35]. This finding demonstrates the
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importance of optimizing VAD speed to allow for intermittent AV opening. Our study
further supports this finding as we have demonstrated intermittent AV opening will reduce
subvalvular stagnation immediately proximal to the aortic valve. Follow up /in vivoand in
vitro studies are necessary to determine whether the primary cause of AV disease in VAD
patients is stagnation or another mechanism of pathologic blood flow.

While this study has several strengths including use of clinical data (cardiac geometry, VAD
geometry, and inlet waveform), unsteady simulations, and an established method for
identifying stagnant flow, three limitations must be acknowledged. First, the heart was
modeled as a rigid structure. In a healthy heart, this would be an unreasonable assumption.
However, in patients with heart failure, the LV has minimal contractility (Figure 3, B) so this
assumption is not unreasonable. The second limitation is that LV blood flow was assumed to
be laminar, as in previous studies [36, 37]. In our model, the maximum Reynolds number at
the mitral valve was Re = 1,905, which supports the assumption in our model [38]. A recent
CFD study that used a turbulence model reported turbulent fluctuations in the velocity field
in the LV, but the authors concluded that laminar models capture the large-scale flow
features, including residence times [37]. Finally, the third limitation of our study is that a
single patient geometry was studied. While we attempted to choose a geometry that was a
“median” patient representation, no statistical conclusions could be drawn preventing our
results from being generalizable to all VAD candidates. In spite of this fact, our simulations
demonstrate the importance of allowing intermittent AV opening to prevent subvalvular
blood stagnation. Furthermore, these simulations provide initial evidence that the apical
configuration may be more hemodynamically favorable and justify further /in silico and ex
vivo studies of the VAD surgical configuration.

In summary, VAD therapy is rapidly evolving, resulting in greater clinical and surgical
flexibility. Fortunately, this has broadened the target patient population and therefore,
number of candidates eligible for VAD therapy. However, this rapid progression of
technology has resulted in clinical options that have an unknown effect on patient outcomes.
Next-generation devices from several manufacturers are currently in clinical trials and these
will only increase the flexibility of VAD therapy giving surgeons, clinicians, and device
designers/manufacturers additional therapeutic options for which patient outcomes are
unknown. Rather than drawing direct clinical conclusions, the results from this study should
be used as an impetus to help design further computational, ex-vivo, and clinical studies to
further improve VAD therapy.
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“Virtual Ink” Concept
Flow Through Cylinder Flow Through Deformed Cylinder

s dow e fudiw
_—

! ——

t '

4 —

tS

Figure 1. Concept of Virtual Ink Washout
Illustration of the technique employed in this study to identify areas of stagnation. Two

scenarios are illustrated, fluid flow through a straight cylinder (left) and through a deformed
cylinder (right). At time point tO, fluid flow through the cylinders is changed from fluid with
red ink to fluid without ink. Red fluid in the straight cylinder is washed out in accordance
with a laminar flow profile. However, in the deformed cylinder, the red fluid is washed out
more slowly, with stagnant areas still retaining red fluid by time point ts due to decreased
localized flow.
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(B) CT Segmentation

Apical Diaphragmatic
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Apical Diaphragmatic Apical Diaphragmatic
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Figure 2. Generation of Cardiac Anatomy
Virtual surgery was applied to implant the VAD in two surgical configurations: apical vs.

diaphragmatic configurations. (A) Illustration (reprinted with permission from Gregoric et.
al. 2011), shows both the apical (left) and diaphragmatic (right) configurations /n situ. (B)
The blood flow path in the left heart was segmented from contrast-enhanced CT scans of a
heart failure patient prior to VAD implantation. (C) 3D geometry from the Heartware
HVAD. (D) The VAD geometry was combined with the heart geometry to represent both
surgical configurations. (E) The HVAD cannula geometry was subtracted from the fluid
domain and its distal end defined as the outlet, thus defining the final geometries used in
simulations.
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Figure 3. Initial CFD Simulations
(A) Blood flow across the mitral valve was measured using echocardiography and scaled to

a cardiac index of 3.0 [27]. (B) In this patient with severe heart failure, there was a minimal
change in left ventricle geometry during the cardiac cycle. (C) Instantaneous flow pathlines
in the two VAD configurations. (D-F) Initial 1.0 second simulations demonstrated minimal
variability in wall shear stress, inlet pressure, or flow resistance. (G) Initial 1 second virtual
ink washout study demonstrated that the apical configuration cleared approximately 2%
more than the diaphragmatic configuration. (H) Visual representation of virtual ink
simulation after 0, 0.5, and 4.0 seconds.
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(A) Aortic Valve Never Opens
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Figure 4. Virtual Ink Clearancein Apical versus Diaphragmatic Configurations
Injection of clear ink was started a t = 0 seconds to clear red ink. The percentage of initial

red ink remaining was plotted as a function of time. (A) Simulations were conducted at a ClI
of 1.8 and 3.0 where the aortic valve was not allowed to open. (B) Simulations were
conducted at a Cl of 1.8 and 3.0 where the aortic valve was allowed to open intermittently.
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(A) Diaphragmatic Configuration
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(B) Apical Configuration
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Figure5. Virtual Ink Clearance with Aortic Valve Closed ver sus I ntermittent Opening
Same data as in Figure 4 replotted to assess the effect of aortic valve intermittent opening on

blood stagnation. (A) Simulations were conducted in the diaphragmatic configuration at a ClI
of 1.8 and 3.0. (B) Simulations were conducted in the apical configuration at a Cl of 1.8 and
3.0. On all graphs, the percentage of initial red ink remaining was plotted as a percentage on

the y-axis.
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Figure 6. Comparison of Fast and Slow Washout Half-Livesin Apical vs Diaphragmatic
Configurations
Curves in Figures 4 and 5 were fit to a second order exponential decay model (Equation 1),

which suggested two modes of virtual ink clearance, namely a fast clearance mode
representing bulk flow clearance and a slow clearance mode representing clearance from
stagnating regions. The half-life of the fast and slow clearance modes were computed for
each surgical configuration and cardiac indices of 1.8 and 3.0.
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Figure 7. Visualization of Stagnation Zones
After 12 seconds of simulation, the remaining red ink was visualized in each geometry.

Elements were colored “red” if they contained more than 50% of the initial red ink
concentration. Top figures are for the apical configuration, bottom figures are for the
diaphragmatic configuration.
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