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Abstract

LVAD inflow cannula malposition is a significant risk for pump thrombosis. Thrombus development is
influenced by altered flow dynamics, such as stasis or high shear that promote coagulation. The goal of
this study was to measure the intraventricular flow field surrounding the apical inflow cannula of the
Evaheart centrifugal LVAD, and assess flow stasis, vortex structures and pulsatility for a range of
cannula insertion depths and support conditions. Experimental studies were performed using a mock
loop with a customized silicone left ventricle (LV) and the Evaheart LVAD. A transparent inflow
cannula was positioned at 1cm, 2cm, or 3cm insertion depth into the LV and thewvelocity field in the LV
midplane was measured for two levels of LVAD support: 1800rpm and 2300rpm. The LV velocity field
exhibits a diastolic vortex ring whose size, path and strength are affected by the flow conditions and
cannula position. During diastole, the large clockwise midplane vortex grows, but its circulation and
kinetic energy are reduced with cannula insertion depth. The counter-clockwise vortex is smaller and
exhibits more complex behavior, reflectinga flow split at 3cm. Overall, the 1cm cannula insertion depth
produces the flow pattern that exhibits the least apical flow stasis and greatest pulsatility and should

correlate to a lower risk of thrombus formation.



Introduction

Abnormal blood flow patterns including both stagnation and turbulence are linked with
thromboembolic events, especially in the presence of medical devices . In particular, left ventricular
assist devices (LVADs) provide tremendous benefits for patients by reducing the symptoms of heart
failure (HF), however, 17-20% of LVAD patients have a stroke within the first year of implantation®,
and 25% have a major bleeding event requiring hospitalization*®. Thus, LVAD recipients  present
unique challenges in thromboembolic (TE) management. A balance must be achieved among the
mechanical settings of the LVAD, the anticoagulation strategy, and the responsiveness of the patients
myocardium to pharmacologic therapy .

Previous studies have demonstrated that blood flow in the normal healthy left ventricle (LV) is
unsteady, 3-D and exhibits a range of different length scales ®°. Most have found a common flow
pattern consisting of a large diastolic vortex that ¢hannels the transit of blood towards the aortic valve -
4 This vortex has been shown to contributé to diastolic suction *°, and to minimize kinetic energy losses
and cardiac work '°. The LV vortex has also béen shown to facilitate the blood mass coming into the LV
during one beat washing out-completely after afew beats *’, which prevents intraventricular blood
stagnation *. During the development of HF, the heart progressively dilates as part of hemodynamic
compensation to provide sufficient blood flow to the end-organs. In patients with cardiac dysfunction,
changes in both geometry and function create shorter, rounder vortex structures that have lower strength
and persistence >*¥% These patterns have been associated with greater energy dissipation and reduced
blood transport than-in the normal heart, further decreasing efficiency in the compromised patient .

The current generation of continuous flow LVADs changes the blood flow path through the

heart, introducing alterations in the natural flow pattern that are associated with TE %3

complications.
The LVAD inflow cannula is typically located at the LV apex, and the outlet conduit anastomoses to the
ascending aorta, bypassing the aortic valve. Implantation of the LVAD provides an immediate increase

in systemic blood flow and end-organ perfusion, providing an alternate pathway for blood to flow from
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the heart to the arterial system. LVAD support unloads the heart, decreasing the magnitude and
pulsatility of LV pressure, which can fall below the level needed to fully open the aortic valve during
myocardial contraction. In many LVAD patients, blood flow occurs entirely through the LVAD, the
aortic valve is continuously closed and the heart operates in series with the pump. Decreased pulsatility
accompanies continuous flow LVAD support, which exacerbates the mixing of blood, decreasing the
washout of the LV outflow tract and the aortic root. Our previous studies have measured the flow field
in a model of the LVAD-assisted heart and found that LVAD support does not disrupt the formation of
the intraventricular vortex, but the vortex dissipates more quickly with increased L\VAD speed **. LVAD
support decreases or eliminates aortic valve opening, altering the path of blood through the heart which
creates areas of stasis that are at risk for thrombus formation:

One region prone to TE complications identified in previous studies is the ventricular apex, near
the LVAD inflow cannula®?. The positioning of the inflow cannula has been shown to be important for
proper LV flow. Previous studies have identified cannula malposition as a significant risk for pump
thrombosis %", During the placement of the'L\VAD, it is important to angulate the inflow cannula to
avoid obstruction, which can_occur It the cannula is angled rather than parallel to the intraventricular
septum. Taghavi et al demonstrated that patients with thrombus had more angulated inflow cannula from
a horizontal line (48 vs. 65) and a shallower pump pocket than those without thrombus ?’. Adamson and
colleagues identified best practices associated with low thrombus incidence, which includes inflow
cannula.positioning consistent with the non-thrombus cohort of the Taghavi study 2°?*?°. Thrombus due
to the healing of the apical core (“wedge thrombus”) occurs during the early post-operative period,
usually within 3 months. If the inflow cannula touches the LV septum or free wall, then the resulting
pannus formation and/or inflow occlusion could occur throughout the duration of support. Thrombus
development is exacerbated by altered flow dynamics, which can produce areas of flow stasis or high
shear that promote coagulation. Thus, inflow cannula positions that produce more stasis or velocity

gradients, especially adjacent to the cannula, are likely to exhibit greater thrombogenicity.

4



A change in cannula design or position should thus assess alterations introduced into the
intraventricular flow field that may exacerbate the risk of thrombus formation and growth. The goal of
this study was to visualize the intraventricular flow field surrounding the apical inflow cannula of the
Evaheart centrifugal LVAD, and assess flow stasis and mixing for a range of cannula lengths and
support conditions. The resulting data will apply to better understanding the dynamics and interaction of
the inflow cannula not only with the healing myocardium (acute period, full support) but also during
chronic (partial) support, and how these could inform on TE complications-including stroke and pump
thrombosis.

Methods

Experimental studies were performed with the SDSU cardiac simulator (CS), a mock loop designed
to reproduce the flow conditions of the LVVAD-assisted heart *>*°. Customized transparent models of a
dilated LV were fabricated from platinum-cured silicone rubber based on the idealized geometry of a
heart failure patient LV. The LV model.has an idealized geometry, as shown in Figure 1, which is
designed to remain inflated, without wrinkles or creases, during the study. Medtronic 305 Cinch bio-
prosthetic porcine aortic valves were used in both aortic and mitral valve positions. A clear polished
polycarbonate version of the LVAD inflow cannula (16 mm ID, 20 mm OD) was fabricated for flow
visualization, and was longer than the normal cannula in order to allow for insertion into the LV as part
of the study. A Evaheart LVAD (Evaheart, Inc.; Houston TX) was attached to the inflow cannula, and
the outflow graft replaced with Tygon tubing with the same inner diameter, which was connected to the
ascending aorta (Figure 1).

The assembly is immersed in a water-filled tank and connected to a Windkessel model of the
circulation % The fluid surrounding the LV model is pressurized in a cyclic manner, causing the LV to
“beat” at 70 bpm. The circulating fluid is a viscosity-matched blood analog consisting of 40% glycerol
and saline. Pressure and flow transducers are used to record the following hemodynamic variables at 200

Hz using a data acquisition system (LabChart, AD Instruments): LV pressure (LVP), aortic root pressure
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(AoP), LVAD flow rate (Q-LVAD), and distal aortic flow rate (Q-Total). Ten cycles, recorded during
imaging, were averaged for each flow condition.

The velocity field in the LV midplane, v(x,y), was measured with Digital Particle Image Velocimetry
(DPIV), an engineering method that uses a thin (1-2mm) laser light sheet to illuminate small (20 pm)
fluorescent particles (PMMA-RhB) which are imaged and analyzed for motion using a LaVision DPIV
system (LaVision, Inc) *!. The camera (LaVision Imager Intense) recorded 12-bit-digital images with a
time interval of 700-1200us based on the average velocity of the flow field. A sequential acquisition
technique that phase-locked specific phases of the cardiac cycle based@n predefined LVP profiles was
used to match time points during the cardiac cycle ?°. Triggered image pairs were acquired at 40 Hz for
each condition and ten image sets collected for each time point and phase averaged. The image field was
calibrated using a grid with 2-mm spacing covering the field of view. A mask corresponding to the LV
boundary was generated at each time frame and@applied to remove the image background. Interrogation
windows of 32x32 were applied to a field of 1376x1040 pixels to obtain sufficient spatial resolution (14
pixels/mm) in the calculation of the 2-D velocity field in the LV midplane, v(x,y).

A baseline condition was established to simulate a pre-LVAD patient, with the LVAD off and the
LVAD conduit clamped. The baseline hemodynamics target an AoP of 60 + 4 mmHg and a Q-total of
3.5 + . 3 L/min, representative of HE patients with a severity level of NYHA IV %*. The baseline is
established by adjusting the<resistance and compliance of the cardiac simulator and then maintained
constant.for the duration.of the study.

The velocity field was evaluated for a range of clinical conditions represented by parallel flow,
during which a significant portion of the LV flow is ejected through the native aortic valve, and series
flow, during which the aortic valve is continuously closed and all blood exits through the LVAD. These
conditions were represented by LVAD speeds of 1800 and 2300 rpm, respectively. Three different
cannula positions were examined, corresponding to insertion depths of 1, 2 and 3 c¢cm into the LV

through the apex, and designated C_1, C_2, and C_3, respectively. For each cannula position, the study
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was repeated twice — once with the camera positioned to view the full LV model, and another with the
camera positioned closer to the model for a higher resolution image of the flow field at the LV apex.
Each time the camera or the LV model was repositioned, the system was recalibrated to ensure an
accurate reconstruction from the images. The PIV measurements yielded a average cardiac cycle
consisting of 36 images for each of the six test flow conditions.

Data Analysis. Velocity field data, v(x,y), were further analyzed to calculate indices of fluid stasis and
vortex structures. Small user-defined regions of interest are evaluated for mean velocity during the
cardiac cycle as a way of assessing differences across the various flow conditions. A rectangular region
of at least 50 pixels is selected on the image and the average velocity calculated foreach frame during
the cardiac cycle. A map of localized pulsatility index was‘developed by evaluating the maximum and
minimum velocity values for each point in the PIV data grid, then dividing that local value by the mean

for the entire velocity over the full cardiac cycle:

Vortex identification enableswvisualization and guantification of swirling coherent structures. In 2-D,
the three-dimensional (3-D) LV vortex ring is visualized as two cores corresponding to the intersections
between the diastolic-wvortex ring.and the imaging plane, with the clockwise rotating vortex (main)
directed toward' the anteroseptal wall and the counterclockwise (secondary) vortex close to the
inferolateral LV wall. In-plane properties of the tracked vortex cores were determined from the velocity
data obtained on the imaging plane using a MATLAB analysis. The details of this analysis are described
in the Appendix.

Following previous studies *°, we defined an orthogonal anatomical reference system of the LV as
the intersection of the long axis of the ventricle with the line that passes through the mitral annulus and
the aortic tract. Vortex positions in this system were normalized by the long (range: 0 (mitral base) —1

(apex)) and short (range:-0.5 to 0.5) axes. The temporal waveforms for the radius, position, circulation,
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and in-plane KE were obtained for the full cardiac cycle for both main and secondary vortices. The
distance from the vortex center to the base of the aortic valve was calculated and divided by the long
axis distance to compute a normalized apex-base distance (NBAD) which is a measure of relative vortex
depth in the LV. Mean values for the cardiac cycle as well as instantaneous values at each cardiac event
were measured from these waveforms.

Results:

The results of the average hemodynamics of the system are reported in Table 1, which shows that the
baseline distal aortic flow rate of 3.5 L/min increases to 4.3 L/min at an LVAD speed of 1800 rpm,
during which the LVAD provides approximately 75% of the flow. A further increase'in LVAD speed to
2300 rpm brings the flow rate to 5.3 L/min, with all of the flow exiting the LV through the LVAD. The
hemodynamics of the different flow conditions were_fairly consistent across the three different cannula
positions (C_1, C 2, and C_3) and 2 views (lLarge, Zoom — data not shown), although a slight but
consistent increase in the fraction of flow.through the ' L\VAD was observed at 1800 rpm as the cannula
length increased. The table of hemodynamics confirms that the flow conditions were closely matched
for all cannula positions at the'same LVVAD speed setting. As LVAD speed increases, the pulsatility of
both the aortic flow and LVAD flow are teduced. Aortic pulsatility index (PI) reduces primarily due to a
decrease in the maximum aortic flow-rate, and LVAD pulsatility index decreases by an increase in the
minimum LVAD flow rate.

Figure 2 provides a.sequence of velocity field images for each cannula position that are closely
matched for four time points during the cardiac cycle. Figure 2A illustrates the nonphysiological
baseline condition, in which the LVAD is off and the tubing is clamped. The second sequence (Figure
2B) shows the velocity field for the parallel flow conditions (LVAD speed of 1800rpm), and the third
(Figure 2C) depicts the series condition (LVAD speed of 2300 rpm). The sequences begin with early
diastole, showing the vortex ring at it enters the LV through the mitral valve. As diastole progresses, the

growth of the anterior vortex is interrupted by the cannula in the C_2 and C_3 positions, although the
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C_3 position produces a flow splitting that creates increased washing around the cannula and towards
the apex. The cannula restricts the movement of the vortex within the ventricle, but the formation and
persistence of the CW and CCW vortices resemble the normal heart. During systole, most of the
circulating fluid is ejected through the LVAD conduit, which is reflected in the last panel.

The apical regions of stasis adjacent to the inflow cannula were further analyzed to compare the
different cannula positions at both 1800 and 2300 rpm LVAD speeds. Figure 3 shows the position of the
two regions of interest, ROI#1 (septal side of the cannula) and ROI#2 (free.wall side) en the L\ model
and the time series of their average velocity in the plots below. The pattern in ROI#1 begins with small
increase in velocity during systole, followed by a larger increase < at least for the C.1 position — during
diastole. ROI#2 reflects less flow during systole, but attains higher values during diastole than ROI#1.
The results for ROI#1 show little difference between'C_ 2.and C_3, however ROI#2 reflects the flow
field split for the C_3 position that reaches velocities similar to C_ 1. This flow split washes the apical
region adjacent to the LV free wall, and appears not to be present at C_ 2. Thus, the results indicate that
C_!and C_ 3 have the highest washing in.these regions. These trends are also reflected in the velocity
averaged over the cardiac cycle as shown. The washing of the inner surface of the LVAD cannula, and
the LVAD in general, is illustrated in the Pl color map of Figure 4. The Pl maps highlight the areas of
apical stasis affected by cannula pesition. All cannula positions show some level of diminished
maximum velocity and pulsatility near the junction of the cannula and apex.

Figure 5 shows the cireulation of the clockwise (CW) and counter-clockwise (CCW) vortex cores
duringthe cardiac cycle. Both LVAD speeds show similar timing, and reflect some differences in vortex
formation for the different cannula positions. The vortex forms and grows during diastole, generating a
large rise in'circulation following systole. VVortex circulation is positive for the CW vortex, and negative
for the CCW vortex, with the CW vortex exhibiting the greatest circulation. A second bump in vortex
circulation is observed towards the end of diastole, which corresponds to the A wave. Peak circulation is

greatest for the C_1 position for both CW and CCW vortices, followed by C 2 and C_3 in order.
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However, the average values shown in Table 2 do not reflect the large variations that occur during the
cardiac cycle. Vortex kinetic energy is affected by both cannula position and LVAD speed. Increased
LVAD speed produces a slight but consistent increase in CCW vortex KE, as well as a noticeable
decrease in CW vortex KE at C_ 3. CW vortex KE for C_3 was substantially lower than the other two
positions, and CCW KE was substantially higher for C_2 than for the other two positions. The CW
vortex becomes more elliptical with cannula insertion, and the CCW becomes bigger.

Discussion

This study of the effect of inflow cannula position on intraventricular flow dynamics in the LVAD-
assisted heart provides some quantitative measures that enable comparison of the potential risk of TE
events. However, there are many assumptions inherent in_the experimental setup, and the extension of
fluid mechanics to coagulation is based on general principles such as Virchow’s triad. Because
Virchow’s triad also includes factors such as the blood coagulation state and the exposure to artificial
surfaces, which vary widely among patients, any trends indicated by experimental measurements must
be validated with clinical data. In addition, the relationship of vortex formation and fluid velocity in the
midplane of the LV does not capture the full 3-Dnature of the flow field, or account for the residence
time of particles as they pass through the LV. The cardiac simulator has other limitations as mentioned
previously, but provides a reproducible testbed for exploring the interaction of the LVAD with the
native circulation.

The.results of the present study indicate that flow alterations arise as the inflow cannula is inserted
further into the L. VVortex formation is affected, with the CW vortex showing reduced circulation with
cannula insertion and a flow split that occurs when the cannula is inserted the farthest that appears to
improve CCW vortex transport and decrease stasis near the apex. A comparison of the vortex properties
with published values for normal healthy controls and patients with dilated cardiomyopathy (Table 2)
shows that the flow patterns in our model produce values closer to those of the DCM heart, reflecting

the enlarged geometry of the silicone LV.
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The results of this study can be applied to understanding the LV flow dynamics during LVAD
support with other pump designs, such as the HeartMate 1l, HeartWare HVAD, and MVAD, taking into
account variations in cannula diameter and differences in pump design that affect the H-Q curve. For
some cannula designs, however, the shape of the cannula tip and the presence of texturing on the
titanium surface may preclude simple changes in the intended cannula depth and limit the direct
relevance of our findings.

The authors speculate that both hypo and hyper volemic states would altér both the volume and the
flow patterns within the LV. With hypovolemia, we speculate adecreased end diastolic volume (given
the same pump speed) and reduced diastolic vortices in the LV.In this case, with reduced washout of
the inflow cannula root, a shorter insertion length would be less susceptible to forming a wedge
thrombus. With hypervolemia, there is an increased risk of LVAD suction and again, a shorter inflow
length is expected to be less susceptible to occlusion with the LV than a longer insertion length. With
brady-tachy cardia, and hypo-hyper tension, it is expected the flow patterns would be similar to what has
been demonstrated except with varying degrees of magnitude. These areas of investigation are planned
for future studies.

The study has some limitations, due to the inability of the in vitro cardiac simulator to include some
aspects of physiological control, including autoregulation and the Frank-Starling response. In addition,
the flow in the heart is three-dimensional, featuring a vortex ring of which only a two-dimensional slice
IS measured in our studies: However, the vortex, flow and stasis indices correlate well with patient

studies under matehed geometry and flow conditions'®3*

, thus providing a platform for reliable
measurements of how the fluid mechanics are likely to change with LVAD inflow cannula position in
patients under matched flow conditions. The design of the system is based on simulating a heart failure
model, using a dilated LV model and a low ejection fraction. The simulator does not apply twist to the

LV, an important feature of normal biomechanics but one which is greatly diminished in patients with

dilated cardiomyopathy®>®. It has been recently been suggested that reduction of twist is one of the
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pathological mechanisms that progresses heart failure. Reduced rotation at both base and apex,
exacerbated by myocardial fibrosis, produces a decrease in LV twist®. Twist is further decreased by the
surgical attachment to the LVAD inflow cannula, which constrains rotational motion.

The study is focused on assessing the effect of cannula insertion depth on the LV flow field, without
any other geometrical changes, either in the heart or the LVAD cannula positioning such as angulation.
The impact of cannula angle on the flow field will be assessed in a subsequentstudy, with an added
focus of suction and LV remodeling, which adds clinical relevance beyond-the experimental design of
the present study. In the native heart, reverse remodeling of the LV occurs in many LVVAD patients, over
weeks or months following the implant surgery. This remodeling generally results in decreased LV
volume and increased ejection fraction’, both which improve blood transport beyond the effect of the
LVAD. Studies designed to investigate reverse remodeling using the simulator are currently underway.
Conclusion

This study provides mechanistic insight into the high incidence of thrombus formation observed with
LVAD support that manifests as serious clinical events such as stroke and pump malfunction. The
position of the LVAD inflow cannula has long been recognized as a critical influence on thrombus
formation via the introduction of flow abnormalities that activate blood components, but a lack of
quantitative studies have delayed the evidence-based strategies to overcome these obstacles. By
simulating the cardiovascular System in vitro, we can isolate and control each variable affecting LV flow
and tease out the targets for improvement through a systematic engineering-based approach.
Quantification of local velocity, pulsatility, and vortex dynamics has never been applied to the
optimization of cannula placement and this study serves as a foundation for future comparisons of
cannula orientation and size, LVAD design, and pulsatility algorithms.

The findings illustrate the LV flow fields during LVAD support for three cannula insertion depths,
and evaluate the effect on local and global washing of the LV cavity. All cannula positions demonstrate

diminished washing near to the cannula insertion site at the apex, a site at which thrombus formation has
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been found in clinical studies®*. Overall, the C_1 cannula position produces the flow pattern that exhibits
the least apical flow stasis and greatest pulsatility and should correlate to a lower risk of TE
complications. Although dependent on LVAD speed and particular location, the vortex properties
indicate that C_1 produces the least alteration to the vortex pattern during LVAD support. The authors
propose that the short insertion into the LV may actually be less susceptible for risk of misalignment. If
the inflow cannula pivots at the sewing ring attachment to the epicardium and given the same angle of
misalignment, with a shorter insertion, the absolute tip motion is less than if the insertion length is
longer. The clinical significance of the differences observed in the flow field will be dependent on
other factors such as the cannula material and surface characteristics, as well as the patient’s coagulation
status. Future studies are planned to evaluate cannula angulation with both axial and centrifugal LVADs

to further assess differences in flow and transport.
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Figure Legends

Figure 1. The SDSU cardiac simulator is a mock circulatory loop that incorporates a customized
silicone left ventricle for flow visualization. The system was used to simulate the hemodynamics of a
heart failure patient with an Evaheart centrifugal LVAD. The top panels show the LV with the apical
inflow cannula, which is connected to the LVAD. Porcine bioprosthetic valves were used in the mitral
and aortic positions, and pressure and flow measured at several locations as shown:

Figure 2. Images of the left ventricular midplane show the 2-D velocity field for the three different
cannula positions at matched time points during the cardiac cycle. The velocity fields correspond to the
hemodynamic conditions of Tables 1 and 2. A. The baseline conditions of “Pre-LVAD” are not
physiological, but provide a reference state for changes with L\VVAD support. B. At an LVAD speed of
1800 rpm, a parallel flow condition is achieved in which the aortic valve is opening. C. At an LVAD
speed of 2300 rpm, series flow conditions exist and no flow occurs through the aortic valve.

Figure 3. A. Two regions of interest (ROl) were defined in the apex adjacent to the inflow cannula, and
the average velocity in each ROI as a function of time was calculated. ROI#1 is located on the septal
side of the inflow cannula, and ROI#2 along the free wall. B. The cardiac cycle begins with systole, and
diastole occurs at approximately 0.25 s. ROI#1 and ROI#2 were defined in the same location for each
cannula position , only position C_3-isshown. C. Average velocity ( £ standard deviation) in each ROI
over the cardiac cycle.

Figure 4. Pulsatility index, defined as the velocity range (maximum — minimum) for each point in the
LV midplane normalized by the mean for the entire LV, shown as a color map for a single cardiac cycle.
A. Parallel flow condition at an LVAD speed of 1800 rpm. B. Series flow condition at an LVAD speed
of 2300 rpm. The apical regions adjacent to the cannula experience low pulsatility for all cannula

positions.

19



Figure 5. Time series of vortex circulation for each cannula position over the cardiac cycle. The large
anterior vortex generated during diastole produces a large increase in clockwise (CW) circulation, while

the smaller, counter-clockwise (CCW) posterior vortex results in a negative circulation.
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Appendix
While a universal vortex identification scheme has yet to be established, currently, the most popular
schemes for isolating vortex cores are based on point-by-point evaluation of velocity gradient tensor,

Vv(x,y) ¥. Vv measures the change in velocity in both x and y directions at each point of the flow

field relative to the neighboring points, where

v avx
OX 0
Vv = y
vy vy
ox oy

The Q-criterion described by Hunt et al [Hunt 1988] is used to identify the boundary of the vortex cores.
This scheme defines the vortex of interest in the velocity field where the second invariant of Vv , Q, is
greater than a positive threshold, Qw. For an incompressible, 2-dimensional flow field, the second

invariant is simplified and expressed as the following

2 2
QZ_E(@VX L, 0Vxavy avy \
2( OX oy ox oy
and Q, defined as the standard deviation of Q. Contiguous pixels that meet the threshold are labeled

either clockwise or counterclockwise based on the sign of their vorticity, e(x,y), which is a measure of

the rate of rotation.of a fluid element:

o(X,y)=VxV(xy)
The large; coherent vortex cores are then fit with an elliptical contour which provides a boundary for the
area A used for calculating the vortex properties. The instantaneous position, radius, circulation and KE

of the identified vortex cores were computed from the zero-, first-, and second order moments of the

vorticity distribution, respectively, at each time point® *°. Circulation and KE were defined as®

F:_[co(x,y)dA

A
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1
E == plv(x, y)°dA ,
2p{( y)

where p is the fluid density. The position of the vortex centroid was defined as:

1 (
x dA
)=o)
The vortex core was fit to an ellipse with axes given by the second order moments of the vorticity
distribution

(x=x)"  (x=x) (¥<¥)

dA
(x=%)(y=-ve)  (y¥)

o) :%J.a)(x, y)

such that the eigenvalues and eigenvectors of the matrix © provide the major and minor axes of the

ellipse, n and n , and their orientation. The effective radius of the vortex was defined as *°

R=/ab .
The results were made independent of the threshold applied to the Q criterion, Qy, by recomputing the
vortex properties over the area defined by an ellipse centered at (X, Yc) and with major and minor axes
given by 2n and 2n , and the aspect ratio taken as the ratio. This procedure was repeated iteratively
until the vortex radius varies by less than 1% between iterations, which was usually achieved in 4-5

steps.
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Table 1: Mean and cyclic hemodynamics

Cannul | LVA Mean Mea | Aorti | Max | Min | Mean | LVA
a D Max | Min | AoP | Max | Min n c Quva | Quva | Quva D
Positio SpEEd AoP AoP mmH QAO QAO QAO Pl D D D Pl
n krpom | mmH | mmH g L/mi | L/mi | L/mi L/mi | L/mi | L/mi
g g n n n n n n
Cl1 0 137 37 59.4 | 18.6 0 345 | 54 - - 0.00 -
C2 0 139 37 579 | 16.4 0 340 | 4.8 - - 0.00 -
C3 0 130 34 56.9 | 17.3 0 3.36 | 5.2 - - 0.00 -
Cl1 1.8 138 62 799 | 164 | 05 | 444 | 3.6 8.0 0.6 | 3.36 2.2
C2 1.8 137 61 80.0 | 147 | 05 | 415 | 34 7.9 0.9 | 3.29 2.1
C3 1.8 125 64 80.0 | 135 | 05 | 420 | 3.1 7.8 1.1 | 351 1.9
Cl1 2.3 144 95 1132 | 122 | 22 | 541 | 19 | 106 | 3.0 | 547 1.4
C2 2.3 143 97 1129 | 113 | 24 | 523 | 1.7 | 104 | 3.0 | 534 1.4
C3 2.3 133 102 | 1121 | 103 | 3.2 | 531 | 14 9.8 34| 533 1.2
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Table 2: Vortex properties from the PIV studies compared with published clinical values™

Parameter Healthy” | DCM™ PIVC_ 1|PIVC 2]|PIVC 3
Circulation (x10° m?/s)-CW [ 9.2+36 [144+46 |21.1 21.1 15.7
Circulation (x10° m?/s) -CCW | -55+0.5 |-81+0.7 |-10.1 -14.3 -11.7

KE (J/m) - CW 8.0+40 |140%80 [243 21.0 9.4

KE (J/m) - CCW 50+50 [7.0+80 |83 20.5 8.4
Radius (cm) - CW 0.90+1.10 | 1.10 £ 0.30 | 0.65 0.66 0.74
Radius (cm) -CCW 0.54+0.74 | 0.66 + 0.55 | 0.46 0.65 0.75

CW, Clockwise; CCW, Counter-Clockwise; DCM Dilated Cardiomyopathy; KE, Kinetic Energy; PIV,

Particle Image Velocimetry

24




Figure 1

NN 4 I

g =
NIRRT -
[ ) - 2 )‘

25

Copyright © 2017 by the ASAIO



Figure 2a

A. Pre-LVAD condition
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Figure 2b

B. LVAD speed of 1800 mpm
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Figure 2c

C.LVAD speed of 2300 rpm
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Figure 3
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Figure 4a

A. LVAD speed 1800 rpm
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Figure 4b

B. LVAD speed 2300 rpm
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Figure 5

IVAD 1800 rpm

e Cannula 1
== == Cannula 2

eeee Cannula3

60 4 CW Vortex

Circulation (cm2/s)

Time (s)

IVAD 2300rpm

CW Vortex

Circulation (cm2/s)

Time (s)

32





