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ABSTRACT OF THE DISSERTATION

The Interaction of Valve Dysfunction and Left Ventricular Assist Device Support on
Intraventricular Flow Dynamics
by
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Professor Karen May-Newman, Co-Chair

Professor Juan Carlos del Alamo, Co-Chair

Healthy heart valves act as gateways to ensure unidirectional blood flow inside the normal
heart. Dysfunctional valves compromise cardiac output and disrupt the intraventricular flow
pattern, resulting in a degeneration of cardiac function. In the presence of a left ventricular assist

device (LVAD), valvular dysfunction can significantly affect patient outcomes. As LVAD implants
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become more common, the duration of LVAD support routinely exceeds several years. Flow-
related complications such as stroke, thromboembolism, and valve dysfunction worsen, indicating
that subtleties of flow architecture are increasingly important. The LVAD patient population is
challenging to study as numbers are few, and many have co-morbidities. Furthermore, flow
measurement in LVAD patients relies on Doppler echocardiography, which does not produce
high-quality velocity measurements. To overcome these challenges, a mock circulatory loop was
developed to mimic the hemodynamics of end-stage heart failure (HF) and study the flow
interaction of heart valve dysfunction and LVAD support.

Aortic insufficiency (Al) is a serious complication in >20% of LVAD patients within one year
post-implant. Pre-existing mild Al is often untreated but can rapidly progress to significant Al that
requires repair. Hemodynamics and intraventricular flow were measured for three levels of LVAD
support combined with three levels of Al severity in the mock loop. LVAD support worsened
regurgitant flow for all Al levels, creating a recirculating flow in the ascending aorta. Conventional
indices were not sensitive to these increases, but our results suggest alternative indices such as
aortic valve net flow and energy dissipation rate may be more effective for Al assessmentin LVAD
patients. Dysfunctional mitral valves are also common in advanced HF patients and may be
repaired or replaced by mechanical or bioprosthetic valves. Each design produces a unique inflow
pattern that affects LV vortex formation and residence time. When combined with LVAD support,
the best flow conditions were observed with the bioprosthesis.

Valve dysfunction, whether aortic or mitral, disrupts the intraventricular flow and
contributes to declining heart function. When combined with the mechanical alterations imposed
by a LVAD, the flow interactions become of great clinical importance for assessing the

progression and associated risk of thrombus, stroke, and Al.
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Chapter 1

Background and Significance

1.1 Introduction

Cardiovascular disease is the leading cause of death in the United States (US) and is
responsible for more than 17.6 million annual deaths worldwide'. 9.3% of deaths are attributed to
heart failure (HF), which causes by myocardial injury induced cardiac remodeling (such as
ischemic, inflammatory, high blood pressure, etc.) or other underlying diseases’-?. HF afflicts 5.8
million Americans, with 700k new cases diagnosed annually. By 2030, the prevalence of HF is
predicted to increase significantly and affects more than 8 million Americans®#. One-year HF
mortality rate is approximately 22% and can exceed 50% in severe cases®>®. The cost of HF to
the US health care system is expected to reach $70 billion US dollars by 2030, a 127% increase
from 2012 expenditures*.

The classic “gold standard” treatment for severe HF patients is heart transplant (HTx) but
has limited donor availability and restricted eligibility. Annually only 1500 organs are suitable for
transplant worldwide, while in the US alone, 4000 patients are added on the wait-list, and 10%
will die before receiving HTx. Within the last decade, the number of available donors has
decreased while the need for HTx has almost double®”''. Moreover, HTx survival rate decreases
by 10% with higher donor age and receiver comorbidity’>. The alternative treatment is left

ventricular assist device (LVAD) implant, which has become increasingly prevalent.

1.2 Left Ventricular Assist Devices
In 1654, the National Heart, Lung, and Blood Institute in the US began the "Atrtificial Heart
Program," providing funding for the development of long term mechanical circulatory support

systems (MCS). The first pneumatically driven LVAD was implanted in 1966, and the first total



artificial heart (TAH) was implanted in 1969'3'4, Due to very high complication rates, the TAH was
implanted in only 1% of cases; MCS then became a favorable alternative and underwent a rapid
rate of technology development' 5" The LVAD is a mechanical pump, which is surgically
connected to the left ventricle (LV) and the aorta’?. The timing of the LVAD implant is crucial to
exploit its full benefits. Eligible candidates may suffer from worsened outcomes due to HF’s
prolonged tissue damage if the LVAD is received too late".

The LVAD can be implanted as long term support (bridge to recovery (BTR), and bridge
to transplantation (BTT)), or as permanent support (destination therapy (DT)). In a small number
of BTR cases, patients typically had shorter HF history, thus allowed sufficient cardiac recovery,
LVAD weaning and removal?'-?*, The outcome of patients after pump explant, however, cannot
be predicted accurately; in fact, less than 20% of LVAD patients were successfully weaned off
while maintaining stable cardiac functions?2°.

In the BTT group, patients tend to have nonreversible LV failure, high mortality risk and
are awaiting for HTx. In this group, LVAD provides temporary relief and support until the patient
receives a transplant. For patients considered unsuitable for HTx, LVADs are implanted for the
remainder of their life (DT). Since 2006, approximately 2500 new patients have received LVAD
implants annually, with DT increasing from 15% to 46% at the present’. Compared to optimal
medical management, LVAD costs five times more ($360k vs. $62k), but patients also gain five
times higher quality-adjusted life years' 26, Between 2005-2011, continuous flow (cf) LVADs
replaced the pulsatile pump design. The cost of LVAD-related hospitalization increased by 21%,
but the in-hospital mortality and average hospital stay decreased significantly?’28. Currently, one-
and two-year survival rates of HTx patients is 88% and 82%, in comparison to 74% and 61%
patients with cf HeartMate Il (HM2), respectively?®. The one-year total cost for LVAD implantation

and patient care is also higher than HTx patients®%3".



1.2.1 Axial And Centrifugal Continuous-Flow LVADs

The 1%t generation of LVADs were pulsatile pumps, which operated similarly to the heart.
This generation of pumps, such as Berlin Heart EXCOR, Thoratec PVAD, and VE, etc., consisted
of a pneumatically or electrically driven membrane with bioprosthetic valves (BP) as gateways at
the inflow and outflow conduits’. The pump was designed with open-loop control as the fixed
motor speed was set by the physician, adjusted to the individual native cardiac function. The
HeartMate XVE (HM VE) (Thoratec Corp./Abbott) was first approved by the US Food and Drug
Administration (FDA) in December 2001 as BTT, and later in April 2003 as DT®%. The pump
design included a pusher plate driven by an electric motor with percutaneous power and control
circuit, titanium alloy housing with two chambers (one with textured blood path, and one with a
motor); that operated in either fixed or automatic mode. The textured blood-contacting surface
and BP features helped to minimize the thrombosis risk, and patients often were prescribed with
minimal or no anticoagulant®®. Compared to the no-treatment group, HM VE had fewer
complications and a higher 1-year survival rate?'. Compared to optimal medical therapy, the pump
had double the number of adverse events but provided better cardiac recovery, higher quality of

life, and higher survival rate®34.
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Figure 1.1: Pulsatile left ventricular assist device (LVAD) (HeartMate XVE), continuous axial
flow LVAD (HeartMate Il), and continuous centrifugal flow LVAD (HeartMate 3 and HeartWare).



Serious complications (such as infection, bleeding, and thromboembolic event, etc.), and
suboptimal pump design and operation mode are the limitations of the 15t LVAD generation.
Because of its large size and multiple moving parts, pulsatile pumps were less durable and more
prone to mechanical failure, including degradation of the membrane and artificial valves'"32. The
new generation of LVAD is a continuous pump, with compact size, less moving parts, and
provides a better patient outcome™’?":3°, Axial flow with blood wash bearing (HM2, MicroMed
DeBakey), and centrifugal flow with magnetic levitation (HeartMate 3 (HM3), HeartWare (HW))
are two common types of cf pumps®®. The cf LVAD is surgically implanted via bilateral
thoracotomy without full sternotomy or extensive tissue dissection®’. Between 2012-2016, the
rate of axial pump implant was 60% higher than the centrifugal pump; but since 2017, they are

approximately the same®°.

1.2.1.1 Axial Continuous Flow LVAD

The FDA approved the HM2 for BTT in 2008 and DT in 2010%3°. The HM2 is implanted
in more than 26000 patients worldwide and is one of the most common LVADs in the US (Abbott
data as of May 10, 2018, on file. SUIM-HM-1016-0032(3)). The improvements from the HM VE
design provided better durability, patient outcomes, and fewer adverse effects. HM2 designs
consist of an impeller inside a metal case, moving blood through a mechanical bearing, and five
years minimum reliability*®. HM2 was proven clinically to be superior to HM VE and optimal
therapy. Twelve and eighteen-month survival rate of HM2 patients is 85% and 79%, respectively,
in comparison to 90% and 88% in HTx patients®. At two years of support, approximately 50% of
HM2 patients are alive and free of major adverse events?®3%4!. However, due to the high shear
rate from the contact between the mechanical bearing and blood, HM2 causes serious bleeding
complications in the capillary bed®. High thrombosis incidences of 8% at three months LVAD
support were reported in HM2. However, this rate seemed to decrease since 2014, attributing to

the improvement of post-implantation anticoagulation management?*243,



1.2.1.2 Centrifugal Continuous-Flow LVAD

The HM3, approved by the FDA as BTT and DT in 2017, is the newest generation of cf
HM with more than 4500 implants worldwide**. While still classified as a cf pump, the HM3
incorporates an artificial pulse (AP) signal, which is a short speed change occurring every 2
seconds (s), as an effort to create additional pulsatility and limit the hemorrhagic and thrombotic
problems’!. With no mechanical bearing, HM3 transports blood through a wide flow gap (10-20
times larger than standard bearings) using magnetically levitated bearing and thereby minimizes
the shear and compressive force imposing on the blood cells*>45. This pump has 3000-9000
rotations per minute (rpm) operation range and can provide up to 10 L/min cardiac support.
Moreover, the AP occurs asynchronously with the heart contraction, thus inducing a fluctuation in
flow and pressure and helps to minimize the stasis flow region inside the pump and LV#’. Recent
clinical trials reported similar survival outcomes (83% and 46% at 1 and 5 years respectively),
functional status, quality of life, and infection rate between HM2 and HM3%*4. The
hemocompatibility performance of HM3 is more enhanced by lower shear stress exposure to
blood cells, lower hemolysis complications (such as gastrointestinal bleeding, hemorrhagic
stroke, and epistaxis, etc.), and fewer incidents of pump thrombosis or replacement*47.

HW is another common cf centrifugal LVAD. With a compact size, HW can be used in
biventricular implant, pediatric, or in small adults. The pump also can fit entirely inside the
pericardium, eliminating the need for upper abdominal pocket dissection. With at least ten years

of durability and up to 10 L/min flow output, HW was approved by the FDA for DT in 201714849,

1.2.2 Left Ventricular Unloading And Myocardial Recovery

By unloading the LV, increasing cardiac output (CO), and end-organ perfusion, LVADs
alleviate HF symptoms and improve patient outcomes?®. The pump also plays a significant role
in myocardial reverse remodeling by reducing LV pressure (LVP) and stress on the ventricular

wall, improving contractility and regression of myocyte hypertrophy®>5'. Almost immediately after



LVAD implantation, the diastolic and systolic function improves substantially, leading to higher
EF, smaller LV and LA size, and a thicker interventricular septum. Moreover, previous studies
found signs of myocyte recovery from the decrease of wavy band fiber, contraction band necrosis
on cardiac tissue, and lower neurohormones and cytokines levels>%2%3. The LV mass does not
return to its normal range, suggesting the lack of atrophic remodeling process®-¢. While the
clinical evidence indicates that LVADs improve LV structure and function, damage to cardiac
tissues appears to be irreversible, and the remodeled state only establishes a new normalized
structure?34, Both pulsatile and cf LVADs lead to LV chamber reduction. Nevertheless, they have

differential unloading effects due to their design and control, as summarized in table 1 below®’.

Table 1.1: The difference in the unloading effect of pulsatile and continuous LVAD adapting
from Bartoli et al. 2010

Continuous LVAD Pulsatile LVAD
¢ Altering LV peak systolic pressure, aortic ¢ Maintaining a normal profile
systolic/diastolic pressure
¢ During high support, increasing transaortic pressure and ¢ Maintaining a normal
keeps aortic valve permanently closed pressure range.
e Reducing cardiac metabolic demands significantly ¢ A similar but smaller effect

1.2.3 Alteration Of Left Ventricular Flow During LVAD Support

Depending on the contractility of the native heart, the implanted LVAD produces little or
no AV opening (AVO), which significantly changes the LV flow patterns®°. Many improvements
in pump design and surgical techniques were made to optimize the interaction between the LVAD
and LV blood flow. In a healthy heart, the aortic valve (AV) opens and closes at each heartbeat.
Blood passes through the mitral valve (MV) and enters LV from the atrium during the diastolic
filling phase. Then, during the systolic ejecting period, blood got ejected to the aorta through the
AV. At mid-systole, the AV starts to close, and subsequently experience diastolic phase pressure

on the leaflets at complete closure®. The presence of LVAD drastically alters the LV flow pattern,



redistributing stress, and pressure on the LV wall, AV, and aorta®'¢2, By drawing blood from the
apex and directing it into the ascending aorta, the LVAD decreases LVP, prolonging the diastolic
phase and reducing the AVO area and duration. During low LVAD support, the heart contracts
and opens the AV during systole, and blood is transported through AV and the pump to the aorta.
During high levels of LVAD support, the AV is continuously closed and chronically exposed to
high transaortic pressure (TVP). The higher strain imposed on the leaflet tissue likely induces

abnormal valvular remodeling (in particular fibrosis, myocardial wall stiffening, etc.)®3-%.

B. Parallel Flow C. Series Flow

A. Normal Flow

Figure 1.2: Blood flow alterations during LVAD support, (A) Pre-LVAD implantation; (B) During
low LVAD support, a small portion of flow exists through the aortic valve; (C) During high LVAD
support, all flow passes through the LVAD.

1.2.4 The Effect Of HearMate3 Artificial Pulse Feature

The HM3 with an AP feature introduces a small speed change every 2s, intending to
improve the LV flow and pulsatility. A recently submitted work examined the impact of AP on
hemodynamics and flow structure in the LV chamber®. In the absence of cardiac contraction
(CSoff), the pressure, flow, and pulsatility index (P1) were recorded for both HM2 and HM3 using
an in-house mock cardiovascular loop, as described previously®®%. The HM2's hemodynamics
were steady, while HM3'’s signals oscillated every 2s (0.5 Hz frequency) as the result of AP (Figure
1.3). The cyclic variations of the HM2 were less than 2% of the mean values. For HM3, pressure
variations were less than 15% and decreased at higher pump speed, while the variations of flow

(LVAD and AV) and pulsatility index (PI) were higher. A well-defined vortex ring was captured at



the beginning of the AP using particle image velocimetry technique. It then migrated toward the

LV apex and dissipated around 500 milliseconds (ms) (Figure 1.4)
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Figure 1.3: Cyclic variation of the left ventricle (LV) and aortic pressures, LVAD and aortic valve
flow, and pulsatility index during low and high HeartMate Il (HM2) and HeartMate 3 (HM3)
supports (without native heart function).
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Figure 1.4: Velocity field images at different speeds of HeatMate 3 LVAD in the absence of
cardiac contraction (mitral valve (MV), aortic valve (AV), and LVAD inlet (LVAD)).
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Figure 1.5: Cyclic variation (1 Hz frequency) of the left ventricle (LV) and aortic pressures, LVAD
and aortic valve flow, and pulsatility index during HeartMate 3 (HM3) support with native heart
function (CS on).

Table 1.2: Average and standard deviation (Ave + SD) at 1Hz frequency during HeartMate 3
(HM3) support with native heart function. (Left ventricle pressure (LVP), aortic pressure (AoP),

Parameters
LVP (mmHg)
AoP (mmHg)
Qsys (L/min)
Quvap (L/min)
Qav (L/min)
Pl

HM2 8k rpm
24.18 £ 1.05
92.87 £ 0.33
2.56 £ 0.07
2.01+0.04
0.55+0.05
4.00+0.15

systemic flow (Qsys), LVAD flow (Q.vap), aortic valve flow (Qav), pulsatility index)

HMS3 4.4k rpm
24.13+1.28
82.13 + 3.89
2.34 + 0.41
1.57 £ 0.45
0.77 £ 0.16
6.34 + 1.59

On the other hand, when the cardiac function was present (60 beats/minute), its pulsatility

interaction with AP produced a new pattern varying every 50 s (Figure 1.5 bottom). While the

beat-to-beat LVP variations during HM2 and HM3 low support conditions were comparable, the

AP introduced more substantial fluctuation in AoP (0.4% vs. 4.7%). Moreover, significant variation

at 17-29% from the average values were observed in the flow and PI waveforms during HM3

support (Table 1.2). The HM3 AV flow had a wider range, 0.33-1.15 L/min, resulting from the



alternative constructive and destructive interference of the couple of AP and cardiac contraction.

Overall, AP increased Pl and AV flow, which potentially enhanced flow mixing and AVO.

1.2.5 Patients Outcomes And Complications

1.2.5.1 Mechanical Circulatory Support Trials

The Randomized Evaluation of Mechanical Assistance of the Treatment of Congestive HF
(REMATCH) trial (1998-2001) compared the outcome of HM VE to optimal medical management,
resulting in the FDA approval of HM VE as DT?. The trial reported that while LVAD doubled the
risk of severe adverse events (e.g., sepsis, bleeding, neurologic dysfunction, etc.), it improved
patient life expectancy. At 1 and 2 years, LVAD patients had 24% and 16% higher survival rate.
Mortality was primarily attributed to sepsis and device failure in the LVAD group, while caused by
the progression of HF in the optimal therapy group®. Patients were continuously followed for two
additional years after the trial ended. Some improvements in survival rate and adverse events
during this period suggested patient outcomes could be improved with better post-LVAD
management®’. A retrospective review of 39 BTT patients reported that the majority continued to
have dilated LV post-implant, especially those in NYHA class IV, suggesting that HM VE did not
administer any significant myocardial recovery®®,

To overcome some complications in the 1%t generation pulsatile LVAD, 2" and 3™
generations cf LVAD were developed. HM2, continuous axial LVAD, was approved as BTT in
2008 and DT in 2010. The 1- and 2-year survival rate of HM2 was respectively at 74% and 61%.
Moreover, more than 50% of patients are alive and free of severe adverse events (e.g., stroke,
infection, pump thrombosis, etc.) at two years?®383941 The two most recent LVAD clinical trials
are the ENDURANCE and MOMENTUM 3 to evaluate the performance of the 3™ generation
centrifugal LVAD. The ENDURANCE trial compared HW performance with HM2 in patients who
were older and ineligible for HTx. After the two-year endpoint, both LVAD groups had a similar

survival rate. HW, while having fewer device failures due to pump thrombosis, had three times
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higher stroke rate than HM24%¢°, Due to the comparable outcomes with HM2, HW was approved
for DT in 2017, and patients were required to monitor their blood pressure at home upon hospital
discharge. The MOMENTUM 3 multicenter trial examined HM3 performance, reporting very
similar mortality and infection, as well as patient functional status and quality of life compared to
HM2. HM3, however, demonstrated better hemocompatibility, with a reduction in stroke, major
bleeding or gastrointestinal bleeding incidences, cardiac and ventricular arrhythmias, hospital
stay, readmission rate, and pump replacement due to thrombosis. Moreover, at 1 and 2 years,
the percentage of HM3 patients’ survival without disabling stroke was 9% and 15% higher than

those with HM2, respectively*44°.

1.2.5.2 Axial And Centrifugal Continuous-Flow LVAD's Adverse Events

The INTERMACS 2019 reported that the average cf LVAD support duration was 1.7 years,
with a similar survival rate in axial and centrifugal cf LVAD (around 83% and 46% at 1 and 5
years)®. The percentage of LVAD implants designated as DT was increased by 30% from 2006
to 2014, and 95% of implants are cf pumps currently’®’'. In both axial and centrifugal LVAD
designs, the leading causes of death are similar, including neurologic dysfunction, multisystem
organ failure, infection, and stroke (ischemic or hemorrhagic)®. Moreover, the risk of readmission
due to severe adverse events increases as patients stay longer in LVAD support®.

Some recurrent adverse events are implant-site infections, gastrointestinal bleeding,
stroke, and pump thrombosis occurring at the rate of 25%, 25%, 14%, 10% respectively for axial,
and 28%, 20%, 20%, and 1% for centrifugal pump respectively at 1-year post implants®>44. Many
efforts have been made in peri- and post-implant management and design improvements to
minimize driveline infection rate’?. The next generation of LVAD will focus on wireless pump
recharging development to eliminate the driveline component”. Separately, pump thrombosis is
categorized as an intrinsic failure (consequences of suboptimal pump design and operation

method), patient-related failure (due to distinctive patient physiological response), and therapy-
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related failure (a result of deficient post-LVAD management). LVAD patients are often prescribed
anticoagulation, such as warfarin and aspirin, to minimize the risk of thrombosis®’. Patients who
required pump exchange due to thrombosis are more likely to have similar recurrent incidences
and higher mortality rates 3.

Although both axial and centrifugal designs have a similar mortality rate over time, the
centrifugal pump has better hemocompatibility, with less Gl or significant bleeding, and pump
thrombosis. The HM2 axial pump, generating a high shear rate from blood contacting the
mechanical bearing, yielded a higher rate of pump thrombosis and hemocompatibility-related
impacts**7475, During the first three months of implantation, adverse events (especially Gl
bleeding) are very common and have the most significant impact on patient survival**"1:76,
Moreover, the risk of mortality is higher for those with renal dysfunction, right ventricle (RV) failure,
early multisystem organ failure, or needed pump exchange due to thrombosis”'. RV failure
typically occurs in 13-40% of LVAD patients’’. Since the pump relies on RV proper function for
preloading, RV failure can lead to severe morbidity (such as systemic hypoperfusion, multisystem
failure, and low quality of life, etc.) and mortality consequences’®®".

Another common but less well-understood complication is aortic insufficiency (Al), in which
AV does not close completely. Thus it induces a backward flow from the aorta back to the LV.
During LVAD support, significant Al creates a substantial LVAD-LV regurgitant flow loop, which
negatively affects cardiac recovery, lowers CO, and induces end-organ hypoperfusion®83,
Moderate-severe Al is found in more than 50% of patients at 18 months LVAD support and can
be de novo or progress from pre-existing trace/mild Al conditions®-28. The following section will
examine the valvular mechanics in normal and LVAD-support hearts to understand the pump

effect on the mitral and aortic valve.
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1.3 Valvular Mechanics

1.3.1 In Normal Heart

During the cardiac cycle, human heart valves change their shapes and size in response
to their surrounding hemodynamics®. This mechanism helps to facilitate the leaflet function and
reduces the effect of flexural stress on the valve surface®. An average heart valve opens and
closes more than three billion times in a lifetime, and experiences various stress and strain types
(e.g., tensile, compressive, stretching, and bending)®°'. During diastole, the AV leaflets are under
cyclic tensile stretch and experience the highest TVP%2%, In systole, AV opens, and its leaflets
experience bending and unidirectional shear along the ventricular surface®. The valve starts to
close at the end of the systole deceleration phase, with the minimum reverse flow®®%. During late
systole, the difference in TVP develops a fluid boundary layer and forms small vortices in the
sinus, helping to facilitate leaflets closing. Although the TVP difference is sufficient in closing the
AV, vortices presence makes this process more efficient®-%,

The AV leaflets are thin, membranous folds of trilaminar tissue that typically experienced
10% of cyclic stretch during diastole®”%. This stretch modulates the biosynthetic activity and
maintains the optimal valvular operation. Higher cyclic stretch can upregulate the valvular
collagen synthesis, resulting in the alteration of the matrix structure and damage the valve
structure®-1°". The valvular endothelial cells (VECs) form monolayers, covering both sides of the
valve. They are, however, regulated independently according to each side’s differentiated
hemodynamics, and very responsive to the local shear changes®:'%2-%4 The VECs are arranged
perpendicular to the blood flow direction to provide pressure-load bearing during valve
closure'94105,

The heart valve is composed of three layers: fibrosa, spongiosa, and ventricularis. The
fibrosa layer faces the aorta side, containing a majority of type 1 collagen fibers; this layer bears
load by providing structural stiffness and tensile strength, as well as supports smooth opening

and closing of the valve'%-'%, The ventricularis layer faces the LV chamber and is composed of
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a dense collagen and elastin fibers networks, providing elasticity®®'%®, The shear stress
experienced by the fibrosa surface is oscillated between -8 to 10 dynes/cm?, while the ventricularis
experiences peak shear stress of 80 dynes/cm'®. Finally, the spongiosa layer, covering 60-70%
cusp thickness, is a central core rich in glycosaminoglycans (GAGs)'®. This layer serves as
lubrication and shock absorber for the fibrosa and ventricularis, allowing them to deform with
respect to each other during valve opening and closing®® 1%,

Valvular endothelial cells (VECSs) line the blood-contacting surfaces of the ventricular and
aortic side of the valve in a smooth monolayer'®'%°_ The VECs play a key role in maintaining
homeostasis and regulating the metabolic and inflammatory processes'. Valvular interstitial
cells (VICs) are the most abundant cell type and found in all three layers of the valve. VICs are
crucial to valve function and are responsible for the extracellular matrix maintenance and
repair'®'"". They are a heterogeneous fibroblast population that transition between phenotypes
and contain 1-5% smooth muscle cells and myofibroblasts'®''2113 Moreover, the VICs can
initiate valvular remodeling and pathologies to alter cellular stiffness in response to abnormal

stress'4.

1.3.2 During LVAD Support

Typically, the cf LVAD reduces AVO area and duration, subsequently initiates valvular
dysfunctions (e.g., commissural fusion and valvular incompetence®''5, In an animal study with
axial cf Micromed DeBakey LVAD, during high LVAD support, TVP increased, and AVO time
decreased significantly in both healthy and diseased hearts. The aortic root alteration and leaflet
coaptation were noted immediately after the LVAD implanted''s. In an in-vitro study using the
cardiac simulator, the Micromed DeBakey LVAD decreased the AVO area and duration by 50%
and 20%, respectively. The average strain on the valve leaflets was also significantly elevated

due to the increase in minimum strain during systole®“.
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By keeping the AV closed for an extended time, LVAD support imposed a prolonged
circumferential and radial tensile stress/strain on the valve leaflet and likely promoted soft tissue
remodeling®264116-118 Some researchers have theorized that the increase in bending stress would
induce the calcification process by initiating cellular mechanobiological response, while others
suspect the lack of nutrients of the VECs and VICs during the extended stretch state have

accelerated pathological remodeling®"%,

1.4 Mitral Valve Dysfunction

The mitral valve (MV) opens during diastole when left atrium (LA) pressure accedes LVP,
and blood flows into the LV. Left ventricular relaxation induces the initial filling phase, allowing
incoming flow to reach its peak velocity. As the flow gradually decelerated, the MV begins to close.
During late diastole, the left atrium contraction produces a 2" incoming flow but at a lower
speed'’®. MV diseases are common in advanced HF patients, who often require surgical
corrections to repair or replace the MV. The 5-year mortality rate of HF patients post-MV
replacement is 30%'%°. In comparison to MV repair, valve replacement had a higher rate of
thromboembolic events, infective endocarditis, etc., and a 30% mortality rate at five years'?%-'22,
Interestingly, in patients with double valve diseases (AV and MV), there are no differences in
valve-related complications in either management methods'??'2%, In some cases, patients' pre-
existing conditions seemed to be the significant determinants of their outcomes and survival'?2,

Bioprosthesis (BP), bi-leaflet (BL), single-leaflet (tilting-disk (TD)), etc. are different kinds
of MV prostheses (MVP), which each have a distinct interaction with the incoming blood flow
during diastole'®*. Presently, each valve type is linked with different complications, e.g., higher
thromboembolic risk in TD, a higher bleeding complication in BL, and a higher rate of deterioration
and stenosis in BP'?526_ Moreover, in a normal patient, MR can occur after MV replacement and
increase the risk of HF'?"128 |n a small clinical study of pulsatile LVAD patients, similar survival

rates, and thromboembolism incidences were reported between the MVP and native heart valve
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groups'®. Additional studies are needed to assess the effects of continuous-flow LVAD support

in patients with MVP.

1.5 Aortic Insufficiency

Aortic insufficiency (Al), affecting approximately 0.5% general population and 2% elders
(75 years or older), is responsible for 4% of AV disease deaths'%'3'. Commonly, Al is caused by
annular dilation or leaflet lengthening and occurs in a small percentage of HF patients'32133 While
during LVAD support, Al is a consequence of valvular dysfunction, induced by the
mechanobiological response due to the alteration of the surrounding hemodynamics. The
increasing of tensile stress and strain on the AV leaflet when LVAD was operating caused valvular
remodeling and resulted in commissural fusion and Al®**. Many cases of AV leaflet fusion and Al
are reported in patients upon LVAD implantations®288.134135 The leaflets did not have large scale
remodeling, just some pathological remodeling on the ventricularis layers (such as fibrosis, loss
of endothelium, and commissural fusion, etc.)®. De novo Al is irreversible, time-dependent, and
worsens with more extended LVAD support®'3¢-138 |n patients with pre-existing Al conditions,
LVAD further aggravates Al severity, thence reducing end-organ perfusion and worsening
HF8386.137.139.140 ' A| progresses to moderate-severe in 50% of LVAD patients after six months of
implantation, which then requires corrective surgeries (e.g., AV repair, replacement, closure, or
urgent transplant)'8141.142  Moreover, during LVAD support, Al occurs during both diastole and
systole, so the traditionally used echocardiographic indices (to assess Al) would underestimate

its impact and severity in this particular condition38143,

1.6 Objective and Chapter Outlines
The presence of LVAD alters the normal intraventricular flow patterns and pressure
distributions. Previous research efforts were made to characterize the LV flow during LVAD

support; still, there is incomprehension regarding the flow dynamics in LVAD supported heart at
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the presence of pre-existing Al or MVP. This work presented summaries of in-vitro testing of LV

flow during HM2 and HMS3 supports using an in-house cardiac simulator. Under matching

hemodynamics conditions, Al at various severity and different MVP orientations and types were

tested. The results were then assessed and compared with clinical studies to understand and

correlate the change in hemodynamics and flow patterns to potential patient outcomes.

Followings are the chapter summaries:

Chapter 2 is a review of previous literature on Al development during LVAD supports.
This chapter gives an overview of Al timeline and consequence in LVAD patient,
following by a short discussion on different indices to assess Al. The mechanism,
clinical options, and treatment outcomes of Al are also reported

Chapter 3 describes the effect of pre-existing Al on intraventricular flow during HM2
supports. Testable and reversible 3D-printed stents were used to induce mild,
moderate, and severe Al in a mock circulatory loop. Hemodynamics and 2D vortical
flow structures were recorded during low, medium, and high LVAD support. It was
hypothesized that higher LVAD support would further worsen Al by reducing LVP and
AVO. Al indices were calculated and compared with the published data. The result
helps to explain the progression of pre-existing Al during LVAD support.

Chapter 4 describes the effect of pre-existing Al on intraventricular flow during HM3
supports and compares with chapter 3 results. With a similar method, as described in
Chapter 3, different Al severities were tested under low, medium, and high HM3
support. Calculated Al indices were used to quantify the impact of HM3 to Al
progression in comparison to HM2.

Chapter 5 describes the effect of MVP designs and orientations on intraventricular flow
during HM2 supports. Three different types of MVP were tested in different orientations
using a mock circulatory loop, under HM2 support. The results were used to determine

the associated risk between the altered flow pattern and thromboembolic events.
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= Chapter 6 presents a summary of the conclusion from each chapter and discuss the

limitations and future directions.
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Chapter 2
Aortic Insufficiency During LVAD Support: Features, Mechanisms and

Clinical Options

2.1 Introduction

Since heart transplant is limited in donor availability and restricted eligibility, left ventricular
assist devices (LVAD) have become an increasingly popular alternative treatment for end-stage
heart failure (HF) patients™'°. One and two-year transplant survival rates are 88% and 82%, in
comparison to 83% and 73% in the LVAD group?®3°. The total cost for pump implant and patient
care in one year is significantly higher (37% to 116%)°3'. The average length of LVAD support
is 1.7 years, but the range can go up to 10 years3®'#4, Currently, the axial continuous-flow (cf)
HeartMate Il (HM2), centrifugal cf HM3 (Abbott), and HeartWare (Medtronic) are commonly used.
The HM2 design consists of an impeller insider a metal case, which moves blood through a
mechanical bearing, while HM3 and HeartWare transports blood through a wide flow gap using
magnetically bearing to minimize shear and compressive force'!4°

Serious complications are more likely to occur with an extended length of LVAD support,
many of which related to the blood-device compatibility®>44'4°, The most common causes of
mortality in LVAD patients are neurologic (19%) and multisystem organ dysfunction (15%)%.
Despite having similar rates of survival and common adverse event (e.g., implant-site infections,
gastrointestinal bleeding, and stroke) at 1-year post implants, HM3 was found to have better
hemocompatibility than HM2, subsequently fewer cases of hemolysis and pump
thrombosis/replacement®544,

Another common but less well-understood complication of LVAD support is aortic
insufficiency (Al). Al occurs when the aortic valve (AV) does not close completely, allowing

backward flow into the LV. Significant Al during LVAD support creates a substantial LVAD-LV
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regurgitant flow loop, which negatively affects cardiac recovery, and causes lower cardiac output
(CO) and end-organ hypoperfusion®283_ Additionally, the regurgitant flow loop causes blood to be
exposed to longer resident time and higher shear stress, which might pose a high risk of hemolysis
and subendocardial ischemia®3-146-148,

Moderate-severe Al is found in more than 50% of patients at 1.5 years LVAD support and
can be de novo or progress from pre-existing Al conditions83-88.136-138.140.149 ' A| developed as early
as at six months post-implant, and freedom from significant Al decreases as LVAD support
duration increases®'%°. In pre-existing Al cases, the severity tended to increase post-LVAD
implant (10% increase in severity every 18 months)8386.136.139 particularly, cf LVAD is associated
with higher Al prevalence and severity than pulsatile pump?®3.136.137.139,150,

Transthoracic echocardiography (TTE) is used to evaluate Al severity based on the
recommendation of the American Society of Echocardiography (ASE) in normal patients™!. Al
classification as Mild, Moderate, or Severe is graded according to three major parameters'":

(1) Structural parameters, such as LV size, AV, and aortic root structures,

(2) Doppler parameters, such as inflow jet area, density, and contour, and

(3) Quantitative parameters, such as vena contracta width, regurgitant volume and fraction, and
effective regurgitant.

The goals for Al management are treating the symptoms, lowering long term
consequences, and improving patients' outcomes'®2. Patients with mild-moderate Al and normal
size aortic root, or asymptomatic severe Al and regular LV size/function are usually managed with
vasodilators'®*1%4  Although many debate the drug effectiveness in delaying AV repair or
replacement’21%5.1% Meanwhile, patients with symptomatic severe Al, asymptomatic severe Al,
and systolic dysfunction/LV dilation are required surgical management'>’='%°. Mild-moderate Al is
often corrected at the time of LVAD implantation, especially in long-term supported patients, or
those with larger body size, blood type O, and large body surface area-indexed aortic root'38:160.161,

AV replacement or repair are two surgical options to correct Al. Valvular replacement is more
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durable but poses a higher risk of thromboembolism'®2. Alternatively, repairing allows the
preservation of original tissue and precludes the need for anticoagulation®?.

The AV is a thin tissue structure with three leaflets that attach to the aortic root wall in a
u-shaped pattern in a roughly symmetric arrangement. Each leaflet forms a pocket with the
corresponding sinus, which plays an important role in the fluid mechanics of the AV91%4 The AV
leaflets close at the orifice center, in the middle between the sinotubular and aortoventricular
junctions, forming a functional aortic annulus'®®. When the leaflets are closed, the free margins
press together to form the coaptation area, and the leaflet belly stretches in opposition to the
pressure load. The leaflets are essentially slack when open, although the ejecting blood imparts
shear stress to the leaflet surface. The leaflets relax when they open in systole, reducing the
stretch as blood flows over the ventricular surface into the aorta.

Different than LVAD-induced Al, regurgitant lesion develops and progresses in a normal
heart over a longer time course'®. Al is caused by aortic root enlargement or leaflet degeneration
(results of congenital or generative diseases)'®”:'¢8. Typically Al is divided into three classifications
depending on the lesion mechanisms, such as leaflet perforation, prolapse, or restriction'®. In
any case, the presence of the regurgitant jet during diastole decreases systemic perfusion, and
creates LV flow turbulence, potentially inducing LV dysfunction and congestive HF86:152170-172 ‘\Mijld
Al is relatively asymptomatic, while severe Al reduces exercise tolerance and causes pulmonary
edema'?. Moreover, significant Al increases the rate of morbidity (myocardial hypertrophy,
hypotension, cardiogenic shock, and right HF) and mortality'%2173,

During LVAD support, Al might occur during systole or throughout the entire cardiac cycle
(CC), while normal Al typically occurs during diastole'?. The presence of LVAD induced larger
regurgitant flow, resulting in lower CO, higher preload, and impacting LV recovery®388.137.162.174,
An increase in LVAD flow while systemic flow dropped or relatively unchanged is the sign of Al
presence or worsening'41"® Using a mock circulatory loop, Garcia et al. reported LVAD and

systemic flow ratio greater than 1 in the presence of Al, indicating more flow bypassing the LVAD
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than attributing to the systemic circulation'. In an animal study, lizuka et al. reported that in
severe Al cases increasing pump speed increased regurgitant flow without contributing to the total
systemic flow'®,

Moreover, LVAD patient with concurrent Al is associated with higher readmission rate and
adverse events (mitral (MR) and tricuspid regurgitation, hemolysis, worsening of right ventricle
function, etc.)82137.138.140.176  Temporarily, LVAD speed can be increased to compensate for flow
loss; but extendedly, it would further damage AV and worsen Al'38162175 The current American
Heart Association classification of progressive mild-moderate Al includes criteria that don’t apply
to end-stage HF patients, including normal LV size and function'™’. Instead, these patients
typically have dilated LV volume and depressed systolic function, which raises a question if the
current Al classification is applicable to this particular group. The goal of this review paper is to
evaluate Al development with LVAD support compared with natural occurring Al and present the

features, mechanisms, and links to clinical treatment options.

2.2 Features of Al in the LVAD Supported Heart

The rapid progression of Al in LVAD patients suggests an alternative mechanism from no-
LVAD Al. The reduction of AV opening (AVO) is suspected inducing AV leaflet borders fusion
(commissural fusion), thus causes de novo Al. This mechanism is time-dependent, irreversible,
and worsens with extended LVAD support®137.13_ The commissural fusion incidences in patients
with required-venting LVAD (allowing periodic AVO) was ten times lower than non-venting
pump™®. The duration and frequency of AVO decreased in all patients under LVAD supported®?.
Mudd et al. reported 44% of patients had closed AV within the 15t month of implant, and more
than 50% at six months®. Subsequently, Al development has been associated with the
prevalence of no- or limited-AVQ?8386.139,

In 2000-2006, AV fusion was observed in 50-67% of patients implanted with pulsatile

LVAD, and somewhat correlated with Al development®288.134.135 Distinct from a rheumatic induced
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lesion, the LVAD-induced fused leaflets appeared macroscopically normal. The deposition of
disorganized collagen fibers and dense collagen appeared adjacent to the ventricular face, while
the fusion migrating from the valve annulus toward the center prevented the leaflets from closing
completely and producing Al. The extended LVAD support resulted in the loss of valvular laminar
elastin structure and extensive leaflet fusion®. As the cf LVAD was clinically approved and used
instead of the pulsatile pump, higher occurrences of Al were reported. After one year of HM2
support, 25-83% of patients developed mild to worse Al®386.138177 Mudd et al. were one of the first
groups who reported the association between commissural fusion and Al in HM2 patients: 89%
developed commissural fusion after one year post-implants, and 50% had mild Al, and 33% had
moderate Al®.

While long-term LVAD support and low ejection fraction were found to be independent
predictors of de novo Al development84138-140.149178.179 " clinjcal studies have reported multiple
factors associated with the worsening of pre-existing tracel Al in post-LVAD support. Patient-
related factors included pre-existing valvular dysfunction, old age, and abnormal cardiac function.
Pre-existing valvular dysfunctions include uncorrected mild Al'8"18 mild-worse MR'%, large body
surface area-index aortic roots'®"'®; |arge aortic sinus diameters®384136,138,139,161,176,181-183 = o
degenerative remodeling of the aortic root (thinning wall, smooth muscle cell apoptosis,
fragmentation of elastic fiber)8¢136.150.184.185 Q|der patients had a high risk of age-related valve
degeneration and decreased aorta elasticity84136.138.139.176,181-183,186,187 - The gbnormal cardiac
function included low LV diastolic and systolic volumes, and diastolic filling abnormality®3. LVAD
related factors included reduction of AVO area and duration, high LVAD speed, and type of
LVAD*1:83.84,136,138-140,176,181-183  The high rate of progressive Al in cf LVAD patietns was the
suspected consequence of low pulsatility flow, which potentially induces larger regurgitant flow

and a higher rate of valvular remodeling?*®.176.178.188,189
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2.2.1. Changes of Clinical Al Indices in LVAD Supported Heart

Diagnosis of Al severity and treatment strategy is largely informed by the long history of
AV repair and replacement in the absence of LVAD support. Presently, many centers continue to
use the American Society of Echocardiography guidelines, intending for patients with normal
cardiac physiology and pulsatility, to evaluate and monitor Al progression in LVAD patients (as
summarized in table 2.1)'®°. When applying to LVAD patients, experts suggested to note for the
presence of Al during the whole cardiac cycle, change in left and right’s ventricle size, and
emphasized on the change of vena contracta width and the jet width/LVOT width ratio
parameter'®194 In HF pre-LVAD patients, severe reduction of LV stroke volume, low systemic

pressure, and high LV diastolic pressure resulted in low Al velocities and regurgitant volume (RV),

which ultimately causes difficulty in Al assessment and underestimation of Al severity'%*.

Table 2.1: Clinical qualitative and quantitative parameter for grading Al'®°

Parameter Mild Al Moderate Al Severe Al
Structural parameters Normal/ Normal or dilated/ U'sually
. , Normal dilated/
LA size/ Aortic leaflet Normal or abnormal
or abnormal abnormal
Doppler' pargmeters Small Intermediate Large
o Jet width in LVOT
Qualitative . Incomplete/ Dense/ Dense/
Jet density/ .
. Slow Medium Steep
deceleration rate
Brief earl Prominent
Diastolic flow reversal in . . y . holo-
. diastolic Intermediate . .
descending aorta diastolic
reversal
reversal
Vena Contracta width <03 03-06 506
(cm)
N Joet width/ LVOT width <25 0545  46-64 > 65
Quantitative | (%)
Jet CSA/ LVOT CSA (%) <5 5-20 21-59 > 60
R Vol (ml/ beat) <30 30-44  45-59 > 60
RF (%) <30 30-39 40-49 > 50
EROA (cm’) <0.10 0.01-0.19 0.20-0.29 | > 0.30
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On the other hand, LVAD support produced a larger, more persisted regurgitant jet and
larger vena contracta’®'%°, Therefore, the traditional TTE indices and rationale are not
translatable to LVAD patient physiology and would underestimate Al severity'®"'92, These indices
were found to underestimate Al severity in 33% cf LVAD patients and fail to distinguish the
morbidity and mortality difference in mild-moderate and moderate-severe Al groups'®. The RF,
which is the ratio between the RV and total systemic flow (Qsys), is also an unreliable index. In the
native heart, the RV increases while Qsys decreases, which results in higher RF as Al worsens.
When an LVAD is present, both RV and Qsys increase (in some cases, Qsys increases more
significantly); as a result, RF stays the same or decreases, indicates a false conclusion of

improved Al.

Currently Proposed Indices to Assess Al in LVAD Supported Heart

Clinicians have proposed several new indices to grade Al severity in the LVAD-assisted
heart. The diastolic flow acceleration and the ratio between systolic and diastolic peak velocity of
the LVAD outflow cannula (S/D ratio) are suggested by Grinstein et al. They reported these two
indices are highly correlated with RF and pulmonary capillary wedge pressure. Since the flow
passing through LVAD outflow cannula is directly proportional to the LV preload, and inverse
proportional to the ascending aorta afterload, the diastolic acceleration is expected to increase
while the S/D ratio decrease as Al increases in severity. After testing in a small group of patients
with different Al severity (n=57), Grinstein et al. reported that the diastolic flow acceleration and
S/D ratio were more accurate in predict future HF admissions, the need for AV intervention, urgent
transplantation, and mortality than vena contracta and other echo indices®'%. The early diastolic
phase slope (EDPS) calculated from LVAD flow was another new proposed index. In a study of
30 patients, Imamura et al. reported EDPS value higher or equal to (>=) -17.6 L/min/sec is an
indication for significant Al (RF >30%) and suggested this index as an indicator for the presence

and progression of significant Al'%.
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Table 2.2 summarizes three different published indices experimental data from a mock
circulatory loop. In the experimental data, the S/D ratio decreased as Al worsens and at higher
LVAD support, in agreement with the published result. Especially in the case of mild Al, at
substantial LVAD support, the S/D ratio indicated moderate/severe Al regurgitation. The diastolic
acceleration increased as Al worsened but decreased at higher LVAD speeds, unlike the
published result. The EDPS index increased as Al worsened as well as with increased LVAD
support, but was insufficient to reach -17.6 for which would classify the Al as moderate/severe.
The newer indices calculated from the experimental study exhibited agreement with the published
data, except for the diastolic acceleration index, which suggests this index is not sensitive with a

significant change in LVAD support.

Table 2.2: Proposed indices to assess Al in LVAD supported heart

Published Data* Experimental data**
Trace/Mil | Moderate/ Mild Al — . MOdGth_e :'
d Al Severe Al g ow 19
LowLVAD | | vap LVAD | LVAD
S/D ratio 6.0 2.6 3.80 1.87 2.59 1.81
Diastolic
acceleration 35.7 68.7 10.22 4.3 14.23 8.91
cm/s?
EDPS L/min/sec >=-17.6 -24.04 -18.54 -22.46 -17.71

*Published data are obtained from?90.195.196
** In vitro experimental data obtained using the cardiac simulator, a similar method described in
the previous publication®®. Mild and moderate Al models were created using a 3D printed stent
197 with RF ~ 20% and 40% for mild and moderate Al conditions, respectively, without LVAD
support. Heartmate Il (Abbott, US) was used, and test at two different LVAD support level: low
(8k rpm) and high (11k rpm) supports.
2.3 Mechanism of Al in the LVAD Supported Heart

2.3.1 Biomechanics: Altered LV Flow Paths

In a normal heart, the AV opens and closes at each heartbeat. Blood passes through the

mitral valve (MV) and enters LV from the atrium during the diastolic filling, then ejects to the aorta
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through AV during the systolic ejecting phase. At mid-systole, AV starts to close, and
subsequently experience diastolic phase pressure on its leaflets at complete closure (Figure
2.1A)%. The presence of the LVAD modifies the LV flow pattern, alters the magnitude and phase
duration of myocardial stress and strain on the AV and aorta®'-¢3, By drawing blood from the apex
and directing it to the aorta, LVAD decreases LV pressure (LVP) and load, thus promoting the LV
reverse remodeling process. Consequently, the transaortic pressure (TVP) increased, thus
effectively prolonging diastole and reducing the AVO area and duration. During low LVAD support,
the heart contracts and opens the AV during systole, blood is transported through the AV and the
LVAD into the aorta. During high LVAD support, the reduced LVP keeps the AV hemodynamically
closed throughout the entire cardiac cycle (Figure 2.1B). This exposes the AV tissue to high aortic
pressure and continuous high tensile strain®. Additionally, the LVAD deliveries flow directly to the

aortic root, lowering aortic flow pulsatility, and altering the flow profiles at the aorta®3174.198.199,

Diastole Systole Diastole Systole
[A] Pre-LVAD [B] Post-LVAD
Figure 2.1 [A] Blood flow normally exits the LV through the AV, and [B] LVAD support alters this
path, diverting flow through the LVAD and eliminating AV opening
LVAD presences increased circumferential and radial tensile stress and strain on the AV

leaflet’*'®. Since stress cannot be directly measured in valvular tissue, the change in stress
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was estimated from strain measurement''®. The minimum systolic strain on AV leaflets was
found to increase significantly during cf LVAD support using a mock circulatory loop. Moreover,
prolonged diastole keeps the leaflet in a closed position, subsequently increased the duration of
leaflet stretching®. Continuously closed AV was clinically linked to commissural fusion and Al

development in LVAD patients®6:94.134.135.200

2.3.2 Remodeling: Mechanobiological Response

During the cardiac cycle, the normal AV experiences pulsatile pressure and various stress
and strain types such as tensile, compressive, stretching, and bending®. When the AV closes
during diastole, its leaflets stretch against the TVP and experience bending stretch from the aorta
side and tensile stretch from the LV side. During systole, the AV leaflets experience a small
amount of tensile stress caused by the unidirectional pulsatile shear stress of blood flow at the
ventricular side, and the bending stress and oscillatory shear stress on the aortic side?®'. The
valve surfaces are lined with a monolayer of the valvular endothelial cells (VECs), which are
sensitive to shear stress. In response to any changes in the surrounding shear stress, VECs
initiate mechanotransduction pathways (biological response from external mechanical stimuli),
which can lead to structural changes in vessel walls'98202,

The ventricularis (an elastin layer on the ventricular side of AV), regularly exposed to
laminar blood flow with high velocity and shear stress, have higher expression of many cytokines
inhibiting fibrosis and calcification formation, therefore is relatively disease protected?®®. On the
other hand, the fibrosa (the dense collagen layer on the aortic side), experiences turbulent flow
with low velocity and shear stress (due to the presence of sinus vortices at the aortic root) and is
more prone to local lesions'%8204205 The increased expression of bone morphogenetic protein 4
(BMP-4) and decreased expression of osteoprotegerin, C-type natriuretic peptide (CNP), chordin,
and other biochemical markers in the fibrosa layer make it more susceptible to disease'®. The

VECs on the fibrosa side have higher expression of genes associated with bone formation and
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lower calcification inhibiting genes, and their transcriptional profiles have higher expression of
endothelial adhesion molecules during altered hemodynamics2%32%, The valvular interstitial cells
(VICs), the most prevalent cell type in AV, are more sensitive to pathological stress. During
elevated stress, the VICs increase the expression of remodeling enzymes, pro-inflammatory
proteins, and pathological markers, which can lead to fibrosis and calcification67168.207-209

LVAD extends the duration and magnitude of stress on AV leaflets. Previous studies have
found that high cyclic stretch and low, oscillatory shear stress affects the AV biosynthetic activity,
leading to pathological matrix remodeling'67:168.207.210.211 " An in vitro study on porcine AV reported
that at in comparison to 10% physiological stretch, higher pathological stretch (15-20%) altered
the expression and activity of the proteolytic enzymes, increased cell proliferation, and apoptosis,
thereby initiating a cascade of events leading to valvular degeneration and disease
progression'®®, The altered biomechanics in the presence of LVAD could initiate a remodeling
response in VICs and VECs, which results in fibrosis, contracture, and ultimately Al.

While the pathological molecular pathway of Al initiation and progression during LVAD
support is not yet understood, it likely involves features similar to those in valvular diseases such
as inflammation, VIC differentiation, and matrix remodeling. Inflammation from altered pressure
or flow can allow VIC division into myofibroblasts, which deposit extracellular matrix components
(ECM) and are associated with valvular fibrosis progression. This process involves the production
of transforming growth factor 1 (TGF-B) and BMPs'®, Elevated levels of TGF-B initiates
myofibroblast differentiation, which triggers an increase in collagen synthesis and cellular
contractility and is shown by a-smooth muscle actin protein expression (a-SMA)?'2-214, The VIC
phenotypic changes result from microenvironmental stimuli, elevating valvular stiffness and

tensile stretch, and lead to disease progression'01214.215,
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2.3.3. Other Possible Mechanisms

In HeartMate VE (pulsatile LVAD) patients, only local AV abnormalities were observed,
e.g., loss of endothelium, presence of fibrosis, and dense collagen, instead of large scale
remodeling. The pathological structures were spanned from the valvular annulus toward the
center, pulling the valve open and initiating Al development®. In cf LVAD patients, different
observations were made. Martina et al. suspected commissural fusion was a consequence of the
disappearance of the endothelial layer between leaflet boundaries when the valve stayed
permanently in a closed state?®. While another noted the thickening of the leaflet, consequences
of the extension of fibrous tissue, loss of elastic layer, or leaflet folding, prevented the AV from

closing properly and caused Al?'®.

2.4 Clinical Options

2.4.1 Recommendation about Surgical Intervention

Pre-existing moderate-worse Al grade is repaired at the time of LVAD implant'®?,
Depending on patients’ underlying pathology, LVAD support duration, and INTERMAC
classification, different repairing techniques would be used to maintain the native AV structure
and function, minimize potential adverse events, and allow the possibility of LV recovery (as
summarized in figure 2.2)'38160 Partial stitch or polytetrafluoroethylene patch is commonly used
to repair mild-moderate Al, while AV closure or replacement is used for moderate-severe
Al22138.145.217-219 \\jthout any repairing procedure, pre-existing mild Al patients were three times
more likely to develop significant Al post-LVAD implant''. Moreover, in the long term, those
patients experienced worse complications, such as higher RV dysfunction, significant Al, mitral,
and tricuspid regurgitant'®. The following section will discuss several conventional AV correction

methods.
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Pre-existing Al at time of LVAD implant

Mild -Moderate Moderate-Severe Mixed insufficiency and stenosis
Valve repair Valve closure Bioprosthesis valve replacement

Park Stitch/Modified Park’s Stitch
Figure 2.2 Summary of the current tre?r:ﬂlrgtla;r:tgﬂigﬁlggizlfor pre-existing Al at the time of LVAD
Partial Closure Central Park Stitch

Park stitch is the single, pledgeted 4-0 Prolene suture placing at the central portion of the
AV leaflets?'®. It is considered a simple, durable, and effective method to correct mild-moderate
Al provided that the original tissue is sufficiently thick and has enough tensile strength to hold the
sutures. In the case of a regular/thin and fragile leaflet structure, this method may lead to leaflet
tearing and recurring Al. While allowing partial opening and forward flow through AV, Park stitch
method still has some limitations such as potential Al recurrence, risk of stenosis
development/progression, and suture detachability (in cases of valve deterioration, or tear at
coaptation points). Moreover, Park stitch is not a suitable treatment for severe Al, or bridge-to-
recovery patients (who need to maintain the original AV’s structure and function)'62219220 Pgrk
stitch’s patient must be monitored carefully during LVAD speed regulation and ramp testing to
avoid stitch rupture from sudden AV opening'®2. The effectiveness and durability of this method
during pulsatile and cf LVAD support up to 2 years were reported'3®2'%-221_ One clinical study
found that Park stitch method significantly prevented Al progression in pre-existing moderate-
worse Al patients, and did not affect patient survival rate??'. In another study, there was a similar
Al prevalence at 1-year post LVAD support for those with correct AV and normal AV. Moreover,

approximately 40% of patients undergoing this procedure had some degree of AV opening=8.
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Modified Park Stitch

Modified Park stitch method is recommended for mild-moderate Al in which the valvular
leaflets are relatively regular or thin. This technique consists of stitches securing pledgets with
each commissural at the center of AV for reinforcement. Since the repair is not centrally localized
instead of distributes across the leaflets, this method can prevent sutures tearing while allowing
partial AV opening and forward flow??°, This method had similar limitations as Park stitch, as
discussed above'®?. Compared to other correction methods, AV repairs (central AV closure by
Park and modified Park stitches) have debatable durability. At 4-6 months post-LVAD follow up,
approximately 20% moderate-worse Al recurrence rate occurred in some centers'®222 while

other groups report a much lower recurrence rate (0-7%)"38220.221,

Complete Valve Closure

Complete AV closure is recommended for patients with moderate-serve Al or
degenerative AV, such as leaflets prolapse or mal-coaptation'®?. This procedure performed using
three felt strips suturing the valve leaflet, anchoring the aortic wall at the commissures; in some
cases, a patch can be sewed directly to cover the valve annulus or cusp. If the patient has
bioprosthesis (BP) AV, the BP would be removed, and a pericardial patch is used to close the
outflow tract®2'® |t is a relatively fast procedure with long term durability (no AV deterioration or
recurrent Al), no long term emboli complication. Still, some limitations exist, such as no forward
flow, no systemic flow in case of pump failure, high risk of thrombosis, limiting the possibility of
myocardial recovery or device weaning off'#1%0.162 There are mixed findings regarding the
survival rate for patients with AV closure: Adamson et al. reported a higher survival rate in
comparison to the intact AV group, while Robertson et al. reported this group had higher

unexplained deaths and death incidences from device failure4516°,
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AV Replacement
AV can be replaced with BP and mechanical heart valve in patients with mixed stenosis
and insufficient or calcific pathology. This method offers some advantages such as the possibility
of myocardial recovery and pump removal, complete AV opening allowing higher exercise
tolerance, etc. On the other hand, its limitations include long and complicated procedures, high
risk of thrombosis (even with the use of anticoagulation), potential valvular fusion, or stenosis in

porcine BP Valve63,87,162,174,220,223—227

2.4.2. Outcomes of Different Al Correction Methods

Previously, Adamson et al. had reported that post-LVAD patients with AV closures had a
higher 1- and 3-year survival rate and less valvular compromising related adverse events (such
as retrograde flow or embolization) in comparison to those with intact AV'#. However, recent
studies reported the opposite trend. At one year, patients with AV repair or no-intervention had
the highest survival rate (roughly 80%), followed by AV replacement (72%) and AV closure
(64%)16%161 In terms of durability, the valvular repair was ranked last with the highest Al recurrent
rate at approximately 20%, following by 10%, 9%, and 5% in patients with no-intervention, AV
replacement, and closure, respectively. Interesting, causes of death, re-hospitalization, stroke, or

right heart failure incidences were found similar in all groups'€°.

2 4.3. Other Options

Regardless of which procedures were used previously to correct Al, the LVAD support
level needs to be optimized, AV structure and operation (open/close), and the progression of Al,
should be monitored regularly with routine echoes measurements??®. The current guidelines for
Al management in post-LVAD patients are summarized in figure 2.3. While decreasing LVAD
speed reduces the TVP and Al severity, it also increases LV filling pressure and worsens end-

organ perfusion'®. Optimization of LVAD speed was generally defined as the lowest possible
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level of LVAD support that maintains adequate CO and oxygen, eliminates moderate/worse mitral
regurgitant, and allows AVO'%. Intermittent AVO during LVAD support was found to reduce the
risk of Al development, improve LV systolic function and EF (especially in patients with
preoperative short HF duration)?3.136-138.176

When no trace of Al is present, patients should still be monitored carefully to ensure LVAD
operating at the right speed and no Al development'3®. If mild Al is detected, optimization of LVAD
speed, allowing partial or intermittent AV opening, could prevent the progression of Al. In the case
of significant Al, speed optimization, however, might cause inadequate CO and worsen HF
symptom™38162_|nstead, when symptomatic Al is present post-LVAD, higher speed should be set
to improve CO. If the patient's Al and HF symptoms worsen with no changes in hemodynamics,
AV repair, replacement, or closure procedure will be required. 5-10% of LVAD patients would

need Al-correction surgery after three years or longer post-implant'3é,

No Al De novo/recurrence Al
/ AN
Asymptomatic Al Symptomatic Al
|
LVAD speed optimization T LVAD speed
Allowing partial AV opening Improvement No improvement

Maintaining normal LV size

Regular monitor for a sign of Consider for AV repair,
HF development replacement or closure

Figure 2.3 Summary of the current post-LVAD management guidelines'817°

2.5 Conclusion
This chapter gave a literature review on the Al features, mechanism, and clinical options

during LVAD support. Al is a common complication, affecting morbidity and mortality in LVAD
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patients. While the mechanism of de novo Al development is unknown, it was linked to
commissural fusion, lack of AVO, and alteration of valvular tissue mechanics. Pre-existing Al also
worsens in post-LVAD, interfering with the pump benefits. Chapters 3 and 4 will investigate the

effect of HM2 and HM3 to intraventricular flow in the presence of pre-existing Al.
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Chapter 3
The Effect of Aortic Insufficiency on Left Ventricular Flow in The

HeartMate Il LVAD Supported Heart

3.1 Background

Left ventricular assist device (LVAD) support increases systemic blood flow and improves
the end-organ functions in heart failure (HF) patients. The LVAD provides intermediate support
for Bridge-to-Transplant patients while waiting for suitable heart donors, as well as long-term
support for Destination Therapy patients who are ineligible for transplant®”-22°, In most HF patients,
the pumps facilitate consistent cardiac output (CO) improvements?3°-232_ |n a small number of
cases, the patient’s heart recovers sufficiently to be weaned off of the device. However, the

majority of LVAD patients remain on the device permanently?33-238,

The aortic valve (AV) leaflets contain a dense network of highly aligned collagen fibers
orientated along the circumferential direction in the outer layer°. As a result, the stress-strain
response along this direction is stiffer compared to the transverse radial direction'. Aortic
insufficiency (Al) is the inability of AV to close during diastole, which allows blood to leak back
into the left ventricle (LV) (Figure 3.1A). In LVAD-related lesion, Al resulted from the alternation
of aortic root geometry or valvular leaflets and developed within a few months of pump implant'2.
Previous studies reported strong associations between LVAD-induced Al with decreasing in AV

opening frequency and development of commissural fusion8386:94.115.134,135,139,143

The short term outcome of patients with pre-existing/uncorrected Mild Al at the time of
LVAD implant is similar to those with normal AV. However, in the long term, those patients
developed worse complications (e.g., HF dysfunction, greater incidence of Moderate-Severe Al,

mitral regurgitation (MR), etc.)'®. Significant (Moderate-Severe) Al is found in more than 50% of
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LVAD patients at 18 months support and can arise de novo or progress from pre-existing
Trace/Mild Al conditions®-%. The de novo Al, associating with AV commissural fusion, is
irreversible, time-dependent, and progresses with extended LVAD support386:88.136-138 | the first
1.5 years post-implantation, the rate of Moderate-Severe de novo Al diagnoses doubles every six
months; and the risk of Al is approximately 65% at three years post-implant®14°. Pre-existing Al
tends to worsen post-LVAD implantation®386.136.139 - At two years of continuous-flow (cf) LVAD
support, Al (regardless of classifications) did not affect patient survival rate, excepted for those

with pre-existing right ventricle dysfunction84137.138.176,180-182

A. Al without LVAD support B. Al during LVAD support

Aorta

Al

Diastole Systole Diastole Systole

Figure 3.1: Schematic of Al (A) without and (B) with LVAD support.

Al regurgitant jet decreases systemic perfusion and alters the LV flow pattern, ultimately
inducing LV dysfunction and exacerbating HF7".172240.241_Gjgnificant Al can lead to higher patient
readmission rates, end-organ hypoperfusion, and worsening right ventricle
hypokinesis®83.137.138,140.176.180 " Dyring LVAD support, the regurgitant flow loop (Figure 3.1B)
extends the time-history of shear stress exposure of the blood, increasing hemolysis and
thromboembolism. In this condition, the pump needs to run at a higher speed to achieve adequate
CO, which increases wear on the device. The AV dysfunction interferes with cardiac recovery and

pump weaning in “Bridge-to-Recovery” patients®®, and limit patient’s exercise capacity and quality
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of life?*2. The goal of this project is to (i) evaluate the LV fluid mechanics during Al, and (ii) quantify
indices associated with hydrodynamic efficiency and vortex development during the HeartMate Il

(HM2) LVAD (Abbott, IL) support.

3.2 Method
3.2.1 Experimental Setup

Experimental studies were performed with the San Diego State University (SDSU) mock
circulatory loop, which mimics the cardiac hemodynamics®®'74. The customized transparent
model of the dilated LV was fabricated from platinum-cured silicone rubber based on idealized
geometry. The inflow cannula was connected to a HM2, and the outflow graft was replaced with
16mm-diameter Tygon tubing and connected to the ascending aorta. The assembly was
immersed in a water-filled tank and connected to the systemic circulation, based on the
Windkessel design(Figure 3.2 (Left))*®. A linear displacement piston pump (controlled by
LabView) imposed cyclic pressure to the LV, producing the fluid displacement with the E- wave
and A-wave, and systole. The circulating fluid, supplied through the left atrial chamber, was a
viscosity-match blood analog containing 40% glycerol and deionized water (3.72 cP at 20°C)
neutrally buoyant fluorescent particles (20 mm, PMMA-RhB) for flow quantification. Pressure and
flow transducers were used to record LV pressure (LVP), aortic root pressure (AoP), systemic
flow rate (Qsys), and LVAD flow rate (Quvap) at 200Hz. Porcine bioprosthetic valves, 26-mm
Medtronic Mosaic, and 25-mm Medtronic 305 Cinch were placed in the AV and MV positions,
respectively.

Al was created with small 3-D printed stents with thin walls to minimize the effect of
transvalvular pressure differences during systole (Figure 3.2 (Right, bottom)'. The stent was
inserted into the AV to prevent complete valve closure and to induce a regurgitant jet without

obstructing the forward flow. The stent openings had regurgitant orifice areas of 3, 10, 15 mm?
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which generated regurgitation fractions of 19% (mild Al), 29% (mild-moderate Al), and 41%
(moderate-severe Al) respectively’'15’. These three models are classified as Mild, Moderate,

and Severe for short.

l Labview !
control

Body LA software '

l ¢ B

I Heart Valves
LV B Flow Sensor
I \/ B Pressure Sensor
LVAD l
Piston Pump

Figure 3.2: (Left) The mock circulatory loop; (Right, top) HeartMate II; (Right, bottom) Al stent.

The systemic resistance was adjusted to achieve the hemodynamics of Class IV New York
Heart Association dilated cardiomyopathy (DCM). In particular, a mean aortic pressure (AoP) of
60 = 5 mmHg, CO of 2.0 + 0.5 L/min, and end-diastolic volume (EDV) of 180 mL were obtained'’°.
In the pre-LVAD condition, the LVAD conduit is clamped, and the HM2 is off (LVAD-off). For the
post-LVAD conditions (LVAD on), three different HM2 speeds were tested noth with (CS on) and
without (CS off) native cardiac function. These levels were defined as Low, Medium, and High
LVAD support and corresponded to 8k, 9.4k, and 11k rotations per minute (rpm). Each stent was

then incorporated into the AV, and the same conditions repeated.
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The velocity fields, measuring using Digital Particle Image Velocity (PIV), were captured
by a thin (1-2 mm) laser light sheet positioned at the LV mid-plane (Figure 3.3)?*3. The LaVision
Imager Intense high-resolution camera recorded 12-bit digital images with a time interval of 700-
2000 us. A sufficient spatial resolution (14 pixels/mm) was achieved by using 32 x 32 pixels
interrogation windows on 1376 x 1040 pixels field. Triggered image pairs were acquired at 40 Hz
for each condition, and 50 image sets were collected and phases-average for each time points®°.

Each CC lasts 0.95s and contains 39 frames.

N
LAVISION

Figure 3.3: PIV.

3.2.2 Data Analysis
Hemodynamic analysis
Sixty cycles of pressure and flow for each condition were analyzed and computed the
average, maximum, and minimum values (Figure 3.4). The flow waveforms were integrated to
calculate stroke volume (SV). The LVP waveforms were used to define the duration of systole

and diastole. Other parameters were derived from the hemodynamics data, as described below.

40



No Sampling &
100 \ I LV Pressure
80, | \
i © j \ J \ | \
3 40 \ [ [
20
N ! \/\/wa 1N \/W~VJ o~ \/\'\/v- o ~ {rvm 2% \/va
No Sampling v
120 I Aortic Pressure v
s “\\w (AN \/\ : T \
E 100 b \
E i /J | ) | ", o \‘\
80
No Sampling &
8.0 M Aortic Flow
7.0
. 6.0
g 5.0
4.0
3.0
2.0
\ No Sampling &
o ,/ \ \ /\'\ i\ \ { \ I LVAD Flow v
o | r \ ; . : \
E o1 \ / \ I
B TR A I I
v 69 70 7n 7 7 74 75 76 77 78 79

(o] ~ 21 A

Figure 3.4: Pressure and flow curves from Lab Chart.

Transaortic pressure (TVP):

TVP(1) = AoP(t) - LVP(t) (Equation 3.1)
Flow-through AV (Qav):

Qav (V) = Qgys(t) - Quyvap(t) (Equation 3.2)
(positive Qav: forward flow, and negative Qav: backward flow through AV)
Flow ratio (Qratio):

— Quvap

Qratio = Tys (Equation 3.3)

Pulsatility index (PI):

_ Qgys max-Qgysmin

Pl
sts

(Equation 3.4)
Net flow through AV (NF):

NF = 2 x 100% (Equation 3.5)

sys
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Forward LV ejection fraction (LVEF)?*:

ﬁsys

x 100% (Equation 3.6)
LVepv

Forward LVEF =

(SVgys: average systemic stroke volume, LVepy: left ventricle end-diastolic volume)

S/D ratio'%:

. LVAD i i .
S/D ratio = peak systolic veloclty (Equation 3.7)
I-VADpeak diastolic velocity

AV opening (AVO) time (second) was estimated from the transvalvular signal as shown below

100

TVP signal
< Valve Opening TVP
50 » Valve Closing TVP

60

40

TVP [mmHg]

20

time [s]

Figure 3.5: Aortic valve transvalvular pressure is used to estimate AV opening time

Diastolic acceleration (Adia)'® and early diastolic phase slope (EDPS)'% were estimated from

the LVAD velocity and flow, as shown in figure 3.6:

LVAD Velocity LVAD Flow
0 8
0 0.2 0.4 0.6 0.8 1 1.2 1.4 7
5 D 6
5
5 10 o £,
= Diastolic 5 EDPS
° 45 Acceleration 3
2
20 1
0
25 . 0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (S) S Time (S)

Figure 3.6: Estimation of diastolic acceleration and early diastolic phase slope (EDPS) from
LVAD velocity and flow.
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LV vortical flow tracking and analysis

Vortex structures were determined from the vorticity of the measured velocity field,
applying the Q criterion to identify the vortex boundaries, as previously described?*®. The vortex
ring is visible in the 2-dimensional mid-plane as two counter-rotating vortices: clockwise (CW) and
counterclockwise (CCW) (Figure 3.7). The temporal waveforms for the radius, position,
circulation, and in-plane kinetic energy (KE) were obtained over the full CC for both CW and CCW

vortices 124245,

Diastole Systole

Figure 3.7: Vortex clockwise and counterclockwise features.

Region of interest analysis

The average regional velocity of the backward/forward flow through the AV and flow
entering the pump was obtained from user-defined areas of interest (ROI) near the AV, MV, and
LVAD inlet (Figure 3.8 (Left)).

An in-house MATLAB program was developed to characterize the regurgitant jet (RJ) from
the PIV velocity images using a velocity threshold of 0.15 m/s (Figure 3.7 (Right)). The RJ area,

vena contracta, lengths, and average velocity of the RJ over the full CC were determined.
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RJ Area

Figure 3.8: (Left) ROI analysis and (Right) RJ analysis.

Energy Dissipation Rate
Energy dissipation rate (EDR) was computed from the recorded velocity fields as defined
in equation 8'%7

EDR= p [(3—2)2 + (Z—;)z + 0.5 (Z—Z + %)2] (Equation 3.8)

where u is the fluid viscosity, u and v are the velocity components in the x and y directions,

respectively.

Residence Time Analysis
Blood residence time (TR) was calculated from the modified advection equation, as
described in detail in our previous publications'?4246, The equation was integrated in time for 20

CC, which ensured convergence to a periodic solution.

Estimation of quantitative clinical parameters for grading Al
Vena contracta width (cm) is estimated from the regurgitant jet analysis as discussed earlier

Jet width/LVOT width (%):

Jet width — jetmax diameter
LVOT width LVOT wigth

(Equation 3.9)
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where LOVT (LV outflow tract) width is estimated from the PIV velocity image and

approximately 26mm.

Jet CSA/LVOT CSA (%):
JetCSA T (ietmax%iameter) _ RJmaxdiameterz .
LVOT CSA - (LVOTWidth)z T T LVOT g2 (Equation 3.10)
2

where CSA (cross-sectional area) (estimated value, assuming CSA has circular shape)
Regurgitant volume (RegV) (mL/beat) is estimated from negative stroke volume of AV

Regurgitant fraction (RF):

_ Totalgy baseline -TotalgyAl

RF

(Equation 3.11)

Totalgybaseline

Effective regurgitant orifice area (EROA) (cm?):

RegV

EROA = (Equation 3.12)

J jetaverage velocity

Statistical Analysis

The hemodynamics properties (LVP, AoP, Qsys, Qav, Quvap, and Qratio), Vortex properties,
and regurgitant jet properties were tested for normality using the Shapiro-Wilk test. A Kruskal-
Wallis one-way ANOVA test was used to assess the statistical significance of each group.

Significance was achieved for p < 0.01.

3.3 Result
Aortic Insufficiency during LVAD Support in the Absence of Cardiac Contraction
In the absence of native cardiac function (CS off), AoP, TVP, and Qsys increased as LVAD
speed increased, yet LVP remained low across different Al conditions (Table 3.1A). Qsys
progressively decreased, while Qvap and Q ratio increased as Al became more severe.
Substantial flow entering the pump without contributing to the systemic circulation resulted in a Q

ratio larger than one, an indication of regurgitant flow loop. Without the cardiac contraction to
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generate pressure and open the AV, the AV hemodynamically closed, allowing only backward
(negative) flow. Higher LVAD supports increased backward flow through the AV by 20-80% in
comparison to the lowest LVAD support, especially in the Mild Al case (Table 3.1A).

The velocity field maps of Figure 3.9 illustrate the pattern of series flow through the LV
during CS off conditions, with all flow exiting the LV through the LVAD. The HM2 continuously
pulled fluid toward the apex, resulting in two incoming jets from the MV and AV entering the LV.
The interaction between the mitral and Al inflow jets created turbulence, CW and CCW vortices
that did not normally occur (Table 3.1B). The RJ appeared along the LVOT. As Al severity
increased, the larger RJ collided with the septal walls, generating higher CW circulation and KE.
In contrast, the CCW vortices formed near the LV free-wall, and increased in size with increased
LVAD speeds. The persistent Al jets grew in size with Al severity and LVAD speed (Table 3.1C).
At higher LVAD speeds, the RJ areas and maximum diameters increased significantly, especially
for Mild Al conditions (200-500%). In each Al group, the velocity increased only slightly with Al,
and the Vena Contracta width (VC) (minimum RJ diameter captured near the AV) was similar.
The Average ROI velocity across the AV and inflow cannula, as shown in Figure 3.10, followed

the same pattern: velocity increased with increased LVAD speed and more severe Al.
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Figure 3.9: Velocity Field Images of Mild, Moderate, and Severe Al conditions for CS off
conditions (Aortic valve (AV), mitral valve (MV)).

ROI Average Velocity for AV_ CSoff ROI Average Velocity for LVAD_ CSoff
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Figure 3.10: Average velocity across the aortic valve and LVAD inflow cannula for the CS off
conditions at different Al classifications.
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Aortic Insufficiency before LVAD implantation (Pre-LVAD)

Native heart function (CS on) without LVAD support produced a 17% EF, 1.9 L/min CO at
63 bpm heart rate at BL condition. For all pre-LVAD conditions, the average of LVP, AoP, and
TVP was similar, but systemic flow was reduced by 20%, 30%, and 41% for the Mild, Moderate,
and Severe Al, respectively. As Al severity increased, the AVO time, NF, forward LVEF, and
diastolic SV decreased (Table 3.2A, B). The velocity field maps (Figure 3.11) illustrate four cardiac
cycle events: early diastole peak-E, mid-diastole, atrial contraction peak-A, and mid-systole. In all
conditions, the E-wave vortex pattern reflects the incoming mitral jet, which forms a vortex ring
with larger CW and smaller CCW vortex. The CW vortex grows in size while the CCW vortex
dissipates rather quickly due to its interaction with the free-wall. This pattern helps to direct flow
toward the LVOT during late-diastole, and through the AV during systole. In Al conditions, the
RJs appear during isovolumic relaxation, before MV opening, then continues to grow before
disappearing by the start of systole. The interaction between the RJ and the incoming MV jet
produces collision in the LV. Severe Al increases CW and CCW circulation and KE, significantly
higher than BL. As Al progresses, a larger CCW vortex is formed, resulting in reduced vortex
symmetry (Table 3.2B).

The ROI was plotted for the full CC, starting from diastole at t = 0, the A-wave occurred at
t =0.525 s, and systole started at t=0.65 s (Figure 3.12A). For the AV ROlI, positive and negative
values denote forward flow to the aorta or backward flow to the LV, respectively. In the BL
condition, maximum forward flow occurred during systole (~0.15m/s). In the presence of Al,
backward diastolic flow occurred with a maximum velocity of -0.14, -0.17, and -0.35 m/s for Mild,
Moderate, and Severe Al levels. Increased Al severity effectively prolongs diastole and shortens
systole, extending the time of backward flow and increasing regurgitant volume. For the MV ROI,
the negative value denotes incoming LV flow. Each graph displays two peaks representing the E-
and A-waves. The BL condition has the maximum peak E and A velocity. As Al severity increases,

peak E velocity increases while peak A velocity decreases.
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Figure 3.11: Velocity Field Images of Baseline and Mild, Moderate and Severe Al conditions for

pre-LVAD conditions in the presence of native cardiac function (Aortic valve (AV), mitral valve

(MV)).
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Table 3.2: [A] Hemodynamic result, [B] Stroke volume, [C] Intraventricular vortex properties,
and [D] Regurgitant jet properties (mean + standard error) of Baseline (normal valve), Mild,
Moderate and Severe aortic insufficiency (Al) conditions in the presence of native cardiac
function (CS On) without LVAD support (Pre-LVAD) (1 Statistical significance (p<0.01) for
different tested conditions).

Parameters Baseline Mild Al Moderate Al Severe Al
LVP (mmHg) 20.21+0.22 | 20.02+0.23 | 24.68+0.24 | 20.11 +0.22
AoP (mmHg) 64.99 + 0.13 | 61.29 + 0.11 63.58 + 0.11 62.15+ 0.13
TVP (mmHg) 44,78 41.27 38.89 42.05
Qsys (L/min) T 1.90 £ 0.03 1.53 + 0.03 1.34 £ 0.03 1.12 £ 0.03
PI 10.14 10.95 13.03 17.16
RF (%) 0 19 29 41

NF (%) 99.64 80.49 70.68 59.56
Forward LVEF (%) 17.05 13.92 12.30 10.12
AVO time (s) 0.25 0.23 0.20 0.18

[A] Hemodynamic result (LVP (LV pressure), AoP (Aortic pressure), Qsys (total systemic flow),
Quvap (LVAD flow), Qav (flow through aortic valve), Qratic (Flow ratio), PI (Aortic pulsatility index),
RF (regurgitant fraction), NF (net flow through AV), LVEF (left ventricle ejection fraction, AVO
(aortic valve opening) time.

Stroke volume Baseline Mild Al Moderate Al Severe Al
Diastole (mL) -0.03+£0.36 -1.96 £ 0.27 -7.50 £ 0.23 -10.26 £ 0.20
Systole (mL) 30.71£0.22 27.55+0.19 29.64 £ 0.13 30.17 £ 0.25
[B] Stroke volume during diastole and systole
Parameters Baseline Mild Al Moderate Al Severe Al
Circulation Cwt 8.93 + 0.91 8.04+049 | 769+0.69 | 17.36 + 1.46
(x10° m?/s) CcCcwt -3.97 +0.71 | -4.02+0.71 | -554 +0.81 | -13.47 + 1.26
Total Kinetic Energy (mJ/m) 1 | 0.97 + 0.26 0.61 +0.11 0.73 £ 0.14 2.06 + 0.28
Kinetic Energy | CW 1 059+0.14 | 0.36+0.05 | 0.39+0.06 | 1.20 +0.14
(mJd/m) CCW+t 0.38 + 0.12 0.25+0.06 | 0.35+0.08 0.86 + 0.17
CW+t 0.44 + 0.03 0.45+0.02 | 0.48 +0.03 0.56 + 0.02
Radius (cm) CCW+t 0.29 £ 0.02 0.31 + 0.01 0.60 £ 0.05 0.72 + 0.05
CW+t 1.84 + 0.12 1.92 + 0.11 2.38 +£0.20 2.78 £ 0.20
Aspect Ratio CCWt 1.40 + 0.04 151 +£0.07 | 213 +£0.12 2.06 + 0.12
Vortex symmetry CW:CCW t 1.64 + 0.12 146 £ 0.10 | 0.97 + 0.11 0.90 + 0.06

[C] Intraventricular vortex properties (Clockwise (CW), and counter-clockwise (CCW))

(In the case which had multiple CW and CCW vortices occurrences: total CW and CCW vortex
circulation and kinetic energy, radius/aspect ratio/vortex symmetry of the main (largest) CW and
CCW vortex were reported).
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Table 3.2: (cont.)

Parameters Mild Al Moderate Al Severe Al
Area (cn?) t 1.86 +£ 0.17 2.60+ 0.14 6.21 + 0.36
Max Diameter (cm) t 0.93 + 0.04 1.09 + 0.04 1.42 +£ 0.04
Vena Contracta Width (cm) 0.27 + 0.01 0.35 + 0.01 0.55 + 0.01
Length (cm) T 2.75+0.20 3.60 + 0.14 5.55 + 0.28
Velocity (m/s) t 0.20 + 0.00 0.21 4 0.00 0.29 + 0.01
Peak velocity (m/s) t 0.31 + 0.01 0.32 + 0.01 0.55 + 0.03

[C] Regurgitant jet properties

ROI AV for pre-LVAD: baseline vs. Al

ROI MV for pre-LVAD: baseline vs. Al
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Figure 3.12: Time-varying during one cardiac

cycle of [A] Average velocity across the aortic

valve and mitral valves, [B] Energy dissipation rate and [C] Regurgitant jet area for all pre-LVAD

conditions(Diastole starts at t = 0, the 2" fillin
starts at t = 0.65 for

g phase occurs at t = 0.525 s and the systole
baseline condition).

The time series plots of EDR and RJ area during the CC are shown in Figure 3.12B and

C, respectively. Average EDR was lowest in the BL condition and increased significantly by 144%,

5

3




227%, and 620% for Mild, Moderate, and Severe Al, respectively. EDR remained high during
diastole for Severe Al, but decreased more rapidly in Mild and Moderate Al cases. During systole,
the AV opens and allows forward flow, leading to the disappearance of EDR. The RJ area
evolution followed similar patterns, featuring jet growth during diastole and dissipation during
systole. The severe Al jet persisted the longest, which is consistent with AV ROI results. The

properties of RJ is shown in table 3.2C.

Baseline vs. Mild Aortic Insufficiency during LVAD support

During BL conditions, LVAD support increased the AoP, TVP, and Qsys, while LVP was
kept approximately constant (Table 3.3). The increasing Qsys resulted from a combination of LVAD
flow and reduced AV flow. The effect of LVAD support on the flow patterns of LV has been studied
previously by our lab with other LVAD models. The HM2 LVAD produces a similar behavior in our
mock loop. Parallel flow (positive Qav and Qratio <1), during which a significant portion of LV flow
is ejected through the AV, was observed when the LVAD was operated at low and medium speeds
(8k and 9.4k rpm). Series flow (Qav = 0 and Q ratio = 1), during which the AV is hemodynamically
closed and all flow exits through the pump, was observed when the LVAD was operated at high
speed (11k rpm). For the Mild Al conditions, Qsys and forward LVEF decreased by 9-24%, while
Quvab decreased by 3.5-7.4% compared to BL conditions at the same LVAD support level. During
low LVAD support, the Qav and NF are positive. Increasing LVAD speeds resulted in backward
Qav, negative NF, and lower AVO time.

The addition of LVAD support increases CW circulation, KE, and vortex symmetry in BL
condition (Table 3.4A). The circulation and trajectories for CW and CCW vortices during the CC,
beginning with the MV opening, following by early and late diastolic filling, and concluding at end-
systole (Figure 3.14A). The pre-LVAD condition shows the CW vortex formed, following a straight

trajectory toward the apex during the E-filling phase, then moving up toward the base. A weaker
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jet arrived with the A-wave, joined the main CW vortex, and strengthened its circulation. The CW
vortex then moved toward the LVOT by the onset of systole. The CCW vortices appeared at early
E- and A- wave filling phases, but decayed quickly due to confinement by the LV free wall. During
LVAD support at 9.4k rpm, the mitral jet got pulled toward the LV apex by the pump, still a similar
pattern was observed. Vortex circulation increased, but the CW vortex dissipated much faster
when LVAD presence.

For Mild Al, similar circulation and KE average to the BL conditions were recorded for all
levels of LVAD supports (Table 3.4B). The presence of Al interfered with the mitral inflow, causing
multiple vortices to form (Figure 3.13 and 3.14B). Before LVAD support, the primary vortices
evolved similarly to the BL condition, except that the CW and CCW vortex circulations at peak E
were lower. During the E-filling phase, secondary (2°) CW and CCW appeared with the incoming
RJ. The 2° CW vortex dissipated quickly due to confinement by the septal wall, while the 2° CCW
vortex moved toward the LV center and collided with the main CW vortex. Consequently, the
interaction between these two vortices prevented the main CW from rolling up and moving toward
the base. During the A-wave filling phase, the 2° CCW vortex appeared again merging with the
primary CW vortex, and all flow structure move toward the AV by the onset of systole. The
presence of the LVAD created a larger RJ, as well as larger 2° CW and CCW vortices. The 2°
CW vortex persisted longer with increased LVAD support. During LVAD support at 9.4k rpm, the
primary CW vortex rolled from the LV apex and collided with the RJ’s vortices at the LV center at
the end of diastole. High LVAD speed produced stronger and more persisted RJ’s vortices that
traveled toward the apex before merging with the primary CW vortex.

Average ROI velocities were shown in Figure 3.15A (negative velocity indicated incoming
velocities toward the LV or the LVAD inlet). As LVAD speed increased, the average velocities
increased by 13-18%, 34-67%, and 56-92% for the AV, MV, and LVAD inflow ROI, respectively.

Moreover, the presence of LVAD increased EDR by 40-46% and RJ area 75-101% from the pre-
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LVAD condition (Figure 3.15C, D). The average RJ properties of mild Al are reported in table

3.5A. Higher LVAD speed resulted in larger jet area and length and prolonged diastole consistent

with ROI result in Figure 3.15B.

Peak E Mid-diastole Peak A Systole
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Figure 3.13: Velocity Field Images of Mild Al during the different levels of HeartMate Il supports.
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Figure 3.14: (Left) Time-varying (positive) clockwise (CW) and (negative) counterclockwise
(CCW) vortex circulation are shown for [A] Baseline and [B] Mild Al conditions.
(Middle, Right) Vortex core trajectories as the result of the E-wave and A-wave inflow
contributions are shown: the trajectories’ symbols and lines are corresponded to the circulation

plot (t symbol indicates the merging to vortices).

(Diastole starts at t = 0, the 2" filling phase occurs at t = 0.525 s, and the systole starts at t =
0.65 for baseline condition). (Blue symbols denote E wave vortices, red symbols denote A wave
and systolic vortices; square symbols denote main CW vortices, circle symbols denote
secondary CW vortices, down-triangle symbols denote main CCW vortices, up-triangle symbols
denote secondary CCW vortices; blue lines and red lines denote vortices that appear and
dissipate during E wave and A wave respectively, black lines denote vortices that perpetuate
the entire cardiac cycle (MVO = mitral valve opens, MVC = mitral valve closes, AoVO = aortic
valve opens, AoVC = aortic valve closes).
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Figure 3.14: Vortex Circulation and Trajectories (cont.)
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Figure 3.14: Vortex Circulation and Trajectories (cont.)
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Figure 3.15: [A] Average velocity in the region of interest at aortic valve (AV), mitral valve,
and LVAD. Time-varying during one cardiac cycle of [B] Average velocity at the AV, [C]
Energy dissipation rate, and [D] Regurgitant jet area for mild Al conditions.
(Diastole starts at t = 0, the 2" filling phase occurs at t = 0.525 s, and the systole starts at t
= 0.65 for baseline condition).
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Table 3.3: Hemodynamics result (mean + standard error) of Baseline (normal valve), Mild,
Moderate, and Severe aortic insufficiency (Al) conditions in the presence of native cardiac
function (CS on). (1 Statistical significance (p<0.01) for different tested conditions).
(LVP (LV pressure), AoP (Aortic pressure), Qsys (total systemic flow), Qrvap (LVAD flow), Qav
(flow through aortic valve), Qratio (Flow ratio), PI (Aortic pulsatility index), RF (regurgitant
fraction), NF (net flow through AV), LVEF (left ventricle ejection fraction), S/D ratio (ratio
between systolic and diastolic peak LVAD velocity), Adia (diastolic acceleration), EDPS (early

diastolic phase slope), rpm (rotations per minute), AVO (aortic valve opening))

8k rpm Parameters Baseline Mild Al Moderate Al Severe Al
LVP (mmHg) 24.59 + 0.25 2140+ 0.25 2541+ 0.27 14.80 + 0.26
AoP (mmHg) 93.12 + 0.09 92.78 + 0.07 89.91 + 0.09 92.56 + 0.09
TVP (mmHg) 68.53 71.39 64.50 77.75
Qsys (L/min) 2.58 +0.02 1.97 £ 0.02 1.88 + 0.02 1.45 + 0.02
Qrvap (L/min) 2.01 £ 0.01 1.86 + 0.01 2.03 £ 0.01 2.03 + 0.01
Qav (L/min) 0.57 0.1 -0.15 -0.58
Q ratio 0.78 0.95 1.08 1.40
Pl 4.21 4.73 6.94 8.53
NF (%) 22.26 4.09 -5.78 -22.40
Forward LVEF (%) 22.93 17.85 17.04 12.76
S/D ratio 3.80 2.59 2.34
Adgia (cm/s?) 10.22 14.23 13.85
EDPS (L/min/sec) -24.04 -22.46 -20.60
AVO time (sec) 0.19 0.16 0.16 0.15

[A] Low LVAD speed
I?’:;::ent‘ers Baseline Mild Al Moderate Al Severe Al
LVP (mmHg) 23.99 £ 0.25 18.06 + 0.24 25.14 £ 0.28 27.40 £ 0.27
AoP (mmHg) 100.29 + 0.05 99.80 + 0.04 101.75+ 0.06 | 101.26 + 0.06
TVP (mmHg) 76.30 81.74 76.61 73.86
Qsys (L/min) 3.61 £ 0.01 3.11 £ 0.01 2.74 £ 0.02 2.35+0.02
Qrvap (L/min) 3.43 +0.01 3.26 + 0.01 3.26 + 0.01 3.35+ 0.01
Qav (L/min) 0.17 -0.15 -0.52 -1.00
Q ratio t 0.95 1.05 1.19 1.42
Pl 1.92 1.93 3.50 3.95
NF (%) 4.81 -4.11 -14.29 -27.65
Forward LVEF (%) 32.57 28.11 24.85 21.27
S/D ratio 2.61 2.06 1.82
Agia (cm/S?) 6.86 13.37 13.62
EDPS (L/min/sec) -21.41 -20.20 -18.33
AVO time (sec) 0.14 0.13 0.13 0.13

[B] Medium LVAD speed
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Table 3.3: (cont.)

11k rpm Parameters Baseline Mild Al Moderate Al Severe Al
LVP (mmHg) 21.26 £ 0.22 15.53 £ 0.22 21.93 £ 0.26 20.08 £ 0.25
AoP (mmHg) 110.12 + 0.03 | 108.15+ 0.03 | 109.41 +0.04 | 109.72 + 0.04
TVP (mmHg) 88.86 92.62 87.48 89.65
Qsys (L/min) T 5.02 £ 0.01 4.59 £+ 0.01 4.11 £ 0.02 3.68 + 0.01
Qvrvap (L/min) 4.96 £+ 0.01 4.79 £+ 0.01 4.85 + 0.01 4.89 + 0.01
Qav (L/min) ¥ 0.05 -0.20 -0.73 -1.21

Q ratio t 0.99 1.04 1.18 1.33

PI 1.04 1.18 1.72 1.83

NF (%) 1.02 -4.02 -14.62 -24.05
Forward LVEF (%) 45.19 41.47 37.31 33.25
S/D ratio 1.87 1.81 1.80

Adia (cm/s°) 4.30 8.91 6.85
EDPS (L/min/sec) -18.54 -17.71 -15.98
AVO time (sec) 0 0 0 0

[C] High LVAD speed

LVAD support worsens Al severity

At the same LVAD speed, the LVP, AoP, and TVP were relatively unchanged across all
groups (Table 3.3). For the Moderate and Severe Al groups, Qsys and forward LVEF reduced by
18-27% and 26-44%, while QuLvap was relatively similar in comparison to BL conditions at the
same LVAD speed. Backward flow through the AV and negative NF was observed in all post-
LVAD conditions and increased with LVAD speed. Q ratio > 1 followed a similar pattern and
indicated the presence of regurgitant flow loops. The S/D ratio and AVO time decreased, while
the Agia and EDPS increased as Al became more severe at the same LVAD speed. However, at
the same Al classification, increasing LVAD speed resulted in lower diastolic acceleration. Vortex
properties of different Al classification are provided in Tables 3.4B, C, D. As Al worsened, vortex
circulation and KE increased, and the CCW vortex became more dominant, particularly in severe
Al cases (vortex symmetry < 1). For the same Al condition, increasing LV speed also increased

circulation and KE.
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Table 3.4: Intraventricular vortex properties (mean + standard error) of Baseline (normal
valve), Mild, Moderate, and Severe aortic insufficiency (Al) conditions in the presence of native
cardiac function (CS on) (Clockwise (CW), and counterclockwise (CCW)). (1 Statistical
significance (p<0.01) for different LVAD speeds).(In the case which had multiple CW and CCW
vortices occurrences: total CW and CCW vortex circulation and kinetic energy, radius/aspect
ratio/vortex symmetry of the primary (largest) CW and CCW vortex were reported).

Baseline Parameters 8k 9.4k 11k
Circulation cw 11.30 + 1.13 11.50 + 1.25 13.81 + 1.49
(x10° m?/s) CCWt -3.78 £ 0.67 -4.41 £ 0.85 -6.20 £ 0.72
Total Kinetic Energy (mJ/m) t 1.22 + 0.29 1.40 + 0.34 1.82 +£0.42
Kinetic Energy cw 0.81+0.18 0.87 £ 0.19 1.13+£0.25
(mJd/m) CCw+t 0.41+0.12 0.53 + 0.17 0.53 + 0.23
cw 0.68 + 0.05 0.65 + 0.04 0.70 £ 0.19
Radius (cm) CCWt 0.35+ 0.03 0.40 + 0.05 0.38 + 0.03
CW+t 1.89 + 0.11 205+ 0.14 211+ 0.12
Aspect Ratio CCw+t 1.87 + 0.17 224 +0.24 212 +0.22
Vortex symmetry CW:CCW t 2.04 + 0.17 2.15+0.24 1.99 £ 0.16
[A] Baseline conditions during different LVAD speeds
Mild Al Parameters 8k 9.4k 11k
Circulation CW+t 6.21 + 0.68 7.16 + 0.76 8.17 + 0.88
(x10° m?/s) cCcwt -6.56 + 0.56 -5.30 + 0.60 -4.11 £ 0.48
Total Kinetic Energy (mJ/m)t | 0.71 £ 0.10 0.74 + 0.11 0.85 £ 0.11
Kinetic Energy CWt 0.38 + 0.06 0.45 + 0.07 0.58 + 0.08
(mJ/m) CCWt 0.34 + 0.04 0.29 + 0.04 0.27 + 0.04
CW+t 0.40 + 0.03 0.49 + 0.04 0.60 + 0.05
Radius (cm) cCcwt 0.49 £ 0.05 0.44 +£ 0.05 0.40 + 0.04
CW+t 1.91 +£0.16 2.04 +£0.19 2.28 £0.23
Aspect Ratio ccw 1.66 + 0.14 211+ 0.20 1.97 + 0.21
Vortex symmetry CW:CCW 1.16 +£ 0.12 1.29 +£ 0.15 1.90 + 0.26
[B] Mild Al conditions during different LVAD speeds
Moderate Al Parameters 8k 9.4k 11k
Circulation cw 10.33 + 1.05 10.04 + 1.05 9.10 £ 1.25
(x10° m?/s) ccw -6.53 + 0.82 -6.87 £ 0.86 -9.30 £ 0.83
Total Kinetic Energy (mJ/m) 1.09 +£ 0.18 1.25+ 0.22 1.46 + 0.26
(mJ/m) CcCcwt 0.39 £ 0.09 0.53 +£0.12 0.65+ 0.12
CW+t 0.42 + 0.02 0.44 + 0.03 0.35 + 0.02
Radius (cm) ccw 0.54 + 0.05 0.64 + 0.08 0.60 + 0.06
CW+ 2.36 + 0.16 2.71 1+ 0.21 2.07+£0.14
Aspect Ratio ccw 219+ 0.16 212+ 0.14 217 £ 0.20
Vortex symmetry CW:CCW 0.87 + 0.06 0.84 + 0.07 0.86 £+ 0.11

[C] Moderate Al conditions during different LVAD speeds
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Table 3.4: (cont.)

Severe Al Parameters 8k 9.4k 11k
Circulation CW+ 18.44 + 1.48 18.50 + 1.59 15.67 + 1.36
(x10° m?/s) CcCW t -18.47 £+ 1.58 | -20.09 +1.75 | -22.20 + 1.43
Total Kinetic Energy (mJ/m)t | 3.08 £ 0.38 3.54 £ 0.45 3.83 £ 0.40
Kinetic Energy CW+ 1.58 + 0.18 1.66 + 0.21 1.74 + 0.20
(mJ/m) cCcW t 1.50 + 0.22 1.88 + 0.26 2.09+0.19
CWt 0.53 + 0.03 0.49 + 0.03 0.46 + 0.02
Radius (cm) CCW t 0.77 + 0.06 0.71 +£ 0.05 0.77 + 0.04
CW+t 3.03+0.21 2.93 +0.21 247 +0.16
Aspect Ratio CcCW t 1.79 £ 0.13 210+ 0.13 2.08 + 0.11
Vortex symmetry CW:CCW t 0.82 + 0.06 0.82 + 0.08 0.70 + 0.05

[D] Severe Al conditions during different LVAD speeds

The SV of LVAD, AV, and systemic are shown in table 3.5 and figure 3.16 for different
conditions before and during LVAD support. For the BL conditions, the presence of the LVAD
increased total SV by increasing flow through LVAD and reducing flow through the AV. As LVAD
speed increased from 8k to 11k, both systemic and LVAD SV increased by over 300% during
diastole, but only 16% and 56%, respectively, during systole. When Al is present, a similar pattern
but with more dramatic changes in systemic and LVAD SV during the diastole were noted. During
the filling phase, high LVAD speed increased systemic SV but induced negative AV SV, indicating
backward flow through the AV. The backward flow occurred for all Al classification and increased
with Al severity. During systole, an increase in LVAD SV was coupled with a decrease in AV SV.
For Moderate and Severe Al, backward AV flow occurred during high LVAD support.

The average AV ROI velocity is shown in Figure 3.17A. Positive and negative values
denote forward flow to aorta and backward flow to LV, respectively. Increasing LVAD speed
decreased forward AV velocity in the BL condition. When Al was present, high LVAD speed and
worsening Al increased backward AV velocity. Moreover, larger EDR was observed in conditions
with higher LVAD support and Al severity (Figure 3.17B). Higher LVAD support increased the

average area, length, and peak velocity of the RJ (Figure 3.17C and Table 3.6). In comparison to
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the pre-LVAD condition, RJ areas increased the most in Mild Al cases when LVAD speed changed

from 8k to 11k rpom (Table 3.7). Within the same level of LVAD support, the quantitative clinical

parameter increases as Al severity increases (Table 3.8).

Table 3.5: Diastole and systole systemic, aortic valve (AV), and LVAD stroke volume (mean +
standard error)

8k Parameters Baseline Mild Al Moderate Al Severe Al
Systemic SV Diastole 10.96 +0.16 | 5.36 + 0.32 -1.12+0.35 -3.70+£0.23
(mL) Systole 31.03+0.15 | 26.71+0.22 | 30.74+0.14 | 27.60 + 0.21
Diastole 1.15+0.14 -2.42 + 0.21 -9.64 +0.31 | -13.57+£0.13
AV SV (mL) Systole 8.21+0.07 422 +0.05 6.35+0.11 4.66 + 0.08
Diastole 9.82+0.10 7.79+0.18 8.51+0.05 9.87+0.16
LVAD SV (mL) Systole 22.81+0.12 | 2249+0.18 | 24.38+0.06 | 22.95+0.15
9.4k Parameters
Systemic SV Diastole 27.32+0.21 | 21.79+0.17 | 14.87 +0.40 9.63 +0.31
(mL) Systole 31.32+0.19 | 28.70+0.19 | 29.96 +0.36 | 28.31+0.22
Diastole 0.85+0.10 -282+0.12 | -9.04+0.27 |-15.30+0.23
AV SV (mL) Systole 1.95+0.04 0.37 £+ 0.04 0.76 £0.10 -0.93+0.06
Diastole 26.47 £0.19 | 2461+0.21 | 23.91+0.27 | 24.93+0.20
LVAD SV (mL) Systole 29.37+0.17 | 28.33+0.21 | 29.20+0.26 | 29.25+0.19
11k Parameters
Systemic SV Diastole 4552+ 0.25 | 40.39+0.24 | 32.06 +0.16 | 28.14 +0.22
(mL) Systole 3582+0.15 | 34.15+0.16 | 3461+0.20 | 31.62+0.18
Diastole 0.44 +0.13 -3.11+0.09 | -9.99+0.14 | -15.39+£0.09
AV SV (mL) Systole 0.31+£0.04 -0.24 +0.03 | -2.15+0.06 -4.16 +0.04
Diastole 4508+ 0.16 | 43.51+0.16 | 42.05+0.17 | 43.53+0.19
LVAD SV (mL) Systole 3551+0.14 | 34.39+0.17 | 36.75+0.16 | 35.78 £ 0.17
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Figure 3.16: Stroke volume during diastole and systole for Baseline, Mild, Moderate, and Severe
Al conditions.
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Figure 3.17: [A] Average velocity in the region of interest at the aortic valve, [B] Average energy
dissipation rate, and [C] Average regurgitant area for all conditions.
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Table 3.6: Regurgitant jet properties (mean + standard error) of Mild, Moderate, and Severe
aortic insufficiency (Al) conditions in the presence of native cardiac function (CS on).

(T Statistical significance (p<0.01) for different LVAD speeds).

Mild Al 8k 9.4k 11k

Area (cn?) t 3.23+0.21 3.47 £ 0.28 3.74 + 0.33
Max Diameter (cm) t 1.31 £ 0.05 1.31 £ 0.06 1.35 + 0.05
Vena Contracta Width (cm) 0.34 £ 0.02 0.35 £+ 0.01 0.36 £+ 0.01
Length (cm) T 3.55+ 0.16 3.87 + 0.21 3.89 + 0.25
Velocity (m/s) T 0.22 + 0.00 0.21 + 0.00 0.20 + 0.00
Peak velocity (m/s) t 0.37 + 0.01 0.36 + 0.01 0.32 + 0.01

[A] Mild Al conditions during different LVAD speeds

Moderate Al 8k 9.4k 11k

Area (cn?) t 447 +0.25 478 +£0.28 4.98 + 0.36
Max Diameter (cm) t 1.22 + 0.05 1.22 + 0.05 1.44 + 0.05
Vena Contracta Width (cm) 0.38 £+ 0.01 0.38 £+ 0.01 0.39 £+ 0.01
Length (cm) T 4.85 + 0.20 5.16 + 0.19 5.58 + 0.12
Velocity (m/s) t 0.24 + 0.01 0.24 + 0.01 0.24 + 0.01
Peak velocity (m/s) t 0.40 + 0.02 0.42 +£0.02 0.41 +£0.03

[B] Moderate Al conditions during different LVAD speed

Severe Al 8k 9.4k 11k

Area (cm?) t 6.72 + 0.32 7.93 +£0.29 9.48 + 0.13
Max Diameter (cm) t 1.42 + 0.03 1.72 £ 0.05 2.04 + 0.04
Vena Contracta Width (cm) 0.58 + 0.02 0.57 + 0.01 0.60 + 0.02
Length (cm) T 6.02 + 0.26 6.26 + 0.17 6.72 + 0.02
Velocity (m/s) t 0.34 + 0.01 0.33 + 0.01 0.35 + 0.01
Peak velocity (m/s) t 0.61 +0.02 0.67 + 0.02 0.70 + 0.02

[C] Severe Al conditions during different LVAD speeds

Table 3.7: Percentage change of average RJ area in Mild and Severe Al.

Average RJ area % changes from Pre-LVAD to | % changes from
8k rpom 11k rom 8kto 11k rpm

Mild Al 74 101 16

Severe Al 8 53 41
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Table 3.8: Quantitative clinical parameters for grading Al

Jet width/

Jet CSA/

Regurgitant

Mild Al VC(C";’;M LVOT | LVOTCSA| Volume gjgg il t(a/”)t ffmoz’)“
width (%) (%) (mL/beat)
Off 0.27 36 13 1.96 18 013
8k 0.34 50 25 2.42 28 0.14
9.4k 0.35 50 25 2.82 16 0.16
11k 0.36 52 27 3.36 9 0.21
Moderate Al
Off 0.35 42 28 75 28 054
8k 0.38 42 33 9.64 35 0.56
9.4k 0.38 47 33 9.04 31 053
11k 0.39 55 31 12.14 21 0.68
Severe Al
Off 0.55 55 30 10.26 41 0.62
8k 0.58 55 30 13.57 80 0.69
9.4k 0.57 66 44 16.24 53 0.78
11k 0.60 78 62 19.55 36 0.85
8k 9.4k 11k

Baseline

N

Mild Al

Moderate Al

Severe Al

Figure 3.18: Left ventricle maps of residence time (Tr) calculated for the midplane area over 20

Off
's

cycles of integration are shown for all conditions.
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Table 3.9: Residence time (Tz) summary after 20 cardiac cycles of Baseline (normal valve),
Mild, Moderate, and Severe aortic insufficiency (Al) conditions.

% T area>2CC | Average Ty of
Parameter Average Ty (S) (%) area > 2CC (s)
Off 0.94 3.31 2.1
Baseline 8k 418 44.56 7.02
9.4k 3.16 38.67 5.21
11k 167 21.32 3.32
Off 11.62 67.01 16.25
. 8k 3.64 36.24 8.1
Mild Al 9.4k 116 7.01 2.86
11k 10.79 57.84 17.87
Off 1.33 26.19 2.35
8k 1.2 23.23 257
Moderate Al -5/ 0.93 13.09 2.07
11k 0.6 N/A N/A
Off 2.04 33.6 2.9
Severe Al 8K 7.72 63.14 11.61
9.4k 5.25 46.05 9.72
11k 0.82 5.44 2.16

Tr maps varied notably among different conditions (Figure 3.18 and Table 3.9). For the
Pre-LVAD conditions, the BL case exhibited the lowest Tr and residual region of 3% (Tr > 2
cycles) followed by Moderate, Severe, and Mild Al. Small residual regions in BL located near the
MV base and LV free-wall, while in Al cases, they formed along the LVOT. After LVAD
implantation, the Tr and residual regions varied depended on LVAD speeds. The presence of
LVAD increased the average Tr in BL and Severe Al conditions, but Tr gradually decreased as
LVAD support increased. On the other hand, Moderate Al experienced lower Tr during LVAD
support. Mild Al cases exhibited a similar pattern except during high LVAD speed. During low and
medium LVAD speed, Moderate Al had the lowest Tr, followed by Mild Al, BL, and Severe Al.
While the residual flow regions in Moderate and Mild Al localized along the LVOT, they spread

out along the free-wall in BL and Severe Al cases. During high LVAD speed, Moderate and Severe
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Al had the lowest Tr, followed by BL and Mild Al. Moderate Al has no residual flow region, while

more than half Mild Al mild-plane area contained flow > 2 seconds.

3.4 Discussion
This study presents the side-by-side comparison of normal AV versus Al models under
the dilated heart failure model's hemodynamics during axial continuous flow HM2 support.
Characterization of the hemodynamics, intraventricular flow filed, and residence time enable
validation with clinical results.
Traditional Clinical Al Indices Applied to LVAD patients

Table 3.10: Quantitative parameters for grading Al in normal and LVAD patients'62.190.192,196

Parameters Mild Moderate Severe
Mild-Moderate Moderate-Severe
Pre-LVAD | Vena Contracta width (cm) <0.3 0.3-0.6 >0.6
Jet width/ LVOT width (%) <25 25-45 46-64 > 65
Jet CSA/ LVOT CSA (%) <5 5-20 21-59 > 60
RVol (mL/beat) <30 30-44 40-49 > 60
Regurgitant fraction (%) <30 30-39 40-49 > 50
EROA (cr?) <10 0.01-0.19 0.20-0.29 >0.30
Post- S/D ratio l as Al worsens
LVAD Agia (cm/s?) T as Al worsens
EDPS (L/min/sec) > -17.6 indicates Moderate-Severe Al
P Normalized echo parameters_ HM2 . Normalized jet properties HM2

100% 120%

50% 90%

_—— _
0% = 60%
Off 8k 9.4k 11k
30%
-50%

0%

-100% Off 4.4k 5.4k 6.4k
——\/C Width R vol
-150% RF EROA

Jet width/LVOT width Jet CSA/LVOT CSA ——RJ Area Max Diam VC Width Length Ave velocity

Figure 3.19: Percentage change of different Al indices from pre-LVAD
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Vena Contracta Width vs. HM2 LVAD speed

Off 8k 9.4k 11k
++®-Mild Al =<%=-Moderate Al =—@=—Severe Al

Jet width/LVOT width (%) vs. HM2 LVAD speed

100%
80%
60% |
40%

20%

0%
Off 8k 9.4k 11k

«=e---Mild Al =<=-Moderate Al —e—Severe Al

Jet CSA/LVOT CSA (%) vs. HM2 LVAD speed

Regurgitant fraction vs. HM2 LVAD speed

++0eMild Al =<=-Moderate Al —e=—Severe Al

Regurgitant volume vs. HM2 LVAD speed

«ee- Mild Al ©=-Mod Al =—o=S Al

EROA vs. HM2 LVAD speed

Off 8k 9.4k 11k
wo-Mild Al =<e=-Moderate Al —e=—Severe Al

Figure 3.20: Sensitivity of echo quantitative parameters as a function of LVAD speed

The American Society of Echocardiography guidelines is typically used to evaluate and

classify Al'®2. Table 3.10 summarizes the quantitative Transthoracic echocardiography indices
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used to clinically grade Al in non-LVAD patients'®2'%? and the new proposed indices for LVAD
patients'%1%_ Figure 3.19 showed the normalized changes of different parameters as a function
of LVAD speed. Due to the unloading effect of the LVAD, which increases the systemic flow and
decreases LV pressure, the RF and EROA decreased. The jet CSA/LVOT CSA had the highest
percentage of changes (Figure 3.19 left). For the jet properties, the RJ area changed significantly,
48-68% higher than the VC width (Figure 3.19 right). The normalized changes of different echo
parameters of all tested conditions were shown in Figure 3.20. Al severity was classified
according to the current AHA standard, where green is mild Al, yellow and brown is moderate Al,
and red is severe Al'®'. The RegV underestimated Al severity in all cases, while RF suggested
improving Al with high LVAD support, contradicting other parameters.

For the proposed parameter in post-LVAD support, Grinstein et al. have reported that the
flow passing through LVAD outflow cannula is directly proportional to the LV load and inversely
proportional to the ascending aorta afterload. Thus, the Adiais expected to increase while the S/D
ratio decrease with Al severity’®®. The presence of significant Al (RF >30%) was reported to
associate with EDPS value higher or equal to (=) -17.6"%.

The Pre-LVAD Al classifications of this in-vitro study were established following clinical
grading'®2'92, The RF, a commonly used index, is defined as the ratio between RegV and Qsys.
During LVAD support, Qsys increased more significantly in comparison to RegV; thereby, the RF
would reduce and give a false conclusion of improved Al. In addition, the VC width was consistent
with published values but did not change with LVAD support.

The proposed post-LVAD indices were calculated from the in-vitro results compared
favorably to published data (Table 3.11). As the Al severity progresses, the S/D ratio and Adia
patterns demonstrated worsening of Al, while the EDPS value did not. As LVAD speed increased
from 8k to 11k for each of Al groups, Adia indicated Al improvement, disagreeing with the S/D ratio

and EDPS. These results indicate that these indices (at least the EDPS) might not be sensitive
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enough to quantify Al severity during LVAD support. These proposed indices were validated using
a small group of patients from only one center, which could be lack statistical power to address
this gap'®®1%. A larger, multicenter study should be performed with the same protocol to confirm
their validity. Moreover, ramp studies with a wide range of LVAD speed are needed to understand
the sensitivity of these parameters.

Table 3.11: Post-LVAD Al assessment indices characterized base on Al severity and LVAD

speed.
Parameters Al severity: Mild— Severe LVAD speed: 8k - 11k rpm
trends 8k 9.4k 11k Mild Al ‘ Moderate Al | Severe Al
S/D ratio J J J J \’ J
Adia 0 ) T d l N
EDPS > -17.6 No No Yes No Yes Yes

NF and forward LVEF, calculated from the systemic, AV, and LVAD flow, followed a clear
pattern. For the Pre-LVAD conditions, worsening Al would increase backward flow through the
AV, therefore, the NF should decrease. The forward LVEF, which was proposed to quantify mitral
regurgitation and calculated from systemic SV?*4, also decreased when Al becomes more severe.
During LVAD support, the NF decreased when Al worsened or when LVAD speed increased
(Table 3.12). Forward LVEF increased at higher LVAD support for each Al group, due to the
increased systemic SV. Consequently, the forward LVEF may not be sensitive to LVAD speed
change, but NF could be used to quantify Al severity during LVAD support.

Table 3.12: Net flow (NF) and forward left ventricle ejection fraction (LVEF) trends during the
post-LVAD study.

Parameters Al severity: Mild—> Severe LVAD speed: 8k > 11k rpm
trends 8k 9.4k 11k Mild Al | Moderate Al | Severe Al
NF (%) J | | J J \
Forward LVEF (%) { \’ \’ 0 ) )
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Alteration of Intraventricular Flow During Al

The pre-LVAD BL flow displays the classic LV vortex ring structure, with CW and CCW
vortices, that appears at diastole and travels toward the LV apex before rolling up toward the
AV245:247.248 The vortex formation enhances early LV filling by preserving fluid momentum?24:247,
minimizing blood Tr?*°, and energy dissipation by preventing flow collision?*®. Disruption in the
flow architecture leads to energy loss and creates regions of stasis?°°-2%2, Mimicking the
hemodynamics of DCM patients, the BL’s vortex circulation and KE are higher than healthy
models, implying higher energy is required for the heart to maintain CO2452%32%4 _|n the post-LVAD
BL condition, the vortex increases in circulation and KE, and its CW core stays closer to the LV
apex, as reported previously®%2%,

The presence of pre-LVAD Al increased CCW vortex circulation and KE, especially in
Severe cases. Moreover, the RJ’s interaction with the septum and the mitral inflow jet disrupted
the normal vortex formation, creating turbulence in the LV and multiple vortices?>-2%_ Di Labbio
et al. previously described the intraventricular flow pattern when Al is present. For Mild Al, there
was minimal effect on intraventricular flow. As long as the mitral inflow remains the dominant jet,
the RJ was less forceful and had a smaller velocity magnitude. As Al severity increased, the RJ
grew stronger and pushed the mitral vortex ring closer to the LV free-wall. When Al was severe,
the RJ became the dominant inflow jet, which limited the trajectory of the normal vortex ring
architecture and created a large CCW vortex circulating inside the LV,

The combined disruption of Al and LVAD support produces a complex flow pattern.
Interaction between the RJ and the mitral jet produces an oscillating flow inside the LV, with the
LVAD pulling flow toward the apex, worsening Al. Furthermore, the LVAD introduces a regurgitant
flow loop, impairing LV washout, and exposing flow to higher shear and higher Tr?*°. The results
of this study agreed with previous work. As the RJ becomes dominant during high LVAD support
or in Severe Al, more turbulence and disruption of normal flow architecture were observed in the

LV.
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During LVAD support Al Increases Energy Loss

EDR (or energy loss) has been used in previous studies to characterize the inefficiency of
flow transport, with higher EDR values associated with increase Al severity'97:2%6-2% By
decreasing the E- and A-wave peak flow rate and interfering with the mitral inflow, Al hinders the
vortex growth and creates turbulence inside the LV'%"?5’, Consequently, the disruption of the
vortex ring’s smooth swirling motion creates regions of very high stress and increases the EDR?%,
The evolution of EDR had its peak near the end of the E-wave, then gradually decreased®®.

Similar observations were made in our study, as EDR increased at higher LVAD speeds.

During LVAD support Al Prolongs The Diastolic Filling Phase

Without LVAD support, Al reduces peak E- and A-wave velocity, increases the EDR, and
disrupts the normal trajectories of the mitral CW vortex. The vortex lingers at the LV apex and
takes longer to gain enough momentum to move toward the AV. As a result, diastole is prolonged.
The effect is amplified during LVAD support as the pump continuously pulls flow toward the apex,
increasing Al duration, and RegV. A recently published work reported that at low-medium LVAD
support (8.8k), Al duration and RegV increased by 8% and 108% in Mild Al, and by 6% and 23%
in Severe Al, respectively. Mild Al exhibited the highest increase in Al duration and Reg rates
compared to Moderate and Severe Al. These findings suggested that the commonly used clinical

indices (effective regurgitant orifice area, RJ) likely underestimate Al severity in LVAD patients?%°.

The Effect of LVAD Support on Al Severity

LVAD support produced the biggest change in RegV in Mild Al and the smallest change
in Severe AI?*°, Similarly, in our result, Mild Al produces the most significant RJ area change
(Table 3.7) with LVAD support but demonstrated little change with LVAD speed. Severe Al

followed the opposite pattern. The result suggested that Mild Al got worse immediately after

76



LVAD support, but was not affected by high LVAD speed, while Severe Al was more sensitive to
LVAD speed change. The result is consistent with the clinical observation that pre-existing Mild
Al was significantly associated with the progression to Moderate or Severe Al after LVAD

implants'®°,

3.5 Limitations

The cardiac simulator was designed for reproducibility as well as flexibility through the use
of customized components. The system is an open-loop design with a vented left atrium chamber,
based on the Windkessel model and lacks the physiological Frank-Starling response'. The mock
loop produces pressure and flow waveforms and magnitude within the range of hemodynamics
of DCM patients, providing a comparative testbed for examining the effect of Al on patients with
LVADs. The mitral valve E- and A-wave was produced by LV expansion using the cardiac
simulator's piston pump. The mitral annulus was circular to accommodate the valve housing,
which differs from the eccentric anatomical D-shape or saddle shape. For the PIV imaging, the 2-
D velocity field lacked out of plane information, which sometimes resulted in losing track of
particles that left the imaging plane. We assumed that blood particles enter the mid-plane at the
same point in space has the same Tr of the particles currently located at that point. Future study

of the flow filed with 3D PIV is required to assess the out of plane velocity component fully.

3.6 Conclusion
Intraventricular flow field indies for Baseline, Mild, Moderate, and Severe Al under
matched hemodynamic conditions were measured using a cardiac simulator for three LVAD
speeds. The results agree with clinical observations of Al that show worsening with LVAD support,
especially during high support levels. Pre-existing Al worsens immediately after LVAD support
dues to the alteration in the intraventricular flow field, high energy loss, and more extended

diastolic phase. Furthermore, this study suggests that current echocardiographic indices
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underestimate the severity of Al in LVAD patients, introducing the need to determine new indices

to diagnose and evaluate Al in LVAD patients.
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Chapter 4
The Effect of Aortic Insufficiency on HeartMate 3 Left Ventricular Flow

in The LVAD Supported Heart

4.1 Background

The HeartMate 3 (HM3) (Abbott) is a centrifugal, continuous flow (cf) LVAD, which was
approved by the FDA in 2017 for bridge-to-transplant and destination therapy**. It is a 3™
generation pump with a magnetically levitated bearing designed to transport blood*®. The pump
controller generates an artificial pulse (AP) every 2 seconds, producing a speed change, as
shown in Figure 4.1. The AP produces pressure and flows fluctuation intended to minimize stasis
and the risk of thrombosis*’. The HM3 has achieved a similar survival compared to the previous
generation (HM2) but has superior hemocompatibility*4#7. In clinical practice, the LVAD speed is
usually set by the physician to permit intermittent aortic valve (AV) opening (AVO). However, in
some patients, the heart is too weak to contribute to pumping function, and high LVAD support is
needed. In these cases, the AV is hemodynamically prevented from opening, and all blood ejects
through the LVAD. Previous studies have demonstrated that LVAD support reduces AVO area
and opening duration®4115260 As a consequence, the leaflets experience greater stress and
strain® "%, Moreover, the reduction in AV flow increases the risk of thromboembolism and is
correlated with the development of aortic insufficiency (Al)®2¢'. Al incidences of Al in HM2
patients were well documented and described in chapter 2.

The HM3 with AP increases LV pulsatility and AVO, which potentially affect
hemodynamics and LV flow patterns differently than the HM2%%. A previous in vitro study
demonstrated that the AP provided a small degree of pulsatility and improved blood mixing in the
LV. For similar conditions, the HM3 increase AVO duration and total flow by 50% and 3%,

respectively®®. This result supports the clinical findings that the HM3 was clinically superior to the
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HM2 LVAD by reducing thromboembolic risk**4°. However, it is presently unclear whether HM3
will reduce the risk of Al, and whether the AP would increase LV turbulence by its interaction with
the regurgitant jet in pre-existing Al patients. This chapter will try to examine the second question
by investigating the effect of HM3 during the different levels of Al severity.

rotor speed [rpm]

time [s]

0.20 ** +* 0.15
: 2.00

Figure 4.1: Schematic diagram of the artificial pulse (Bourque et al. ASAIO J, 2016)

4.2 Methods

The experimental setup and data analysis are similar to the previous study and are
described in detail in Chapter 3, section 2, with the exception that the HM3 was used (Figure 4.2).
For the Baseline (BL) (normal valve) LVAD-off condition, the LVAD conduit was clamped, and the
HM3 was off. Subsequently, three speeds were tested: 4.4k, 5.4k, and 6.4k rpm for Low, Medium,
and High support. Then, three different Al stents were inserted into the AV to induce Mild,
Moderate, and Severe Al, and tested for BL and the different LVAD speeds. The Al stents created
regurgitation fractions (RF) of 20% (mild Al), 28% (mild-moderate Al), and 45% (moderate-severe
Al) and are classified as Mild, Moderate, and Severe Al for the rest of the study description. The
velocity fields, measuring using Digital Particle Image Velocity (PIV). Trigger signal was set at the
maximum LV pressure (LV) value in each cardiac cycle and delayed by 2 seconds (s) to capture

the AP signal.
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Figure 4.2: A silicone dilated LV model is attached to the HM3 and a Windkessel model of the
circulation.

4.3 Result
Aortic Insufficiency during LVAD Support in the Absence of Cardiac Contraction

In the absence of cardiac contraction (CS Off), the HM3 AP repeats every 2 s (0.5 Hz
frequency) (Figure 4.3). Overall, the range of LVP and aortic pressure (AoP) were less than 15%
and 5% of the mean values. The ranges of flow (systemic, LVAD, and AV) were significantly
higher, at 25-50%. In the BL conditions, systemic flow equaled LVAD flow, resulting in zero flow
through the AV. During Al, a regurgitant flow loop developed when LVAD flow exceeded systemic
flow.

As LVAD speed increased, the AoP, LVP, transaortic pressure (TVP), and systemic flow
rate (Qsys) increased, yet LVP remained low across different conditions (Table 4.1A). At the same
pump speed, Qsys decreased, while Quvap and the Q ratio increased with increasing Al severity. A
Q ratio larger than one indicates the presence of a regurgitant flow loop, where more flow passing
through the pump without contributing to the systemic circulation. In the Mild, Moderate, and
Severe Al, Quap exceeded Qs by approximately 20%, 60%, and 120%. The AV was
hemodynamically closed in the BL conditions, and backward (negative) flow occurred when Al
was present. As LVAD speed increased from 4.4k to 6.4k rpm, backward flow through the AV

increased from BL by 81%, 64%, and 57% for Mild, Moderate, and Severe Al conditions.
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Figure 4.3: Cyclic variations (every 25 milliseconds) of pressures and flow during low (4.4k) and
high (6.4k) HeartMate 3 support in the absence of native cardiac function (CSoff) for the normal
valve (Baseline) and Mild Al conditions. (Left ventricle (LV), Systemic flow (Sys), aortic valve
(AV))

The velocity field maps of Figure 4.4 illustrate the flow pattern generated by the AP for the
first 500 milliseconds (ms) at 5.4krpm. A well-defined vortex ring was generated at the beginning
of AP, which migrated toward the LV apex and dissipated around 500 ms in the BL condition.
When Al was introduced, an additional regurgitant jet entered the LV during filling. Similar vortex
rings appeared on the MV side, traveling toward the LV center, then collided with the regurgitant
jet (RJ) from the AV. The interaction between these two jets created some persistent clockwise
(CW) and counterclockwise (CCW) vortices (Table 3.1B). The RJ was continuously drawn into
the LV by the LVAD and grew as Al became more severe. Al severity seemed to have a more

substantial impact on the CCW vortex, which increased in circulation, kinetic energy (KE), and

size. In the BL conditions, the CW vortex was dominant and almost twice the size of the CCW

82



vortex, while in Al, this relationship was reversed (Table 4.1C). Similar to the AV backward flow,
RJ areas, diameters, and vena contracta width (VC) (minimum jet diameter captured near the AV)
increased significantly in Mild Al, followed by Moderate and Severe Al groups when LVAD speed
increased from 4.4k to 6.4k rpm. Conversely, the RJ length and average velocity slightly increased

(less than 20%).
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Table 4.1: (cont.)

% Ty area > Average Ty of

Parameter Average Ty (S) 2CC (%) area > 2CC (s)
4.4k 14.77 63.77 21.14
Baseline | 5.4k 13.19 58.23 19.50
6.4k 17.83 70.20 19.85
4.4k 10.77 24.85 15.56
Mild Al 5.4k 9.58 28.02 10.89
6.4k 410 41.63 7.30
Mod 4.4k 17.16 62.28 21.59
A|° erate "5 4k 7.57 44.87 16.37
6.4k 10.46 4550 22.06
S 4.4k 26.36 83.14 28.56
Af"ere 5.4k 24.61 81.47 25.26
6.4k 19.36 71.29 24.30

[D] Residence time (Tk)

88




Ssjw Ayaojan

Lo’0

zo00

€00

vo'o

S0°0 4

90°0 1

10°0

80°0

600

ZL'0

€L'o

Lo

‘(AV) ©AIBA 21110Y) SUORIpUOdD JO SS9 Joj uoddns SNH widi MG Buunp sabew| piai4 AN00joA 1 ainbi4

swoos

swose

(AIN) 8AleA [eay

swQo¢

swg.

AV

sue)s dv

IV a1elapop IV 819A8S

IV PIIIN

auljeseg

89



ROI Average Velocity for AV_ CSoff ROI Average Velocity for LVAD_ CSoff

0.05 4 0.00 ‘ ] L S e e o ‘
0.00 —=T 1 — T —-— 005 | BL Mild Al Moderate Al Severe Al
0.05 BL Mild Al Moderate Al Severe Al

e -0.10 -

Vy (m/s)
Vy (m/s)

-0.20

-0.25 -
b4.4k [ 5.4k g6.4k

-0.30 1 -0.30 1
o4.4k @5.4k 6.4k
-0.35 - = -0.35 ¢
[Al
Average Energy Dissipation Rate_CSoff
18 1
16 1 044k B854k 06.4k
o 14
<
E124
210
? 8
<
S 6 il
X 4
2 | I
0 - _mﬂ 1 - ]
Baseline Mild Al Moderate Al Severe Al
[B]

Figure 4.5: [A] Average velocity across the aortic valve and LVAD inlets and B] Average energy
dissipation rate for the CS off conditions at different Al severity levels.

Average ROI velocities across the AV and inflow LVAD cannula are shown in Figure 4.5A.

During BL conditions, higher LVAD speed increased forward velocity at the AV. During Al

conditions, high pump speed increased backward (negative) velocity at the AV and incoming

velocity at the LVAD inlet. The average energy dissipation rate (EDR) remained low in all BL

conditions, but increased at higher LVAD speed and more severe Al (Figure 4.5).

Aortic Insufficiency before LVAD implantation (Pre-LVAD)
The simulated native heartbeat (CS on) produced, 2.0 L/min cardiac output (CO), an
ejection fraction of 18%, at 63 beats per minute (bpm) for the BL condition. At comparable values

of LVP, AoP, and TVP, the Mild, Moderate, and Severe Al reduced the systemic flow by 20%,
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27%, and 44,% respectively. As Al severity increased, the AVO time, net flow (NF), LVEF, and
diastolic SV decreased while RF increased (Table 4.2A, B). The velocity field maps in Figure 4.6
illustrate four events during the cardiac cycle: diastolic filling at peak E, mid-diastole, peak A, and
mid-systolic ejection phase. For the BL condition, the LV vortex pattern reflects the incoming E-
wave mitral jet, which forms a vortex ring with a large CW and smaller CCW vortex. The CW
vortex grows in size while the CCW vortex dissipates rather quickly due to the LV free-wall’s
confinement. This pattern helps to direct flow toward the LV outflow tract (LVOT) during late-
diastole, and through the AV during systole. The RJ first appear during isovolumic relaxation,
before MV opening, then continues to grow before disappearing by the start of systole. The
interaction between the RJ and MV incoming jet produces some flow distortion in the LV. As the
Al is worsened, circulation and KE increased, and the CW and CCW vortex became elongated
(increased aspect ratio). Moreover, the CCW vortex grew in size, competing with the CW vortex
to become more dominant (Table 4.2B).

The ROI velocity was plotted for the full CC, starting from diastole at t = 0. The 2™ filling
phase (A wave) occurred att = 0.525 s, and systole began at t=0.65 s for the BL condition (Figure
4.7A). For AV velocity, positive and negative values denote forward flow to aorta and backward
flow to LV, respectively. In the BL condition, maximum forward flow occurred during systole
(~0.18m/s). In the presence of Al, backward diastolic flow occurred with a maximum velocity of -
0.10, -0.23, and -0.29 m/s for Mild, Moderate, and Severe Al classification. Increased Al severity
prolonged diastole and shortened systole, especially in Severe Al, when the forward velocity
occurred around 0.7 s. For the ROI of MV velocity, the negative value denotes incoming flow to
the LV. Each graph contains two peaks representing the E- and A- waves. Al decreased peak E-

and A- velocity.
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Figure 4.6: Velocity Field Images of Baseline and Mild, Moderate, and Severe Al conditions for
pre-LVAD conditions in the presence of native cardiac function.

The EDR and RJ area during the CC are shown in Figures 4.7B and C, respectively.
Average EDR was lowest in the BL condition and increased significantly by 144%, 206%, and
232% for Mild, Moderate, and Severe Al, respectively. EDR remained high during diastasis for Al
conditions and decreased rapidly at the start of systole. The RJ evolution followed a similar
pattern, in which the jet grew during diastole and dissipated in systole. The severe Al jet persisted
longer, which is consistent with the ROI AV results. The properties of the RJ are provided in table

3.2C.
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Table 4.2: [A] Hemodynamic result, [B] Stroke volume, [C]Intraventricular vortex properties,
and [C] Regurgitant jet properties (mean + standard error) of Baseline (normal valve), Mild,
Moderate and Severe aortic insufficiency (Al) conditions in the presence of native cardiac
function (CS On) without LVAD support (Pre-LVAD) (1 Statistical significance (p<0.01) for
tested conditions).

Parameters Baseline Mild Al Moderate Al Severe Al
LVP (mmHg) 2297 +0.23 | 23.16+0.18 29.24 +0.13 25.15+0.21
AoP (mmHg) t 61.15+0.17 61.13+0.11 63.06 + 0.08 64.02+£0.13
TVP (mmHg) t 38.18 37.97 33.82 38.87
Qsys (L/min) T 1.99+0.03 1.59+0.03 1.44 £ 0.02 1.10 £ 0.03
PI 10.01 13.16 13.74 17.05
RF (%) 0.00 20 28 45

NF (%) 99.93 79.96 72.90 55.90
Forward LVEF (%) 18.03 14.51 13.07 9.86
AVO time (sec) 0.25 0.23 0.20 0.18

[A] Hemodynamic result (LVP (LV pressure), AoP (Aortic pressure), Qsys (total systemic flow),
Quvap (LVAD flow), Qav (flow through aortic valve), Qraiio (Flow ratio), PI (Aortic pulsatility index),
RF (regurgitant fraction), NF (net flow through AV), LVEF (left ventricle ejection fraction), AVO
(aortic valve opening) time.

Stroke volume Baseline Mild Al Moderate Al Severe Al
Diastole (mL) 0.79+0.42 -5.23+0.21 -9.28 +0.21 -11.91 £ 0.20
Systole (mL) 31.66 + 0.27 31.35+0.20 32.81+0.18 29.66 + 0.25
[B] Stroke volume during diastole and systole
Parameters Baseline Mild Al Moderate Al Severe Al
Circulation CW+t 11.69+1.08 | 6.34+0.66 766+067 | 11.11+1.09
(x10° m*/s) CCW t 529+1.09 | -6.87+0.60 | -5.68+0.68 | -9.06 + 0.87
Total Kinetic Energy (mJ/m)t | 1.65+ 0.38 0.70+0.15 0.64 +0.14 0.98 +£0.15
Kinetic Energy | CWt 0.89 +0.16 0.33 +0.07 0.35+0.07 0.57 £0.08
(mJ/m) CCW t 0.76 £+0.22 | 0.37+0.08 | 0.29+0.07 | 0.41+0.07
CWt 0.63 + 0.06 0.41+0.04 0.39 +0.02 0.69 + 0.05
Radius (cm) CCW t 0.39+0.03 | 044+0.04 | 0.60+0.06 | 0.60+0.04
cw 1.42 +0.06 1.80 £ 0.15 247 +0.14 2.18 +0.09
Aspect Ratio ccw 1.47 +0.11 1.93+0.17 1.78 +£0.19 1.92+0.11
Vortex symmetry CW:CCW t 1.61+£0.07 0.93 +0.08 0.65+ 0.08 1.15+0.15

[C] Intraventricular vortex properties (Clockwise (CW), and counter-clockwise (CCW))
(In the case which had multiple CW and CCW vortices occurrences: total CW and CCW vortex
circulation and kinetic energy, radius/aspect ratio/vortex symmetry of the main (largest) CW and

CCW vortex were reported).
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Table 4.2: (cont.)

Parameters Mild Al Moderate Al Severe Al
Area (cn?) t 1.86+0.18 2.54+0.13 5.28 + 0.29
Max Diameter (cm) t 0.80 £ 0.05 1.03+0.04 1.59 + 0.09
Vena Contracta Width (cm) 0.26 + 0.01 0.33+0.00 0.49 + 0.01
Length (cm) T 3.44+0.19 4.03+0.10 5.25+0.13
Velocity (m/s) t 0.23 + 0.00 0.24 + 0.00 0.24 + 0.00
Peak velocity (m/s) t 0.38 + 0.01 0.41+0.01 0.46 + 0.01

[D] Regurgitant jet properties

ROI AV for pre-LVAD: baseline vs. Al ROI MV for pre-LVAD: baseline vs. Al
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Figure 4.7: Time-varying during one cardiac cycle of [A] Average velocity across the aortic valve
(AV) and mitral valves (MV), [B] Energy dissipation rate and [C] Regurgitant jet area for all pre-
LVAD conditions(Diastole starts at t = 0, the 2" filling phase occurs att = 0.525 s and the
systole starts at t = 0.65 for baseline condition).
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Baseline vs. Mild Aortic Insufficiency during LVAD support

In the presence of cardiac contraction (CS On) at 1 Hz frequency (or 60 cycles/minute),
the interaction between cardiac contraction and AP waveforms of 4.4k LVAD speed produced a
new pattern varying every 50s (Figure 4.8). The beat-to-beat LVP and AoP fluctuations were less
than 5.5%, but the flow varied by 9-23%. Notably, the AV flow had the highest variation, ranging
from 0.4-1.2 L/min, resulting from the alternative constructive and destructive interference of the

AP(0.5 Hz) and cardiac cycle (~1Hz).

CS on HM3 at 4.4k - Cyclic variation every 1s
—LV Aortic

-
B (o2} [e ] o
o o (=] o
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3 — Systemic LVAD AV

€2
E
215
3
T 1
05

0
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Figure 4.8: Cyclic variations (1 Hz frequency) of the left ventricle (LV) and aortic pressure,
systemic, LVAD and aortic valve (AV) flow during HeartMate 3 (HM3) support with native heart
function (CS on) for the Baseline condition

For the BL conditions, LVAD support significantly increased AoP, TVP, and Qsys, while

maintaining LVP approximately constant (Table 4.3). The increasing Qsys results from a rise in

LVAD flow and a reduction in AV flow. Parallel flow (positive Qav and Q ratio <1), during which a
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portion of LV flow is ejected through the AV, was at low and medium LVAD speeds (4.4k and 5.4k
rpm). Compared to BL condition at the same LVAD support level, the Qsys and forward LVEF in
Mild Al were reduced by 12% or less, while QLvap increased 10-16%. At the lower speed, Qav and
NF are positive. Series flow (Qav ~ 0 and Q ratio = 1), when the AV is hemodynamically closed,
and all flow exits the LV through the LVAD, was observed for BL at high speed (6.4k rpm). Mild
Al increased Quvap by 8% while Qsys and forward LVEF were similar. Increasing LVAD speed

resulted in backward Qav and negative net flow (NF), and lower AVO time.

Peak E Mid-diastole Peak A Systole

4.4K

5.4K
velocity mis

6.4K

Figure 4.9: Velocity Field Images of Mild Al during different levels of HeartMate 3 supports.

In the BL condition, the presence of LVAD support increases CW and CCW circulation,
KE, and vortex symmetry (Table 4.4A). The vortex trajectories for CW and CCW vortices during

the CC are shown in Figure 4.10A, beginning with the MV opening, following by early and late
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diastolic filling, and concluding at end-systole. For the pre-LVAD conditions, the CW vortex formed
and followed a straight trajectory toward the apex during early diastole, then rolled toward the
base. A weaker jet arrived with the A-wave, joined, and strengthened vortex circulation. The CW
vortex moved toward the LVOT by the onset of systole. The CCW vortices appeared at early E-
and A-wave filling, but decayed quickly due to confinement by the LV free wall. During Medium
LVAD support, the mitral jet is pulled toward the LV apex, and a similar pattern was observed.
The CCW vortex had higher circulation, while the CW vortex decayed at mid-systole.

During Mild Al conditions, vortex circulation, KE, and symmetry also increased during
LVAD support (Table 4.4B). The presence of Al interfered with the mitral inflow, causing multiple
vortices to form (Figure 4.9 and Figure 4.10B). For Pre-LVAD conditions, the primary vortices
evolved similar to the BL condition, but the CW and CCW circulations at peak E and A were
reduced. During the E-wave, secondary (2°) CW and CCW vortices appeared from the incoming
RJ. The 2° CW vortex dissipated more quickly due to confinement by the septal wall, while the 2°
CCW vortex moved toward the LV center and collided with the primary CW vortex. During the A-
wave, the 2° CCW vortex appeared again, merged with the main CW vortex, then moved toward
the AV by systole. The presence of the LVAD created a larger RJ and subsequently larger 2° CW
and CCW vortices. The 2° CW vortex persisted longer as LVAD speed increased. During Medium
LVAD support, the main CW vortex rolled up from the LV apex and collided with the RJ vortices
at the end-diastole at the LV center. At High LVAD speed, turbulence increased in the LV with the
formation of tertiary CW and CCW vortices in early diastole. The primary CCW vortex had the
highest circulation and was most persistent, continuously moving flow toward the pump at the LV

apex.
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Figure 4.10: (Left) Time-varying (positive) clockwise (CW) and (negative) counterclockwise
(CCW) vortex circulation are shown for [A] Baseline and [B] Mild Al conditions.
(Middle, Right) Vortex core trajectories as the result of the E-wave and A-wave inflow
contributions are shown: the trajectories’ symbols and lines are corresponded to the circulation

plot (t symbol indicates the merging to vortices).

(Diastole starts at t = 0, the 2" filling phase occurs at t = 0.525 s, and the systole starts at t =
0.65 for baseline condition). (Blue symbols denote E wave vortices, red symbols denote A wave
and systolic vortices; square symbols denote main CW vortices, circle symbols denote
secondary CW vortices, down-triangle symbols denote main CCW vortices, up-triangle symbols
denote secondary CCW vortices; blue lines and red lines denote vortices that appear and
dissipate during E wave and A wave respectively, black lines denote vortices that perpetuate
the entire cardiac cycle (MVO = mitral valve opens, MVC = mitral valve closes, AVO = aortic
valve opens, AVC = aortic valve closes).
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Figure 4.10: Vortex Circulation and Trajectories (cont.)
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Figure 4.11: [A] Average velocity in the region of interest at aortic valve (AV), mitral valve,
and LVAD. Time-varying during one cardiac cycle of [B] Average velocity at the AV, [C]
Energy dissipation rate, and [D] Regurgitant jet area for mild Al conditions.
(Diastole starts at t = 0, the 2™ filling phase occurs at t = 0.525 s, and the systole starts at t
= 0.65 for baseline condition).
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Average ROI velocities are shown in Figure 4.11A (negative velocity indicated incoming
velocities toward the LV and toward the LVAD inlet). As LVAD speed increased, the average
velocities increased by 20-27%, 66-117%, and 76-128% for the AV, MV, and LVAD inflow ROlI,
respectively. In addition, the presence of LVAD support increased EDR by 15-61% and RJ area
by 41-106% from the pre-LVAD condition (Figure 3.14C, D). Higher LVAD speed resulted in larger
RJ dimensions (area, diameter, length) (Table 4.5A). The time-varying plots of ROl AV and RJ
area (Figure 4.11B and D) show the prolonged diastolic phase under high LVAD support.

Table 4.3: Hemodynamics result (mean + standard error) of Baseline (normal valve), Mild,
Moderate, and Severe aortic insufficiency (Al) conditions in the presence of native cardiac
function (CS on).

(LVP (LV pressure), AoP (Aortic pressure), Qsys (total systemic flow), Qivap (LVAD flow), Qav
(flow through aortic valve), Qraio (Flow ratio), Pl (Aortic pulsatility index), RF (regurgitant
fraction), NF (net flow through AV), LVEF (left ventricle ejection fraction), S/D ratio (ratio
between the systolic and diastolic peak of LVAD velocity), Adia (diastolic acceleration), EDPS

(early diastolic phase slope), rpm (rotations per minute), AVO (aortic valve opening) time).
(T Statistical significance (p<0.01) for tested conditions).

4.4k rpm Baseline Mild Al Moderate Al Severe Al
Parameters

LVP (mmHg) 2450+ 025 | 2454+022 | 3152+015 | 2713+023
AoP (mmHg) 8296+ 014 | 8071+010 | 87.26+007 | 8840+0.11
TVP (mmHg) 58.37 5617 5574 6127
Qs (L/min) 235+ 0.02 2.08 + 0.02 1.72+0.02 1.29+0.02
Quvao (L/min) 157 +0.01 1.82+0.01 1.85+ 0.01 1.93+0.01
Qav (L/min) 078 0.26 20.12 20.64

Q ratio 0.67 0.88 1.07 1.49

PI 8.34 10.33 12.80 14.88
NF (%) 33.05 10.91 523 2723
Forward LVEF (%) 2073 19.05 15.34 11.62
S/D ratio 2.71 272 2.71
Ada (/%) 10.61 11.73 13.52
EDPS (L/min/sec) -20.05 219.05 -19.55
AVO time (sec) 0.19 0.19 0.18 015

[A] Low LVAD speed
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Table 4.3: (cont.)

5.4k rpm

Parameters Baseline Mild Al Moderate Al Severe Al
LVP (mmHg) 26.01 £ 0.28 25.26 £ 0.24 27.84+0.16 27.91+0.25
AoP (mmHg) t 99.95+0.10 98.96 + 0.06 99.41 £ 0.05 103.02 £ 0.07
TVP (mmHg) 73.94 73.70 71.57 75.11
Qsys (L/min) t 3.46 £0.02 3.21£0.01 2.96 + 0.01 2.20+0.02
Quvap (L/min) 3.14 £0.01 3.46 £ 0.01 3.68 £ 0.01 3.60 £ 0.01
Qav (L/min) t 0.32 -0.25 -0.72 -1.40
Q ratio t 0.91 1.08 1.24 1.64
PI 4.56 4.94 5.85 6.94
NF (%) 9.28 -7.25 -20.85 -40.43
Forward LVEF (%) 31.05 29.41 26.67 20.11
S/D ratio 1.86 1.89 2.02
Agia (cm/s?) 7.24 7.26 7.31
EDPS (L/min/sec) -17.01 -16.74 -17.43
AVO time (sec) 0.16 0.16 0.14 0.10

[B] Medium LVAD speed
6.4k rpm Baseline Mild Al Moderate Al Severe Al
Parameters
LVP (mmHg) t 23.94 +£0.29 21.49+0.22 26.72+0.16 26.43+0.24
AoP (mmHg) t 109.81 + 0.07 110.69 + 0.04 109.65 + 0.03 108.24 + 0.04
TVP (mmHg) t 85.87 89.19 82.94 81.81
Qsys (L/min) t 4,63 +0.01 4.68 + 0.01 4.15+0.01 3.52+0.01
Quvap (L/min) t 4.66 + 0.01 5.04 +0.01 5.32 +0.01 5.41+0.01
Qav (L/min) t -0.03 -0.36 -1.18 -1.88
Qratio t 1.01 1.08 1.28 1.53
PI 2.65 2.46 3.10 3.10
NF (%) -0.70 -7.72 -25.44 -40.73
Forward LVEF (%) 41.69 42.66 37.17 31.29
S/D ratio 1.58 1.53 1.51
Agia (cm/s?) 2.65 4.64 4.69
EDPS (L/min/sec) -16.25 -14.13 -13.43
AVO time (sec) 0.13 0.13 0.00 0.00

[C] High LVAD speed

LVAD support worsens Al severity

The AV flow of BL and Al conditions at low, medium, and high LVAD support are shown

in Figure 4.12. The interaction between the cardiac contraction and the AP produces an

interference pattern that repeats approximately every 50s. During low LVAD support, forward flow
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occurred in Mild Al conditions at an average of 0.26 L/min, 67% lower than the BL’s average, and
more than 140% higher than the Moderate and Severe Al conditions. Increasing LVAD speed

lowered the fluctuation of AV flow and produced backward flow in all Al conditions.

. CS-on AV flow at 4.4k rpm s CS-on AV flow at 5.4k rpm
1 1
05 0.5
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Figure 4.12: Cyclic variations (every 1s) of flow through the aortic valve during low, medium,
and high HeartMate 3 support of Baseline, Mild, Moderate, and Severe Al conditions.

At the same LVAD speed, the LVP, AoP, and TVP were similar across all Al groups (Table
4.3). For Moderate and Severe Al, Qsys and forward LVEF reduced by 10-27% and 24-45%, while
Quvap increased by 14-17% and 14-23% compared to BL at the same speed. Negative Qav
(backward flow) and NF occurred in Mild Al during medium and high LVAD support, and in all
LVAD conditions of Moderate and Severe Al. The Q ratio increased at higher LVAD speed and
was greater than one when Qrvap exceeded Qsys. For the same Al severity, the ratio between the

systolic and diastolic peak of LVAD velocity (S/D ratio) and the diastolic acceleration (Agia)
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decreased, while the early diastolic phase slope (EDPS) values increased. Vortex properties of
different Al groups are shown in Table 4.4. As Al worsened, vortex circulation and KE increased.
For the same Al severity, a higher LVAD speed increased CCW vortex circulation and KE and

decreased vortex symmetry compared to a lower speed.

Table 4.4: Intraventricular vortex properties (mean + standard error) of Baseline (normal valve),
Mild, Moderate, and Severe aortic insufficiency (Al) conditions in the presence of native cardiac
function (CS on) (Clockwise (CW), and counter-clockwise (CCW)).

(In the case which had multiple CW and CCW vortices occurrences: total CW and CCW vortex
circulation and kinetic energy, radius/aspect ratio/vortex symmetry of the primary (largest) CW
and CCW vortex were reported). (1 Statistical significance (p<0.01) for different LVAD speeds).

Baseline Parameters 4.4k 5.4k 6.4k
Circulation CW+ 12.93 + 1.29 15.32+1.77 | 21.93+1.94
(x10° m*/s) ccwt 522+127 | -7.22+143 | -10.76+ 1.74
Total Kinetic Energy (mJ/m)t | 1.78 + 0.42 2.75 + 0.64 4.34 +0.90
Kinetic Energy | CWt 0.98 +0.19 1.45 + 0.29 2.29+0.42
(mJ/m) cCCcwt 0.80 + 0.24 1.30 + 0.36 2.05+ 0.50
CW+ 0.80 + 0.05 0.82 + 0.05 0.95 + 0.05
Radius (cm) cCcwt 0.42 + 0.03 0.41+0.02 0.48 + 0.04
CW+ 1.93+0.10 2.03+0.12 1.86 + 0.08
Aspect Ratio CCWwWt 1.83+0.23 1.93+0.18 1.89 + 0.21
Vortex symmetry CW:CCW t 1.82+0.16 215+ 0.24 2.16 +0.28
[A] Baseline conditions during different LVAD speeds
Mild Al Parameters 4.4k 5.4k 6.4k
Circulation cw 6.49 + 0.66 8.31+ 0.81 10.15+ 1.02
(x10° m?/s) ccw -7.58 + 0.69 -8.12+0.80 -9.19+0.94
Total Kinetic Energy (mJ/m)t | 0.76 + 0.14 1.02 + 0.19 1.25+0.21
Kinetic Energy | CW 0.36 + 0.07 0.52+0.10 0.65+ 0.11
(mJ/m) ccw 0.41+0.07 0.50 + 0.09 0.60 + 0.11
cw 0.42 + 0.02 0.49 + 0.04 0.44 + 0.02
Radius (cm) ccw 0.42 + 0.02 0.52 + 0.05 0.45+ 0.05
cw 1.96 + 0.14 2.54 +0.20 2.35+0.18
Aspect Ratio ccw 1.90 + 0.12 1.85+0.17 2.12+0.22
Vortex symmetry CW:CCW 1.07 + 0.07 0.94 +0.10 0.98 + 0.10

[B] Mild Al conditions during different LVAD speeds

105




Table 4.4: (cont.)

Moderate Al Parameters 4.4k 5.4k 6.4k
Circulation cw 8.65 + 0.89 10.77 £ 0.96 13.18 + 1.09
(x10° m?/s) ccw -12.35+0.98 | -12.30+£0.89 | -13.07+0.98
Total Kinetic Energy (mJ/m) t 1.06 £ 0.14 1.41+0.16 1.75 +£ 0.22
(mJ/m) ccw 0.56 + 0.07 0.68 + 0.08 0.79 £ 0.1
cw 0.40 £ 0.02 0.41+£0.03 0.45+0.04
Radius (cm) ccw 0.63 + 0.05 0.61+0.03 0.64 £ 0.04
cw 2.63+0.18 2.35+0.14 2.20+0.13
Aspect Ratio ccw 1.72+0.08 2.17+£0.15 251+0.18

Vortex symmetry CW:CCW 0.63 + 0.07 0.67 + 0.11 0.69 + 0.10
[C] Moderate Al conditions during different LVAD speeds

Severe Al Parameters 4.4k 5.4k 6.4k
Circulation cw 12.74 + 1.06 11.65+1.15 12.68 +1.12
(x10° m?/s) ccw -11.75+1.04 | -13.13+1.11 | -15.34+1.20
Total Kinetic Energy (mJ/m) 1.41 £ 0.16 1.58 £ 0.19 1.96 £ 0.22
Kinetic Energy cw 0.76 £ 0.08 0.75+0.10 0.95+0.12
(mJ/m) CCWt 0.66 + 0.09 0.83 +0.11 1.00 + 0.11
cw 0.65 + 0.05 0.66 £+ 0.06 0.63 + 0.06
Radius (cm) ccw 0.58 £ 0.04 0.53 £ 0.03 0.64 + 0.04
cw 249+ 0.15 2.38+£0.17 2.80 + 0.21
Aspect Ratio ccw 1.79+£0.14 2.18+£0.15 2.60 + 0.21
Vortex symmetry CW:CCW 1.27 £0.10 1.29 £ 0.09 0.99+0.10

[D] Severe Al conditions during different LVAD speeds

The SV of LVAD, AV, and systemic are shown in Table 4.5 and Figure 4.13 for all
conditions. LVAD support increased total SV during BL conditions by increasing flow through the
LVAD and reducing flow through the AV. As LVAD speed increased from 4.4k to 6.4k, systemic
and LVAD SV increased by 468% and 534% during diastole, and by 6.5% and 62% during systole,
respectively. When Al is present, a similar pattern with more dramatic changes in systemic and
LVAD diastolic SV were noted. During filling, higher LVAD speed increased the systemic SV but
caused backward flow through the AV. The backward flow occurred in all Al groups and increased
as Al worsened. During systole, increased LVAD SV was coupled with a decrease in AV SV.

Negative AV SV was observed in Moderate and Severe Al during high LVAD support.
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Table 4.5: Diastole and systole systemic, aortic valve (AV), and LVAD stroke volume (mean +
standard error)

4.4k Parameters Baseline Mild Al Moderate Al Severe Al
Systemic SV Diastole 7.65 +0.46 4.48 +1.36 -1.32 + 0.81 -2.79+0.64
(mL) Systole 29.66 +0.27 | 29.81+0.30 | 28.93+0.21 | 23.71 +0.26
Diastole 0.53+0.35 | -554+0.15 | -12.26 +0.34 | -14.81 +0.21

AV SV (mL) Systole 10.76 £+ 0.42 | 9.49+0.33 9.68 + 0.24 4.07 +0.38
Diastole 7.12 + 0.51 2518 +4.36 | 10.94+0.56 | 12.02+0.49
LVAD SV (mL) Systole 18.90+0.45 | 15.68+0.73 | 19.26 +0.07 | 19.64 +0.14

5.4k Parameters

Systemic SV Diastole 26.41+0.33 | 2522+1.34 | 21.13+0.43 | 14.26 £ 0.76
(mL) Systole 29.47 +0.09 | 27.71+0.38 | 26.87 +0.18 | 21.94+0.16
Diastole -0.73+0.17 | -5.89+0.20 | -14.44 +0.15 | -20.51 +£0.18

AV SV (mL) Systole 545+ 0.12 1.52 +0.13 2.53+0.14 -2.26 +0.14
Diastole 2714+ 041 | 1466 +3.26 | 35.57+0.35 | 34.78 + 0.81
LVAD SV (mL) Systole 24.03+0.10 | 1740+ 0.71 | 24.34+0.10 | 24.21 +0.17

6.4k Parameters

Systemic SV Diastole 43.45+0.27 | 4557+1.19 | 37.79+0.83 | 31.17 +£0.71
(mL) Systole 31.60+0.13 | 31.22+0.45 | 29.12+0.60 | 25.15+0.49
Diastole -1.67+0.14 | -559+0.10 | -16.67 £0.20 | -23.79+0.16

AV SV (mL) Systole 0.92+0.12 -0.42+0.06 | -2.85+0.17 -7.14 +£0.25
Diastole 4512 +0.16 | 13.17+2.86 | 54.45+0.78 | 54.96 + 0.84
LVAD SV (mL) Systole 30.68+0.03 | 13.35+1.02 | 31.97+0.94 | 32.29+0.74
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Figure 4.13: Stroke volume during diastolic and systolic for Baseline, Mild, Moderate, and
Severe Al conditions.
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Figure 4.14: [A] Average velocity in the region of interest at the aortic valve, [B] Average energy
dissipation rate, and [C] Average regurgitant area for all conditions (cont.)
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Table 4.6: Regurgitant jet properties (mean + standard error) of Mild, Moderate, and Severe
aortic insufficiency (Al) conditions in the presence of native cardiac function (CS on).

(T Statistical significance (p<0.01) for different LVAD speeds).

Mild Al 4.4k 5.4k 6.4k
Area (cn?) t 2.62+0.18 3.48 +0.22 3.82 +0.30
Max Diameter (cm) t 0.97 + 0.05 1.19+£0.05 1.22+£0.07
Vena Contracta Width (cm) t 0.37 £0.01 0.43 £ 0.01 0.44 £ 0.02
Length (cm) T 3.85+0.18 4.51+0.20 4.78 +£0.25
Velocity (m/s) t 0.24 +0.00 0.25+ 0.00 0.24 + 0.01
Peak velocity (m/s) t 0.41+0.01 0.44 + 0.01 0.44 + 0.02
[A] Mild Al conditions during different LVAD speeds
Moderate Al 4.4k 5.4k 6.4k
Area (cn?) t 4.56 + 0.21 5.34 + 0.23 5.62 + 0.31
Max Diameter (cm) 1.55+ 0.04 1.65+ 0.05 1.67 + 0.07
Vena Contracta Width (cm) 0.38 + 0.01 0.38 + 0.01 0.41+0.02
Length (cm) t 5.10+0.16 5.63+0.15 5.62 + 0.22
Velocity (m/s) 0.26 + 0.00 0.27 £ 0.00 0.27 + 0.01
Peak velocity (m/s) 0.50 + 0.01 0.53+0.01 0.52 + 0.02
[B] Moderate Al conditions during different LVAD speed

Severe Al 4.4k 5.4k 6.4k
Area (cm?) t 6.69 + 0.24 7.34 + 0.35 7.93 +0.44
Max Diameter (cm) t 1.87 + 0.08 2.18 + 0.09 2.37+0.12
Vena Contracta Width (cm) 0.53+0.01 0.57 +0.02 0.61+0.03
Length (cm) T 6.07 + 0.14 6.09 +0.16 5.92 +0.22
Velocity (m/s) 0.27 + 0.00 0.27 + 0.00 0.28 + 0.1
Peak velocity (m/s) 0.54 + 0.01 0.54 + 0.02 0.56 + 0.2

[C] Severe Al conditions during different LVAD speeds

Average ROI velocity is shown in Figure 3.14A, in which velocity of flow moved toward the
aorta was designated as positive (forward), while the flow toward the LV was designated as
negative (backward). Increasing in LVAD speed decreased forward AV velocity in the BL
condition, and increased backward AV velocity in Al conditions. Larger average EDR occurred
with higher LVAD support and more severe Al (Figure 3.14B). Moreover, higher average area,
diameter, and length of the jet occurred when LVAD support increased (Figure 3.14C and Table

4.6). Compared to the pre-LVAD condition, RJ areas increased the least when LVAD speed
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changed from 4.4k to 6.4k rpm in Severe Al (Table 4.7). However, in post-LVAD, the jet area
increased the most (46%) with pump speed in Mild Al. The maximum diameter, length, and peak
velocity of the RJ followed similar patterns. The quantitative clinical parameters increased with

worsening Al and higher LVAD support except for the RF (Table 4.8).

Table 4.7: Percentage change of average RJ area in Mild and Severe Al

Average RJ area % changes from Pre-LVAD to | % changes from
4.4k rom 6.4k rom 4.4k to 6.4k rpm
Mild Al 41 106 46
Moderate Al 80 121 23
Severe Al 27 50 18

Table 4.8: Quantitative clinical parameters for grading Al

Jet width/

Jet CSA/

Regurgitant

Mild Al V(?C"r';;j”h LVOT | LVOTCSA | Volume | Ho9" %’t(’f’,/”; ’:;fn%‘
width (%) (%) (mL/beat) °

Off 0.26 31 8 5.23 20 0.34

4.4k 0.27 37 14 5.54 13 0.32

5.4k 0.43 46 21 5.90 8 0.31

6.4k 0.44 47 22 6.01 0 0.29
Moderate Al

Off 0.33 40 16 9.28 28 0.57

4.4k 0.38 60 26 112.26 36 0.60

5.4k 0.38 63 40 14.44 17 0.69

6.4k 0.41 64 41 19.51 12 0.85
Severe Al

Off 0.49 61 37 11.91 45 0.72

4.4k 0.53 72 52 14.81 82 0.76

5.4k 0.57 84 70 22.78 58 1.09

6.4k 0.61 91 83 30.93 31 1.34

Trmaps of the LV following 20CC varied notably among the different conditions (Figure
4.15 and Table 4.9). The Pre-LVAD BL case exhibited the lowest Tr and residual region of 21%
(Tr> 2 cycles) followed by Moderate, Severe, and Mild Al. The residual region formed underneath

the AV base in BL case and was located along the LVOT and LV free-wall in Al cases. After LVAD
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implantation, the Tr and residual regions varied depended on LVAD speeds. In BL, Moderate and
Severe Al conditions, LVAD support decreased Tr and residual area. Mild Al experienced
increasing Tr during LVAD support. Regardless of LVAD support level, Moderate Al had the
lowest T, followed by BL, Severe, and Mild Al. The distributions of residual regions in post-LVAD

were similar to the pre-LVAD conditions.

Moderate Al Mild Al Baseline

Severe Al

Figure 4.15: Left ventricle maps of residence time calculated for the midplane area over 20
cycles of integration are shown for CS-On conditions.
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Table 4.9: Residence time (T;) summary after 20 cardiac cycles of CS-On Baseline (normal
valve), Mild, Moderate, and Severe aortic insufficiency (Al) conditions.

% T area>2CC | Average Ty of

Parameter Average Ty (S) (%) area > 2CC (s)
Off 1.47 20.79 2.34
Baseline 4.4k 1.32 18.47 2.64
5.4k 1.30 13.59 2.36
6.4k 0.98 4.44 2.27
Off 1.93 47.75 3.00
. 4.4k 3.52 47.5 5.58
Mild Al 5.4k 2.60 34.29 4.51
6.4k 6.38 30.73 13.91
Off 1.92 29.55 5.01
4.4k 1.61 37.02 2.48
Moderate Al 27, 1.00 6.07 3.37
6.4k 0.81 5.57 2.05
Off 2.72 62.62 3.89
Severe Al 4.4k 2.70 59.62 3.96
5.4k 1.83 53.48 2.8
6.4k 1.62 31.48 2.76

4.4 Discussion

Hemodynamics Parameters to Assess Al Severity During LVAD Support

This study presents a side-by-side comparison of the intraventricular flow dynamics of a
dilated heart failure model during normal AV function and graded Al combined with centrifugal
continuous flow HM3 support. Characterization of the hemodynamics, intraventricular flow field,
and residence time provide insight into the features of valve dysfunction that can be applied to
improving early diagnosis and possible interventions. The pre-LVAD Al classifications used in this
study agree with clinical guidelines'®?'92, The RF and EROA decreased due to the unloading
effect of LVAD, while the jet CSA/LVOT CSA had the highest percentage of changes (Figure 4.16
(left)). For the jet properties, the RJ area changed significantly, up to 36% higher than the VC
width (Figure 4.16 (right)). The normalized changes of different echo parameters were shown in

Figure 4.17, as Al severity was classified according to the current AHA standard'™'. The RegV
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underestimated Al severity, while RF suggested Al improving with high LVAD support, contracting
with other parameters (Figure 4.17).

As discussed in Chapter 3, S/D ratio, Agia, and EDPS have been proposed as new indices
to assess Al in LVAD patients'®2%2, Our measurements of these variables did not reflect the
sensitivity described in previous publications. As the Al model progressed from Mild to Severe,
the indices matched with the previous description of worsening Al. For an LVAD speed increase
from 4.4k to 6.4k for each of the three Al groups, Adia indicated Al improvement, disagreeing with
S/D the ratio and EDPS. The result implied that these indices might not be suitable for evaluating
Al severity during HM3 support. Moreover, the AP features incorporated into HM3 speed control
caused some cycle-to-cycle flow variations. Indices, calculating from LVAD flow, changed
between cycles and must be collected and averaged from 50 or more cycles to ensure their
accuracy in characterizing Al. Similar to the HM2 results discussed in Chapter 3, the NF
decreased when Al worsened or increased LVAD speed (Table 4.11). Forward LVEF increased
with LVAD support for each Al group, following the increase of systemic SV. The results suggest
that forward LVEF is not sensitive to LVAD speed change, but NF is and could be used to quantify

Al severity during LVAD support.

o Normalized echo parameters_ HM3 - Normalized jet properties_ HM3

0
100% 100%

80%
50%

60%
0%
Off 4.4k 5.4k 6.4k 40%

-50% 20%

-100% 0%
Off 4.4k 5.4k 6.4k
—=VC Width R vol
-150% RF EROA
Jet width/LVOT width Jet CSA/ILVOT CSA ——Jet Area Max Diameter Length Ave velocity

Figure 4.16: Percentage change of different Al indices from pre-LVAD
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Vena Contracta Width vs. HM3 LVAD speed Jet width/LVOT width (%) vs. HM3 LVAD speed
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Figure 4.17: Sensitivity of echo quantitative parameters as a function of LVAD speed
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Table 4.10: Post-LVAD Al assessment indices characterized base on Al severity and LVAD

speed.
Parameters | Al severity: Mild— Severe LVAD speed: 4.4k — 6.4k rpm
trends 4.4k 5.4k 6.4k Mild Al Moderate Al | Severe Al
S/D ratio ~ | Tslightly | { slightly \ 2 2
Adia ) ~ ) J d d
EDPS>-17.6 No Yes Yes Yes Yes Yes

Table 4.11: Net flow (NF) and forward left ventricle ejection fraction (LVEF) trends during the
post-LVAD study.

Parameters Al severity: Mild— Severe LVAD speed: 4.4k — 6.4k rpm
trends 4.4k 5.4k 6.4k Mild Al | Moderate Al | Severe Al
NF (%) V2 \ \ V2 J \
Forward LVEF (%) 2 J J ) ) )

Effects of Al during HeartMate 3 support

The vortex structure observed in the pre-LVAD BL condition was similar to that described
in Chapter 3 and previous publications?4>247:24¢ The vortex pattern closely resembled those of
dilated cardiomyopathy patients with larger circulation and KE?2#52%3254  During HM3 support,
vortex circulation patterns and trajectories were measured that were similar to those measured
for HM2 support®®2%5, Pre-LVAD Al increased CCW vortex circulation, especially in Severe cases.
Due to the interaction of RJ with septum wall and mitral inflow, multiple vortices were observed?5*-
256 Al combined with LVAD support featured a dominant RJ, and the AP perturbation that enabled
the primary CW vortex to roll up and move toward the AV even during high LVAD speed. EDR

increased with Al and LVAD speed due to the disruption of the normal vortex trajectories.

Aortic Insufficiency in the Absence of Cardiac Contraction: HeartMate Il vs. HeartMate 3
Table 4.12 compares the results of different Al conditions with HM2 and HM3 support
when pump speed was changed from low to high in the absence of cardiac contraction (CS Off).

For all Al conditions, HM3 increased TVP by 20%; Qsys and Qrvap by 10%; backward Qav by 5-
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20% in comparison to HM2 cases. Vortex symmetry decreased in all conditions (indicating the
CCW became more dominant as LVAD speed increased and Al worsened). During HM3 support,
CW, CCW vortex circulation, and total KE increased in all Al cases. The area, max diameter, and
length of the RJ increased more than with HM2 support. Interestingly, during HM3 support, the
VC width increased more dramatically, accompanying with higher TVP increased rate. These
results suggest that the AP did contribute to the hemodynamics, flow pattern, and may induce a
different RJ structure formation.

Table 4.12: Comparative summary of different parameters in the absence of cardiac contraction
when changing LVAD speed from low to high for HeartMate Il (8k to 11k rpm) and HeartMate 3
(4.4k to 6.4k rpm) in Mild, Moderate and Severe aortic insufficiency (Al).

(TVP (transaortic pressure), Qsys (total systemic flow), Quvap (LVAD flow), Qav (flow through

aortic valve), Qratio (Flow ratio), clockwise (CW) and counter-clockwise (CCW) vortex circulation,
kinetic energy (KE)).

HeTodynamics . ny 2I\.Ilglée_r)a':e1 : rIc’g:evere . St :n-:ze_r)at%‘lk I‘SI:’trar\llere
(% change) Mild Al Al Al Mild Al Al Al

TVP 78% 78% 74% 99% 97% 93%
Qsys 44% 46% 47% 53% 54% 51%
QLvap 47% 44% 47% 58% 58% 54%
Backward Qav 85% 40% 44% 81% 64% 57%
Q ratio 4% -1% -1% 3% 2% 2%
Vortex Dynamics (% change)

CW Circulation -39% -70% 82% 69% 29% 45%
CCW Circulation -34% 59% 120% 69% 104% 63%
Total KE -26% 42% 200% 144% 130% 124%
Vortex Symmetry 14% -43% -38% -1% -18% -17%
Regurgitant Jet Properties (% change)
Area 410% 67% 39% 81% 64% 44%
Max Diameter 169% 42% 15% 35% 28% 20%
Vena Contracta

Width 0% 0% 0% 59% 13% 19%
Length 122% 11% 30% 18% 21% 9%
Average Velocity 12% 10% 16% 19% 15% 17%
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Aortic Insufficiency in the Presence of Cardiac Contraction: HeartMate Il vs. HeartMate 3

Table 4.13: Comparative summary of different parameters in the presence of cardiac
contraction from LVAD off to medium LVAD speed and from changing LVAD speed from low to
high for [A] HeartMate Il (Pre-LVAD to 9.4k rpm; 8k to 11k rpm) and [B] HeartMate 3 (Pre-
LVAD to 5.4k rpm; 4.4k to 6.4k rpm) in Mild, Moderate and Severe aortic insufficiency (Al).
(TVP (transaortic pressure), Qsys (total systemic flow), QrLvao (LVAD flow), Qav (flow through
aortic valve), Qrato (Flow ratio), clockwise (CW) and counter-clockwise (CCW) vortex circulation,
kinetic energy (KE), energy dissipation rate (EDR), residence time (Tr)).

Hemodynamics e Pr;:).;/;l:t: 9.4Ske:lF;Te - zliniz;;tlk rpg:evere
o . .

(% change) Mild Al Al Al Mild Al Al Al
TVP 98% 97% 76% 30% 36% 15%
Qsys 103% 104% 110% 133% 119% 154%
QLvap 158% 139% 141%
Backward Qav 110% 138% 188% 291% 391% 109%
Q ratio 10% 9% -5%
Vortex Dynamics (% change)

CW Circulation -11% 31% 7% 32% -12% -15%
CCW Circulation 32% 24% 49% -37% 42% 20%
Total KE 21% 71% 72% 20% 34% 24%
Vortex Symmetry -12% -13% -9% 64% -1% -15%
Regurgitant Jet Properties (% change)

Area 87% 84% 28% 16% 11% 41%
Max Diameter 41% 12% 21% 3% 18% 44%
Vena Contracta

Width 30% 9% 4% 6% 3% 3%
Length 41% 43% 13% 10% 15% 12%
Average Velocity 5% 14% 14% -9% 0% 3%
Other (% change)

EDR 46% 77% 48% -5% 19% 16%
Tr -90% -30% 157% 196% -50% -89%

[A] HeartMate Il

118



Table 4.13: (cont.)

. HM 3: Pre-LVAD — 5.4k rpm HM 3: 4.4k — 6.4k rpm
Hemodynamics
o . Moderate Severe . Moderate | Severe
(% change) Mild Al Al Al Mild Al Al Al
TVP 94% 112% 93% 59% 49% 34%
Qsys 103% 105% 99% 126% 140% 172%
Quvap 177% 188% 180%
Backward Qav 116% 150% 226% 239% 857% 194%
Q ratio 23% 20% 3%
Vortex Dynamics (% change)
CW Circulation 31% 41% 5% 56% 52% 0%
CCW Circulation 18% 117% 45% 21% 6% 31%
Total KE 46% 120% 61% 64% 65% 39%
Vortex Symmetry 1% 3% 12% -8% 10% -22%
Regurgitant Jet Properties (% change)
Area 87% 110% 39% 46% 23% 19%
Max Diameter 49% 60% 37% 26% 8% 27%
Vena Contracta
Width 65% 15% 16% 19% 8% 15%
Length 31% 40% 16% 24% 10% -2%
Average Velocity 9% 13% 13% 0% 4% 4%
Other (% change)
EDR 44% 57% 51% 40% 22% 22%
Tr 35% -48% -33% 81% -50% -40%

[B] HeartMate 3

Table 4.13 shows the results of different Al conditions combined with HM2 and HM3
support and cardiac function. LVAD support at medium speed (9.4k in HM2 and 5.4k in HM3),
increased TVP, Qsys, backward Qav, CCW circulation, RJ properties, EDR in both HM2 and HM3,
and Trin HM2 Severe Al and HM3 Mild Al conditions. When LVAD speed increased (8k to 11k
rom in HM2, and 4.4k to 6.4k rpm in HM3), in all HM3 conditions, the hemodynamics, vortex
circulation, and KE increased more significantly, in comparison to HM2 conditions. Moreover, as
LVAD speed increased, the RJ properties and EDR of HM3 Mild Al increased more substantially
than HM2 mild Al, while Tr increased in Mild Al and decreased in Moderate and Severe Al

conditions for both LVAD types.
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As discussed in Chapter 3, the changes in RJ properties suggested that Mild Al conditions
worsen immediately after LVAD implant, but did not increase significantly when HM2 speed
increased. During HM3 support, Mild Al worsened immediately with LVAD support and
progressed with LVAD speed. This observation was made using an in vitro bench-test and needed
to be validated with clinical studies. However, the result suggests that additional attention is
necessary in post-implant management and speed optimization of HM3 patients with pre-existing

Al to ensure the AP augments native cardiac contraction under all conditions.

Proposed indices to assess Al during LVAD support

From the previous result, the jet CSA/LVOT CSA and the jet area had the highest
percentage changes. Under the assumption that the CSA of the jet and LVOT is circular, the
jet/LVOT ratio was estimated using equation 1. This proposed index can be calculated directly
from the echo parameters obtaining in the 3-chamber view during an echo color Doppler study.
The AHA classification of Al can still be applied since it was an estimation of the currently used
clinical index (Figure 4.19). In comparison to HM2, HM3 seemed to worsen Al more, especially
with a pre-existing moderate or severe Al presence. The reported data were averaged from 39
times points during the cardiac cycle. In clinical practice, further investigation is required to

determine the right time point to perform the measurement.

: 2
Jet/LVOT ratio = [Smaxdiameter (Equation 4.1)

2
Twidth
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axis view has a triangular shape. The est. area was similar to the actual jet area (Figure 4.18).
This proposed index can be calculated directly from the echo parameters obtaining in the 3-
chamber view. Further investigation is required to determine the appropriate threshold for different

Al classifications. Similar to the previous index, the est. jet area seemed to increase more during

The estimated (est.) jet area is calculated using equation 2 by assuming the jet 2D long-

200%

150%

100%

50%

0%
Off

Normalized proposed indices

——Jet Area

4.4k 5.4k 6.4k

——est. jetarea  —=-Jet/LVOT ratio

Figure 4.18: Normalized proposed indices

HM3 support, especially in moderate and severe Al conditions (Figure 4.20).

100%

80%

60%

40%

20%

Jet CSA/LVOT CSA (%) vs. HM2 LVAD speed

Est. jet area = % x jet

e Mild Al

8k 9.4k

=s=-Moderate Al —o=Severe Al

60%

40%

max diameter

xLVOT idgth

Jet CSA/LVOT CSA (%) vs. HM3 LVAD speed

(Equation 4.2)

w e
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Off 4.4k s o ”
e Mild Al =@=eModerate Al == Spvere Al

Figure 4.19: Change of jet CSA/LVOT CSA index when HM2 and HMS3 presences
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Est. jet area vs. HM2 LVAD speed Est. jet area vs. HM3 LVAD speed
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Figure 4.20: Change of est. jet area when HM2 and HM3 presences

4.5 Limitation and Conclusion

The intraventricular flow field indices for Baseline, Mild, Moderate, and Severe Al under
matched hemodynamic conditions were measured during three HM3 speed conditions using a
cardiac simulator and PIV. Similar system limitations to those discussed in Chapter 3 apply to this
study. Overall, HM3 support affects pre-existing, Al similar to HM2. The LVAD worsens Al indices
by introducing turbulence, altering the intraventricular flow pattern, increasing energy loss, and
prolonging the diastolic phase. Two new indices were proposed to assess Al severity during LVAD
support, which seemed to have higher sensitivity than the currently used indices. This study
suggests that additional studies are needed to inform post-implant patient management in
patients with pre-existing Al, and evaluate the potential benefit of synchronizing the AP with the

native heartbeat.
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Chapter 5
The Effect of Mitral Valve Prostheses Design and Orientation on Left

Ventricular Flow during LVAD Support

5.1 Introduction

Annually in the US, there are more than 100,000 cases of mitral valve (MV)
replacement’. Bioprosthesis (BP), bi-leaflet (BL), single-leaflet (tilting-disk (TD)), etc. are
different designs of MV prostheses, each interacts distinctly with the incoming flow during
diastole’*. While MV replacements are beneficial, they have drawbacks. Each prosthesis valve
type is linked with particular complications, e.g., higher thromboembolic risk in TD, a higher
bleeding complication in BL, and a higher rate of deterioration and stenosis in BP'?5'2%6, Qverall,
risks of thrombosis are associated with patient’s pre-existing conditions (low cardiac function,
hypercoagulability, atrial fibrillation/dilation, etc.) and post-surgery care (e.g., anticoagulation
management)?¢3-266_ Typically, anticoagulants, which are required to manage the thromboembolic
event (TE) risk, change patients’ blood chemistry balance. Moreover, the presence of foreign
material, abnormal intraventricular pattern with high shear stress region'?4267-26% fyrther increase
the tendency of thrombus formation, according to the classic view of Virchow’s triad. Finally, mitral
regurgitation can occur post-MV replacement and subsequently increases the risk of HF and
arrhythmias'?7.128.270,

Previous studies have shown that the shape and orientation of MV prosthesis strongly
affect the intraventricular vortex structures®%271272_ The impact of MV prostheses design and
orientation on intraventricular flow and its associated risk of TE were reported in the recent
publication'®. The BP and the BL valves in the anti-anatomical position produced a similar vortex
pattern to the normal heart. The BL valve generated higher shear in the region where it hinges,

exhibiting higher platelet shear activation potential. The TD valve in septal orientation produced
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a reversed flow and vortex pattern, impairing LV washout and retaining shear activated fluid. The
BP valve was found to have the lowest TE risk for patients with progressive heart valve disease'*.
Left ventricular assist device (LVAD) support boosts hemodynamic function in heart failure
patients. The LVAD provides intermediate support for Bridge-to-Transplants, and long term
support for Destination Therapy (DT) patients®’??°. The INTERMAC 2018 reported that the
concomitant MV procedure (repair or replacement) at the time of LVAD implant did not affect
short- and long-term patient mortality rate. Excepted for patients implanted with LVAD as DT, MV
procedure is associated with improved long-term survival. Furthermore, MV replacement is
associated with less hospital re-admission and higher quality of life in select patients?’3.

During LVAD support, the interaction between the MV prosthesis and intraventricular flow,
along with its associated TE risks, might change. Several studies reported the outcomes of
patients with prostheses MV during pulsatile LVAD support. Schweiger et al. conducted a small
clinical study, with one patient with BP and five with mechanical valves in mitral positions who
were LVAD candidates. The prostheses valves were left at the time of LVAD implants, while
optimal speeds were set to ensure sufficient loading, and periodic AV opening (AVO). During an
average of 14 months LVAD support, no valve-related or any thromboembolic events were
observed; all patients died due to multiple organ failure. In the BP case, after 3.5 years of LVAD
support, the autopsy report found no change in valve tissue, or thrombus formation at the valve
leaflet'?®. Similarly, Krishan et al. reported a patient case with long term (20 years) mechanical
MV, who received LVAD as BTT. When he received a heart transplant, there was no incidence of
MV thrombosis?™*. Similar outcomes were reported in LVAD patients with pre-existing mechanical
MV prosthesis®”129274-276 On the other hand, other reported valvular thrombosis incidences in
LVAD patients with pre-existing mitral BP?24277:278 - Additional studies are needed to assess the

effects of continuous-flow LVAD in patients with prostheses MV.
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Figure 5.1: (A) The SDSU cardiac simulator is a mock circulatory loop that reproduces the fluid
dynamics of the dilated cardiomyopathy (DCM) heart. The left ventricle is a silicone rubber
model positioned with a left ventricular assist device (LVAD) attached inside of a transparent
fluid-filled chamber. (B) Three mitral valve prostheses were tested in different orientations under
matched hemodynamic conditions (from left to right): porcine bio-prosthesis (BP); tilting disk
mechanical heart valve (MHV) in the septal (TD-S) (top), and free wall (TD-F) (bottom)
orientations; bileaflet MHV in anatomical (BL-A) (top), anti-anatomical (BL-AA) (middle), and 45°
angle (BL-45) (bottom) orientations.
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5.2 Methods

The experimental setup is similar to the previous study, and are described in detail in
Chapter 3, section 2. Except that the porcine bioprosthetic valves, 26-mm Medtronic Mosaic, and
25-mm Medtronic 305 Cinch were placed in the AoV and MV positions, respectively. A series of
MVP was placed in the MV positions: a Medtronic Hall tilting-disk mechanical heart valve (MHV)
positioned with the large orifice directing flow toward the free wall (TD-F), or toward the septal
(TD-S); a Carbomedics MHV positioned in the 45° angle (BL-45), anatomical (BL-A), and anti-
anatomical (BL-AA); and a Medtronic 305 Cinch bio-prosthesis (BP) (Figure 5.1). Two different
speeds of HeartMate Il (HMIl) were tested at two levels of support: 8k (low) and 11k (high)

rotations per minute (rpm).

Data Analysis

The Qratio and Aortic pulsatility index (PI) were calculated from the flow signal:
Qratio:% (Equation 5.1)
Sys

Qsysmax-Qgysmin

Aortic PI= (Equation 5.2)

Qgysmean

Where Qgys is the systemic flow rate, and Quvap is the LVAD flow rate.

Images Analysis

Velocity profile along the line located 20 mm from the MV annulus was computed at the
peak of E- and A- wave for six types of prosthesis valves during 8k and 11k LVAD support, as
previously described'®*. The velocity of inflow toward the LV apex was designated as positive,
while the flow toward the AV (away from the apex) was designated as negative.

Vortices were identified in the recorded velocity fields, and their dynamical properties

tracked as previously described'?4245,
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Blood Residence Time
Blood residence time (Tr) was determined using the modified advection equation, as
described in detail in previous publications '>*24¢_ The equation was integrated in time for ten

cardiac cycles (CC), which ensured convergence to a periodic solution.

Statistical Analysis

The hemodynamics properties (LVP, AoP, Qsys, QLvap, Qratio, @nd Aortic Pl) for different
MVP at 8k and 11k rpm LVAD speed were tested for normality using the Shapiro-Wilk test. A
Kruskal-Wallis one-way ANOVA test was used to assess the statistical significance for the 8k and
11k groups, and the Wilcoxon Rank-Sum test with Bonferroni correction used for pairwise

comparisons. Significance was achieved for p < 0.01.

5.3 Results

The hemodynamics were not statistically different for all the valve types and positions in
the 8k LVAD group (Table 5.1). The LVP was statistically different during the 11k speed between
the BL-AA and BL-A, BL-45, and TD-F conditions. Still, this difference did not impact other
hemodynamics values within the same LVAD support level. As LVAD speed increased from 8k to
11k, the AoP, Quvap, Qsys, Qratic Were increased approximately by 42%, 80%, 26%, 43%,
respectively; while aortic Pl decreased by 54%. The Qo < 1 indicated partial AV opening (AVO),
while Qratic = 1 indicated no or very minimal AVO. During low to medium LVAD support, the flow
got ejected through AV and LVAD conduit during systole, resulting in Qrti0<1 and high Aortic PI.
While during high support, the flow was mostly by the pump, resulting in Qratio ~ 1 and lower Aortic

Pl.
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Velocity Field Visualization and Inflow Profiles
Figure 5.2 displays the velocity fields in the LV mid-plane for selected instants of the CC,
illustrating the flow dynamics produced by each valve case at low and high levels of LVAD
support. These results showed that during the diastole the BP valve produced a similar flow
pattern to that observed for the native valve 2%, with an asymmetric vortex ring forming and
resulting in a 2D pattern of a large clockwise (CW) anterior core and a small counter-clockwise
(CCW) posterior core. During systole, the low LVAD support case induces partial AVO, and the
flow was split between the valve and LVAD. At high LVAD support, AV closed and flow
continuously exited through the LVAD. The velocity profiles of MV inflow for peak E- and A- waves
are shown in Figure 5.3. Consistent with the velocity fields, the inflow profiles were roughly
symmetric, with a single parabolic peak that diminished in magnitude during the A-wave. Higher
LVAD support slightly increased the incoming E-wave velocity while the A-wave had a similar

profile and magnitude to low LVAD support.
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Figure 5.2: Velocity field images at four instants of the cardiac cycle shown for the six prosthesis
mitral valve cases during (A) 8 kilo rotations per minute (krpm), and (B) 11 krpm LVAD supports:
early diastole (1%t left column), mid-diastole (2" column), late diastole (3™ column), and mid-
systole (4™ column). In each image, the prosthesis mitral valve is located on the upper right, the
aortic valve is in the upper lefft.
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Figure 5.2: Velocity field images for the six prosthesis mitral valve cases (cont.)
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Figure 5.3: Vertical velocity profiles along the lines 20 mm from and parallel to the MV annulus,
at both peak E and A waves during 8 krpm and 11 krpm LVAD support for the six mitral valve
prosthesis cases. Fluid entering through the mitral valve and going toward the line is assigned
(+) value, and fluid moving toward the aortic valve is assigned (-) value.
The TD-F valves exhibited a strong inflow jet attached to the lateral wall and a more
persistent CW vortex than the BP valves. This was reflected in the velocity profiles, which were

not symmetric and peaked toward the free-wall. In contrast, the TD-S valves exhibited a complete

reversal of the normal flow pattern, with dominant and more persistent CCW vortices that crossed
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the outflow path. By directing the larger jets toward the septum, the inflow profiles were shifted
away from the free-wall.

The BL design altered the diastolic flow pattern through the MV, although the overall
swirling motion of blood was less affected. The BL-AA and BL-45 displayed similar flow patterns
to the BP valve, with wider parabolic inflow profiles. The BL-A exhibited distinct vortex formation
during early diastole and two-peaks inflow profiles, clearly reflecting the bileaflet valve geometry.
In contrast to the BP valve, low LVAD support produced higher E-wave velocities, especially in
BL-AA and TD-S cases, while the A-wave profiles were roughly for both LVAD speeds. Consistent
with the Qo results, velocity fields during systole of 8k showed partial flow exited through AV,

while during 11k, very minimal AVO caused most flows exited at the LV apex.

Vortex Properties: Circulation and Trajectories

The vortex analysis (Table 5.2) indicated that the total KE was comparable among all
valve types and orientations during low LVAD support. At higher LVAD speed, the total KE of BL-
AA was significantly lower than in other valve types. In all conditions, excepted for the TD-S
valves, the CW circulations were dominant, resulting in larger CW circulation and KE.

The circulation and trajectories for CW and CCW vortices during the CC, beginning with
the MV opening, following by early and late diastolic filling, and concluding at end-systole, are
displayed in Figure 5.4. For the BP valve during low LVAD support, the CW vortex formed and
followed a straight trajectory toward the apex during E-wave filling, then moved up toward the
base. A weaker A-wave jet joined and strengthened the CW vortex, which moved toward AV,
channeling some forward flow through AV during systole. CCW vortices appeared at early E- and
A- filling phases and moved toward the apex to exit through the LVAD. At high LVAD support, a
similar CW vortex pattern was observed, excepted during late diastole the CW resided near LV

center, and the CCW vortex persisted longer
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Figure 5.4: (Left) Time-varying (positive) clockwise (CW) and (negative) counterclockwise
(CCW) vortex circulation are shown for six orientations of mitral valve prostheses during [A] 8k
rom and [B] 11 krpm LVAD support: blue symbols denote E wave vortices, red symbols denote
A wave and systolic vortices; square symbols denote main CW vortices, circle symbols denote
secondary CW vortices, down-triangle symbols denote main CCW vortices, up-triangle symbols

denote secondary CCW vortices; blue lines and red lines denote vortices that appear and

dissipate during E wave and A wave respectively, black lines denote vortices that perpetuate
the entire cardiac cycle (MVO = mitral valve opens, MVC = mitral valve closes, AoVO = aortic
valve opens, AoVC = aortic valve closes).
(Middle, Right) Vortex core trajectories as the result of the E-wave and A-wave inflow
contributions are shown for six orientations of prosthesis mitral valves: the trajectories’ symbols

and lines are corresponded to the circulation plot (t symbol indicates the merging to vortices).
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Figure 5.4: Vortex Circulation and Trajectories (cont.)
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Figure 5.4: Vortex Circulation and Trajectories (cont.)

138



BP-11k Vortex Circulation

-
Peak E

50

“0Fmvo
"ﬁ 30 Peak A AoVO
© 20 Systole aAqvc
=3
-
5 10
c -
2
8 of U v
3 ST, e

i

S -10 Vo9 yov?

-20

-30

40 . " " " . . . "

0.1 02 03 0.4 0.5 06 07 08
Time (s)

TDF-11k Vortex Circulation

60

Peak E

50

Circulation (x10”° m?/s)

20

.30 -

-40 L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (s)
© TDS-11k Vortex Circulation

Peak E
50

40 'mvo

Peak A AoVO
Systole Aove

Circulation (x10'3 mzls)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)

[B] 11k rpm LVAD speed

Figure 5.4: Vortex Circulation and Trajectories (cont.)
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Figure 5.4: Vortex Circulation and Trajectories (cont.)
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For the TD valves, secondary vortices were formed in addition during the early filling
phases to the main CW and CCW vortices. The TD-F had the larger orifice area opening toward
the free wall, developing a stronger and four times larger elliptical CW vortex. The main CW and
CCW vortices traveled a similar path as the BP valve, excepts that the CW vortex lasted longer
during diastasis. Secondary CW and CCW vortices formed during early E- and A-wave, traveling
toward the LV center to merge with the main vortices. Higher LVAD support increased the
persistency of the 2° CW vortices and kept the main CW vortex at the LV center. Alternatively,
the TD-S channeled the filling jet towards the septum wall and gave extra space for the CCW
vortex to grow, resulting in the reversal of CW and CCW symmetry. The main CCW vortex
persisted during diastole, moving toward the LV apex during systole; while the CW vortex mostly
circulated the AV base. Secondary CCW vortex generated at the E-wave moved toward the
septum and dissipated, while the A-wave structure traveled toward the apex to merge with the
main CCW vortex. The higher level of LVAD support yielded similar vortex properties and
patterns. The BL designs produced secondary CW vortices during early A-wave, which
subsequently merged with the main CW vortices at the LV center. The CCW vortices were also
more persistent and traveled toward the LV apex. During 8k support, the BL designs produced
comparable KE and circulation to the BP case. Higher LVAD support decreased BL-AA KE and

circulation significantly, but not other BL case
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Figure 5.5: Left ventricle spatial average maps of residence time for the midplane area over 10
cycles of integration during (A) 8k and (B) 11k LVAD supports are shown for each of the six
different valve cases
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Blood Residence Time

Tr maps of the LV following 10 CC varied among the different valve designs and
configurations (Figure 5.5 and Table 5.4). The BP case exhibited the lowest Tr, with no regions
with residual blood (Tr > 2 cycles) during different LVAD support levels. At the low LVAD support
level, Tr of BL-AA was slightly worse than the BP valve but had no residual blood. The BL-A, BL-
45, and TD-F had a relatively similar Tr. The residual area of BL-45 is lowest among those three,
spreading along the LV outflow tract. The BL-A has the largest residual area, mostly confined to
the LV center, while the TD-F’s residual area was localized underneath the AV base and LV
center. The reversed swirling pattern impaired LV washout in the TD-S case, leading to the
highest Tr and region with Tr = 5 cycles at the MV base. During high LVAD support, BL-A had a
significant reduction in Tr and residual area, followed by the TD-F case. The other BL cases,
however, had higher average times and some Tr region > 4 cycles. The TD-F’s Tr increased

dramatically (more than 3 folds), covering approximately 90% LV area with Tr = 7.56 s.

Table 5.4: Residence Time (Tz) summary after 10 cardiac cycle

Average Ty | % Ty area > Average Ty of

Parameter (s) 2CC (%) | area>2CC (s)
BP 0.56 N/A N/A
TD-F 1.41 33.99 2.43
LV [CTDs 2.14 52.89 3.05
vom | BL-AA | 061 N/A N/A
BL-A 149 66.84 2.32
BL-45 113 16.06 2.08
BP 0.59 N/A N/A
TD-F 127 21.04 3.21
1'-1‘;‘3‘53 TD-S 6.71 89.10 7.56
tom | BLAA | 168 35.22 3.17
BL-A 0.88 9.00 192
BL-45 1.92 4715 2.82
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5.4 Discussion

This study presents a side-by-side comparison of MV prosthesis designs and orientations
under in a dilated heart failure model during continuous axial-flow HeartMate Il LVAD support.
Characterization of the intraventricular flow field, including vortex dynamics, and residence time,
provide insight into assessing the risk of TE. Previous publications reported that preexisting
prosthesis MV (biological or mechanical) could be left in place upon LVAD implantation without
any significant impacts on the pump function or TE risk, while special attention was needed to
ensure proper anticoagulation management'?6274276 _However, due to the small study sample and
unspecified valve types/orientation, they failed to fully assess the TE risk on prosthesis MV during
LVAD support.

Diastolic vortical flow in the LV was first observed back in 1995 using color Doppler
mapping an MRI?47:279.280 'in comparison to ejection, ventricular filling remains a complex process
and is less understood®’. For the efficient filling and limited dissipated energy, the LV must draw
blood from LA by recoiling and have sufficient room for the asymmetric growth of diastolic
vortex?*’. The LV flow pattern is significantly altered in dilated cardiomyopathy (DCM) heart due
to the changes in LV geometry and function, affecting blood transit and vortex
formation?45249282.283  The vortex dynamics of DCM patients consisted of well-rounded, lingered
CW vortex near the MV, causing lower velocity propagation and favoring stasis flow at the LV
apex?*24_ The echocardiographic assessment reported that DCM hearts had larger CW
circulation and KE than healthy hearts®*®. There were no in vivo data of intraventricular flow during
LVAD support in the presence of different MV prosthesis.

The previous publication reported that the presence of continuous flow LVAD did not alter
overall vortex dynamics, except for slightly increased the circulation and KE, particularly during
systole®®. The formation and evolution of CW and CCW vortices were similar in the pre-LVAD
case, but the CCW vortex was stronger®. In most cases, the PIV quantification for all the valve

types and orientations agreed with previous publications, following similar vortex patterns with
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slightly higher circulation and KE compared to the pre-LVAD cases®'?*. The BL-AA during 11k
LVAD support had significantly decreased in vortex circulation and KE, while its hemodynamics
data was in good agreement with other BL cases. This deviation could partially due to the increase
of out of plane velocity and LV turbulence, due to the interaction between the mechanical leaflet
hinges in anti-anatomical position and incoming flow during high LVAD support. Some errors may
be caused by small out-of-plane motions of the LV bag from the laser mid-plane, resulting in a
discontinuity of the average velocity and inaccurate vortex and KE results.

Large residual LV volume has been found in DCM patients?®? and linked to thrombosis in
acute myocardial infarction?®®28_ There is a poverty of literature available to assess the TE risk
for different MV prostheses during LVAD support. Therefore, in vitro quantitative efforts such as
one presented here are valuable to establish how high residence time relates to high TE risk in
LVAD patients with MV prosthesis. Higher LVAD support limited AVO, introducing larger regions
of residual flow, especially around the AV base in most cases. The BP had lowest Tr in
comparison to other valve types and positions, although the LVAD presence slightly increased
the average Trand introduced some region of high Tr underneath the MV base. For the BL valves,
increasing LVAD support improved flow mixing and transport, resulting in lower average Tr in the
anatomical position, but increased Tr and introduced residual flow regions along the LV outflow
tract (LVOT) in the anti-anatomical and 45° positions. High LVAD support allowed better wash
out of LV apex in the TD-F, but amplified the effect of reversal vortex pattern and worsened flow
transport in the TD-S case. The residual flow regions were mostly localized near the AV base and
LV center during low LVAD support. However, they expanded to spread along the LVOT and
underneath the MV, which potentially pose a risk of ventricular and valvular thrombosis.

The BP valve produced the most efficient LV washout, the result of the highest inflow
infiltration capacity, and strong CW vortex circulation limiting stasis flow region formation. On the
other hand, the TD-S case exhibited reversed CCW flow swirl causing a collision of the inflow and

outflow jets, which were previously linked to lower mechanical efficiency and higher TE risk?71287,
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and heavily impacted LV flow transport. These performances are consistent with the previously

published result of the pre-LVAD condition'?4.

5.5 Limitation and Conclusion

Similar system limitations, as discussed in Chapter 3, are in this study. A small degree of
spatial resolution in the image sequences was lacked as the result of only 10 images sets
collected and phased average for each time point. The uncertainty of the average velocity fields
at each time point was below 5%, except for the 5 frames during the early E-wave. In those
frames, maximum uncertainty was 25% and only visible in the mitral inflow region.

Intraventricular flow field indices for six different MV prosthesis designs/orientations under
matched low cardiac output conditions during low and high LVAD support were measured in a
cardiac simulator. The presence of the LVAD approximately did not substantially alter the overall
vortex formation, except for slightly increased circulation and KE. The BP valve provided the best
transport at low LVAD speed, which was maintained at higher speed; while the TD-S severely
impaired LV washout. This finding suggested that BL has a lower risk of thromboembolism for
MHV in the mitral position, particularly DCM patients during HeartMate |l support. However,
depending on the LVAD support level, different orientations of the BL valve might produce better

flow mixing and transport.
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Chapter 6

Summary and Future Direction

6.1 Summary of the Dissertation

Left Ventricular assist device (LVAD) support disrupts the normal blood path by removing
blood from the left ventricle (LV) apex and pumping directly into the ascending aorta. During
low/medium LVAD support, blood flow occurs through both the aortic valve (AV) and the pump.
During high LVAD support, the AV is hemodynamically closed, and blood exits the LV through
the pump®. The altered intraventricular flow pattern is thought to contribute to the observed
increased valvular dysfunction and its associated clinical risks. Upon LVAD implant, pre-existing
prosthetic (biological or mechanical) mitral valves(MV) is not a contraindication and often left in
patients®”-28¢, Some centers prefer to replace mechanical MV with bioprosthesis to minimize the
potential valvular thrombosis complication?®®. On the other hand, the current consensus
guidelines for the AV advocates repair or replacement for moderate-severe aortic insufficiency
(Al), while mild Al is often left uncorrected'2. Valve dysfunction, whether aortic or mitral, disrupts
the intraventricular flow and contributes to declining heart function. When combined with the
mechanical alterations imposed by a LVAD, the flow interactions become of great clinical
importance for assessing the progression and associated risk of thrombus, stroke, and Al.

This thesis examined the interaction of continuous-flow LVAD support with two forms of
valve dysfunction, aortic insufficiency (Al), and MV replacement. A mock circulatory loop served
as a testbed to match baseline conditions and measure the hemodynamics and the velocity
patterns for a range of conditions. Further analysis evaluated vortex dynamics, pulsatility, and
residence time as indices of flow stasis and recirculation. In Chapter 1, a broad introduction to the

work is provided, followed by a detailed literature review in Chapter 2.
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Chapters 3 and 4 describe the studies of Al during LVAD support with both HeartMate |l
(HMI) and HeartMate 3 (HM3) designs. In the presence of pre-existing Al, regurgitant AV flow
occurred during the diastolic phase, with regurgitant jet parameters (e.g., area, vena contracta
width, velocity, etc.) increasing with LVAD severity. LVAD support aggravates Al by increasing
the duration and magnitude of regurgitant flow. The HM2 and HM3 both worsen Al indices by
introducing turbulence, altering the intraventricular flow pattern, increasing energy loss, and
prolonging the diastolic phase. The results also suggested that the current clinical indices
underestimate Al severity during LVAD support (either when LVAD is first introduced or over a
range of LVAD speed), thus introduced a need for new indices to assess Al in LVAD patients.
Other easily acquired indices (jet/LVOT ratio and est. jet area) showed higher sensitivity and area
are recommended for further clinical exploration. Furthermore, LVAD support altered the AV flow
and biomechanics drastically and driven the worsening of Al. The presence of LVAD increases
the tensile stress and decreases the forward shear that the AV tissue is experienced without Al
while introducing oscillating shear when Al presence. From the result, we proposed a new risk

prediction and treatment of Al, modifying from the current guidelines®3138.162.179

Pre-existing Al at time of LVAD implant”

Trace Mild Moderate-Severe’ Mixed insufficiency &
l \ stenosis’
|
Jet/LVOT ratio < 5% Valve closure’ Bioprosthesis valve
Est. RJ area < 1.2 cm? rep]acement'
| AY Jet/LVOT ratio > 5%
Ramp study Jet/LVOT ratio > 5% Est. RJ area >1.2 cm?
I or
Jet/LVOT ratio < 5% Est. RJ area >1.2 cm?

Est. RJ area < 1.2 cm? Valve repair Park Stitch/
| . Modified Park Stitch
No repair  Consider repair Ramp study

Figure 6.1: Proposed Al risk prediction and treatment (the thresholds were extracted the
Chapter 3 and 4 result, *current guidelines®®138.162.179 )
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In Chapter 5, the effect of MV prosthesis design on intraventricular flow during HM2 LVAD
support is described for six different MV prosthesis design/orientations. This study follows a
previously published work reporting the flow patterns introduced by the MV prostheses without
LVAD support. The LVAD did not substantially alter the overall vortex formation but created
distinct residual flow regions. The results show that the bioprosthetic valve provided the best
transport for all LVAD speeds, while the tilting-disk mechanical valve prosthesis, particularly in

septal orientation, severely impaired the LV washout.

6.2 Recommendations for Future Work

6.2.1 Two-dimensional Velocity Vector Field Limitation

A single-camera PIV system was used to measure the two-dimensional (2D) flow patterns
at the LV mid-plane® (Figure 3.3). The 2D image captured the asymmetric mitral inflow vortex
previously identified in MRI and echocardiography studies?®®. However, the velocity field data
lacks out-of-plane information when particles leave the imaging plane during the recording cycle.
To compensate, in the residence time calculation, it was assumed that any particles entering the
plane at a specific location would have the same residence time of the particle currently located
at that point'?*.

To assess the magnitude of the out-of-plane velocity components, a pilot study was
performed with two-camera stereoscopic PIV?°! used to measure velocity in the LV midplane for
a small number of conditions. The resulting 3D velocity vector field includes the in-plane (Vx and
Vy) and out-of-plane (Vz) components, displayed at early-diastole for the Pre-LVAD condition in
Figure 6.2. The average in-plane velocity (V), calculated as the root mean square of the Vx and
Vy, is compared to the average Vz for one cardiac cycle and shown in Figure 6.3. During the peak
E- and A-wave (at t= 0.1 and 0.6 second (s)), for the Pre-LVAD Baseline and Mild Al conditions,
Vz was 12%- 30% of V. This suggests that the in-plane velocity is dominant and sufficient to

represent the swirling diastolic flow pattern, in agreement in the previous 2D-flow assumption?®.
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However, when Al was present, during diastasis (=0.2-05 s) and systole (1=0.65-0.95 s), Vz was
58%-90% of V. As LVAD speed increased, the in-plane velocity increased significantly at 25%-
102%, while Vz increased only 15%-25%. A similar observation was noted in Moderate and
Severe Al conditions. Without accounting for the out-of-plane velocity contribution in the presence

of complex flow architectures (such as Al), the residence time calculation might yield inaccurate

results.
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Figure 6.2: Velocity vector fields captured using two-cameras PIV setup in the LV midplane.
Out-of-plane (Vz) components were shown in yz and zx planes.
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Figure 6.3: Mid-plane average velocity (V) and out-of-plane velocity (Vz) time-varying during
one cardiac cycle of [A] Baseline and Mild Al pre-LVAD conditions and [B] Mild Al during low
(4.4 krpm) and high (5.4 krpm) Heartmate 3 (HM3) LVAD support. (Diastole starts at t=0, the 2™
filling phase occurs at t=0.525s, and the systole starts at 0.65s)

6.2.2 Future Works

The mock loop design has several limitations for fully replicating clinical conditions, as
discussed in detail in chapter 3.5. The control of cardiac filling and emptying in the mock loop is
accomplished by the motion of a piston attached to the fluid-filled chamber surrounding the
silicone LV. Downward displacement of the piston expands the LV, which decreases LV pressure
and initiates filling. Upward displacement increases the pressure surrounding the LV, increasing
pressure until it exceeds aortic pressure, and the aortic valve opens to allow flow. This is a

standard mechanism for simulating the cardiac cycle in a mock loop 251287.292-2%4  gnd the
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appropriate LV flow pattern is produced. However, in the presence of Al, the additional A-wave
expansion may also prolong the regurgitant jet. Moreover, the system’s left atrium chamber is
open to the atmosphere and provides unlimited preload; thus, the study of suction is not possible.
Future studies could modify the cardiac system to reflect a more physiological model of the left

atrium.

Figure 6.4: (Left) The laser sheet at the silicone LV mid-plane passing through the valves and
apex (arrows indicated the orientation where most of the bag compression occurred).
(Right) The camera view is perpendicular to the laser sheet.

Furthermore, in the current setup, the LV bag is compressed in the plane perpendicular to
the PIV imaging plane (Figure 6.4). Hence, the midplane boundary motion is inadequate for
estimating LV volume changes during the cardiac cycle. Future studies will utilize the two-camera
stereoscopic PIV setup of multiple parallel and perpendicular planes to capture the 3-D velocity
field, reconstruct three-dimensional flow architectures, and quantify LV volume changes. The 3-
D PIV will improve the spatial image resolution, and provide the out-of-plane velocity component
to accurately determine residence time.

The interaction of valve dysfunction and LVAD support was assessed with measurements

of the intraventricular flow in a controlled testbed. The results provide a focus for future clinical
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evaluation to use echocardiography and computational modeling, providing additional insight to

aid in future patient management and LVAD design.
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