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ABSTRACT
Congenital cardiovascular defects are the leading cause of infant mortality due to birth
defects. Ventricular assist devices (VADs) are being developed for use in adult applications and
have even proven to be successful in supporting patients ineligible for transplant. VADs function
as a secondary pump in parallel with the native ventricle. While implantation of adult VADs has
been successful, a comparable pediatric ventricular assist device (PVAD) has yet to be developed.
Thrombus formation and embolization have a high rate of occurrence in cardiovascular
prosthetic devices, including VADs, due to the requirements for implantation and long-term use,
along with large surface area and complex flow patterns. In order to predict the success of an
implanted PVAD, the fluid mechanics within the device and its attachment to the aorta need to be
studied. By gaining insight into the fluid dynamics of the PVAD anastomosis to the aorta, better
PVAD outlet placement may be made to promote successful implantation.
The anastomosis of the PVAD to the ascending aorta is found to significantly affect the
flow within the aortic arch and the great vessels. At 100% VAD support, the jet from the
anastomosis cannula quickly fills the branches but primarily directs the flow past the
brachiocephalic artery, causing recirculation at the base of the vessel and retrograde flow within
the ascending aorta. For 50% support at the same total flow rate (1.4 L/min) and beat rate (75
bpm), similar flow distribution is observed. The synchronization of the VAD pump with the native
ventricle remains a challenge that will continue to be studied. Although drive pumps for the VAD
and ventricle were started simultaneously at identical beat rates, pressure differences from each
pulse influence the outflow between the pumps. Variability in flow conditions due to pump
synchronization is found to cause inconsistency in the flow patterns and affects the flow
distribution by developing areas of recirculation and retrograde flow.
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Chapter 1
Introduction

1.1 Clinical Need
Congenital cardiovascular defects, the leading cause of infant mortality due to birth
defects, account for 29% of all birth defect-related infant deaths [1]. Each year over 35,000
babies are born with heart defects in the United States. A quarter of these patients require
invasive treatment [2]. Although transplantation has proven to be a viable option for recovery, it
is limited by an inadequate supply of donor organs. The average wait time for a transplant in
2005 was 107 days. It is estimated that approximately 40% of infants in need of a cardiovascular
transplant may die while waiting on the transplant list [3,4].
The most common support for pediatric patients is extracorporeal membrane oxygenation
(ECMO), which is only suitable for 72 hours [5,6]. For extended use, ECMO is likely to cause
cardiovascular problems, including blood damage and infection [7].

Clearly, a longer-term

approach is required.
Ventricular assist devices (VADs) have been developed for use in adults and have proven
to be successful in supporting patients ineligible for transplant. VADs act as a second pump in
parallel with the native ventricle. As a bridge-to-transplant, VADs may be implanted during the
time spent waiting for an available organ. In 2001, the Randomized Evaluation of Mechanical
Assistance for the Treatment of Congestive Heart Failure (REMATCH) study was initiated to
analyze the effects of long-term use of assist devices. Over a two-year span, it was observed that
patients with VAD support were 48% less likely to die than patients receiving optimal medical
management [8].
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While VADs are useful as a bridge-to-transplant therapy for adults with congestive heart
failure, the development of a pediatric device has lagged considerably. The adult model cannot
be used with pediatric patients due to differences in the anatomy of the neonatal cardiovascular
system [9]. Complicating the development of a pediatric ventricular assist device (PVAD) is
both that children have smaller blood volumes requiring much smaller pumps and that they may
rapidly outgrow their implanted device, causing a need for many different sized models for
different ages [10].

1.2 Fluid Mechanic Impact of Thromboembolic Events
Thrombus formation and embolization are a major concern in long-term cardiovascular
prosthetic devices, including VADs, due to their large surface areas and complex flow patterns
[11]. Compounding this problem, mechanical heart valves (MHVs) increase the likelihood of
thromboembolic events, as they may cause hemolysis and platelet activation when used on
pulsatile VADs. Reynolds stresses as high as 10,000 dynes/cm2 and cavitation around the time of
valve closure are thought to damage red blood cells and activate platelets [12]. Stresses of such
magnitude, observed on the regurgitant side of the aortic valve of a successful adult VAD have
been found to cause hemolysis [13].
Avoiding stagnation and low flow at areas close to the walls have been cited as ways to
reduce blood residence time and thus, prevent cell deposition [10]. Research by Hubbell and
McIntire suggests that for the polyurethane material used in the Penn State PVAD blood sac,
shear rates less than 500 s-1 may lead to thrombus deposition [14]. Within the adult VAD, strong
rotational flow with short residence time within the device was found to inhibit thrombus
deposition [12,13]. Weaning from a VAD is a critical issue as, for example, beat rates below 40
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beats per minute have been proven to promote deposition and must be avoided in the VAD [15].
Flow reduction and changes in the operating conditions have been studied in the PVAD in order
to examine the effect of weaning for pediatric patients [16].

1.3 Penn State Pediatric Ventricular Assist Device
Though VADs intended for adults have shown to be successful in older children, viable
options are not available for small children [17]. As part of the Pediatric Circulatory Support
Program of the National Institute of Health’s Heart, Lung, and Blood Institute (NHLBI), Penn
State was selected to develop 12 and 25 cc PVADs. The devices are pneumatically driven
pulsatile pumps, scaled down from the 70 cc Pierce-Donachy adult-sized model, which has
achieved a 44% survival rate when used clinically as a bridge to transplant [15,18,19,20,21].
The success of adult VADs has been one of the reasons for the spawning of pediatric
devices. The most currently used pulsatile PVADs on the market are the Thoratec®, Berlin
Heart, and MEDOS-HIA systems [22]. The Thoratec® PVAD is the most widely used and has
supported over 2000 patients, but it has too large of a flow rate and stroke volume for use in
neonates. It has, however, produced a 60% survival rate during multicenter studies with children
and adolescents [23]. The Berlin Heart was developed in Germany and achieved a 51% survival
rate in a bridge-to-transplant and bridge-to-recovery study conducted on 45 pediatric patients.
Of the successful implantations, 18 received heart transplants and 5 were weaned from the
device [24,25]. The MEDOS-HIA system was also developed in Germany and has attained a
survival rate of 36.2% [25]. While not a pulsatile device, the MicroMed DeBakey VAD® is a
miniaturized axial flow pump that has also been used in bridge-to-transplant situations and has
produced a survival rate of 67% in its initial trial [26].
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Other pediatric assist devices, diverse in methods of operation, are now in development,
funded by the NHLBI [10]. The University of Pittsburgh is designing a fully implantable
PediaFlow VAD, which is a mixed and continuous flow pump to support patients up to 2 years
old for up to 6 months at a time. The PediPump is an axial flow pump being developed at the
Cleveland Clinic to allow for intravascular or traditional cannulation depending on the size of the
child.

The intravascular method places the axial flow pump within the aorta, while the

alternative approach is to set the pump within a cannula grafted from the ventricle to the aorta.
An additional axial flow pump is the Pediatric Jarvik 2000, a collaboration between Jarvik Heart
Inc. (New York, NY) and the University of Maryland. Based on the Jarvik 2000 adult pump, it
is being scaled down to child and infant sizes. The pCAS is based on a small microfiber
exchange module that aims to extend the use of ECMO for longer support time, and is being
studied by Ension Inc. (Pittsburgh, PA), the University of Louisville, Seare BioMatrix Systems
(Salt Lake City, UT), and Fluent, Inc. (Canonsburg, PA) [10].
In the Penn State PVAD, the fluid is contained in a polyurethane blood sac, which is
compressed and relaxed using a pneumatic pump, mimicking the pulsatility of the cardiac cycle
[18]. Although it is derived from a functional adult device, the PVAD has more of a threedimensional flow pattern than does the adult Pierce-Donachy (Thoratec®) model [27]. It has
been found that the reduction in the volume of the pump from the adult VAD to the PVAD alters
the internal flow field of the device and has the potential to increase thrombus formation in the
PVAD, as suggested in animal studies [18,19]. By studying the fluid mechanics within the
PVAD, it may be possible to learn more about the impact of wall shear stresses within the
device. Using this knowledge, there is the potential to incorporate design modifications to limit
cell deposition, hemolysis, and platelet activation [28]. Another area of study that relates to
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alteration of the fluid dynamics surrounding the flow field is valve selection and orientation
[29,30].

1.4 Anastomosis of the VAD to the Pediatric Aorta
Figure 1 shows a SolidWorks model of the pediatric aorta with an end-to-side
anastomosis to the ascending aorta. Anastomosis refers to the joining of two vessels by means of
surgery. In the case of VAD implantation, end-to-side anastomosis is used; that is, connecting
the VAD to the vasculature by suturing the end of the outflow cannula from the VAD to the side
of the aorta. The anastomosis may influence flow through the aorta as a function of the diameter
of the cannula, the angle of connection, and the location of the graft site on the aorta.
Anastomosis to the descending aorta is not typically used due to the potential for
stagnation in blood flow around the aortic valve [31]. When grafted to the ascending aorta, the
anastomosis may develop areas of separation or stagnation within the aortic root or through the
secondary vessels. Turbulence may also result.
For adult applications, continuous laminar flow has been studied within the anastomosis
cannula through computational fluid dynamic (CFD) models and by measuring flow fields and
wall shear [32].

It has been found that the angle of anastomosis affects fluid dynamics

downstream of the point of attachment [33,34].
The anastomosis to the PVAD is not a component of the natural circulation through the
pediatric aorta. Thus, adding another element to the circulation has the potential to alter the
native flow. The point of connection to the ascending aorta presents one aspect that may change
the flow. While the geometry of the anastomosis is one concern, variable amount of support
from the PVAD compared to the flow through the native ventricle can alter the flow through the
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aorta as well. From one CFD study conducted on VAD anastomoses, it was stated that the
anastomosis significantly alters the flow of the native aorta [34]. Depending on the location of
the anastomosis and method of circulatory support, the patient may experience problems due to
stagnant flow around the aortic valve, leading to thrombosis and reduced pulsatility.

Figure 1: Anastomosis to pediatric aorta

6

As in the PVAD, the aorta presents a location where altered fluid dynamics may promote
platelet activation and cell deposition and lysis.

Low shear and areas of separation and

stagnation must be avoided within the aorta in order to decrease the likelihood of these events.
The pediatric aorta has a smaller diameter compared to the adult, which may contribute to
thrombus deposition. Consequently, outflow graft location may influence patient response and
recovery [35].
Furthermore, study of the fluid mechanics of aortic blood flow may aid in determining
the likelihood of graft failure for a patient [36]. It has been cited that intimal hyperplasia is a
consequence of areas of both low and high wall shear stresses and their duration, and is
especially relevant at the graft site [37].
As found in the study by Yang et al., flow within the anastomotic model diverts flow to
the brachiocephalic artery and has the potential to increase perioperative right-sided stroke rate
[38,39]. It was observed that flow was skewed toward the inner wall of the ascending aorta
during peak systole and mid-deceleration.

These findings contrasted slightly with studies

without anastomosis to the PVAD, in which flow was also skewed toward the inner wall of the
ascending aorta at early systole. It was observed that flow through the natural pediatric aorta
was directed toward the distal wall of the brachiocephalic artery, causing an area of separation
along the inner wall. The anastomosis cannula affected the native flow by diverting flow from
the impingement jet into the brachiocephalic artery after peak systole, with regions of stagnant
flow evident throughout the cardiac cycle [34].
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1.5 Purpose
The clinical implications of a PVAD implantation will be studied by measuring the
hemodynamics within the pediatric aorta as influenced by an anastomosis to the ascending aorta.
By characterizing the fluid dynamics of the pediatric aorta using in vitro experimentation, it may
be possible to improve the cannulation for varying levels of support.
In this paper, particle image velocimetry, used for experiments, will be introduced first.
Then the method for the assembly of the mock circulatory loop and its components will be
presented. Finally, the results will be presented and discussed, along with conclusions and future
directions for this research area.
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Chapter 2
Particle Image Velocimetry Theory

2.1 Particle Image Velocimetry
Of the many flow measure techniques, particle image velocimetry (PIV) has been useful
in characterizing flow in VADs due to its ability to quickly image the planar flow field
[40,41,42]. An important benefit of the PIV technique also includes the ability to nonintrusively
measure velocity within the fluid flow [40].

2.2 Vector Calculation
In the case of planar PIV, a laser is positioned to illuminate a sheet of light within the
desired plane, perpendicular to a high-speed camera triggered at the given time step of the cycle.
Particles are detected and assigned a coordinate based on the pixel location that is illuminated.
For each measurement, two images are acquired at a differential time with coordinates in the x
and y directions. Cross-correlation is used to calculate the velocities for regions of the fluid flow
by comparing particle locations across the differential time interval. A peak occurs in the crosscorrelation distribution where a group of particles shifts over the differential time interval
between images. For a given interrogation region, displacement vectors may be determined for
the flow field under the assumption that all particles have moved homogeneously between
images. From the two images separated by the differential time interval, the distance traveled by
the particles is calculated for each interrogation region as a whole, rather than for each individual
particle. The velocity of the particles in a given region of the flow is then calculated from the
distance traveled over the elapsed time; therefore one velocity vector is calculated to represent
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flow for all of the particles within an interrogation region. An illustration of the experimental
PIV setup is shown in Figure 2 [40].

Figure 2: Illustration of PIV Acquisition

2.3 Data Acquisition
The size of the interrogation region, the pixel size, and the differential time between PIV
images are among the factors that may be manipulated to measure the velocity at a particular
instant. The PIV system can be triggered at given points on a flow waveform in order to acquire
data at desired points within the cardiac cycle for a given beat rate, and velocities within regions
of the flow may calculated for each interrogation region [41]. Averaging PIV images to obtain
flow maps aids in the understanding of the velocity for a point in the cardiac cycle at a given
location with the model.
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2.4 PIV System Components
For the PIV setup used, a Gemini PIV 15 system (New Wave Research, Inc., Fremont,
CA) consisting of dual Nd:YAG lasers was used to create a 200 µm light sheet from a 6 mm
light beam. To do this, a -25 mm cylindrical lens, a 25 mm diameter high-energy mirror, and a
500 mm spherical lens were used. A Micro-Nikkor 60 mm f/2.8D lens (Nikon Corp., Tokyo,
Japan) was used with a one-megapixel charge-coupled device camera (TSI, Inc., Shoreview,
MN) to capture images, which were then collected using a LaserPulse Synchronizer (TSI, Inc.,
Shoreview, MN) triggered over set time intervals.
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Chapter 3
Methods
3.1 The 12 cc Penn State PVAD
In order to acquire data within the 12 cc Penn State PVAD, the clinical device was
encased in acrylic conducive to the optical access needs of PIV. The acrylic casing permits the
laser to illuminate a plane of particles within the model that can be imaged by an orthogonally
positioned high-speed camera. Two 17 mm Björk-Shiley Monostrut tilting disc valves are
placed in the inlet and outlet ports of the PVAD. A representation of the PVAD is shown in
Figure 3.

Figure 3: A cross-section of the PVAD used within the mock circulation
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3.2 The Mock Ventricle
The mock ventricle is a second PVAD with different valves.

The pump operates

identically to the PVAD, though the inlet and outlet ports in the model contain 17 mm
CarboMedics bileaflet mechanical heart valves. These are used to closer approximate the flow
through the valves of the native ventricle compared to tilting disc valves.

3.3 The Pediatric Aorta
A patient specific aorta (eight years old) geometry reconstructed using magnetic
resonance imaging (MRI) (NIH-Georgia Tech Fontan Anatomy Database ID: CHOP007) was
scaled down to represent a pediatric aorta of a one-year-old with an aortic inlet diameter of 11.6
mm. Figure 4 shows a model of the pediatric aorta developed using SolidWorks. Table 1 lists
the dimensions of the pediatric aortic model and the tubing diameter used to connect to the mock
circulatory loop.
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Figure 4: The pediatric aortic model

Table 1: Dimensions of the pediatric aortic model and tubing diameter attached to the vessels
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From the original aortic model, a model of the pediatric aorta with an anastomosis to the
ascending aorta was designed with the same dimensions. A 6 mm diameter anastomosis cannula
was added at a 30o angle at a location determined by Penn State Hershey Medical Center
surgeons to be feasible for grafting. The model was encased in acrylic, facilitating optical access
to measure the flow within the model. Figure 5 illustrates two perspectives of the pediatric
aortic model without the PVAD anastomosis. Figure 6 shows a picture of the anastomotic
model within the mock circulatory loop, which was shown as a SolidWorks model in Figure 1.

Figure 5: Perspectives of the acrylic-encased aortic model without the anastomosis cannula
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Figure 6: Photo of the acrylic pediatric aortic model including the anastomosis cannula
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3.4 The Mock Circulatory System
A mock circulatory system was assembled based on the loop developed by Rosenberg et
al. and modified for pediatric application by a reduction in the overall volume and an increase in
the total resistance [43]. Rosenberg’s original loop mimicked the VAD as an artificial ventricle,
while the loop used in this study includes the active ventricle as well as the PVAD. This loop
contains components that mimic the heart, the systemic blood flow, the venous return, the assist
device, and the acrylic model of the pediatric aorta and anastomosis. Upon completion of that
study, a PVAD has been added to the original assembly with anastomosis to the ascending aorta
in order to study the effects of the PVAD and ventricle on the aortic blood flow.
To connect the valves to the simulated vasculature, connectors were designed to attach
3/8 inch diameter Tygon tubing. The connectors were held in place by hose clamps and screws
attaching to the exterior of the mock ventricle. Tubing was further attached by the use of silicon
gel and Teflon to prevent leakage. The assembly of the pediatric ventricle, aorta, and connectors
between the ventricle and the aorta are shown in Figure 7. Tubing which would connect the
ventricular outflow to the aortic inflow is not shown in the figure.
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Figure 7: Assembly of the mock ventricle and pediatric aortic model with anastomosis. White
arrows represent the direction of flow.

The inflow to the mock ventricle is driven through a connecting piece which directs the
flow from the Tygon tubing through the ventricle and pushes it out on the opposite side in the
direction of the ascending aorta. The connection between the ventricle and the aorta is formed
by two connector pieces bridged by Tygon® 3603 tubing (Saint-Gobain Performance Plastics,
Aurora, OH) to mimic the compliance of the artery. The aorta was designed to reproduce real
human anatomy in a 3-dimensional geometry with the great vessels (the brachiocephalic artery,
the left common carotid artery, and the left subclavian artery) branching from the aortic arch
18

with dimensions obtained through anatomical data [44]. Note that this is a rigid model, and the
vessels are not compliant. There is some compliance in the system, as will be described with the
mock circulatory loop.
The circulatory system can be modeled as a circuit including resistance and capacitance.
These quasilinear elements are necessary to model a truly non-linear human circulatory system
as closely as possible while maintaining feasibility in experimentation. Tygon tubing connects
each element within the loop. The mock circulatory loop setup is shown in Figure 8. Pressure
transducers (Maxxim Medical, Athens, TX) were attached to the pumps and compliance
chambers as illustrated by the diagram in Figure 9. Flow probes (Transonic Systems, Inc.,
Ithaca, NY) were attached at the inlet and outlet of vessels surrounding the ventricle and the
PVAD. Figure 9 also includes the placement of flow probes within the mock circulatory loop.
Waveforms acquired from the pressure and flow sensors were acquired using WaveBook and
WaveView (IOtech, Inc., Cleveland, OH) and used to maintain operating conditions for the
duration of the experimentation.
In the mock loop, the resistance is accomplished through the use of a resistive element
produced by two parallel plates clamped around a section of the Tygon tubing. The capacitive
elements account for the compliance of the aorta and the atrium by changing volume as a linear
function of pressure. An apparatus was set up in both the arterial and venous sides of the loop
using piston-spring devices to provide the capacitance. With such a design, the compliance
chambers may exhibit a variable capacitance so long as the spring is not overstretched or the
piston deflection is not higher than the cylinder. In Figure 8, the compliance chambers are
labeled by their location in relation to the PVAD, meaning that the venous compliance leads into
the PVAD while the arterial compliance is connected to the outlet.
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The last major component in the system is the reservoir, which mimics the venous supply
of blood. The reservoir is responsible for the pressure within the vessels, and serves as the
method for filling the loop with the fluids.

Figure 8: Photo of the pediatric mock circulation. The resistive element is hidden in this view.
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Figure 9: A schematic of the pediatric mock circulation with the PVAD attached.

The mock circulatory loop is run by two pneumatic pumps, each having a driver that
controls beat rate, systolic duration, the driveline pressure, and the vacuum. The pneumatic
pumps pulse the diaphragm within the ventricle and the PVAD to assist in movement of the
pediatric circulation. One of the two identical pumps driving the PVAD and the ventricle is
shown in Figure 10.
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Figure 10: The drive pump used for the PVAD and the ventricle in the circulatory loop

3.5 Fluid Preparation
A non-Newtonian blood analog was created for use within the mock circulatory loop to
mimic pediatric blood, which contains formed elements suspended in plasma that contribute to
its shear thinning behavior. The range of hematocrit in pediatric blood has been observed
between 20-60% [45]. A 40% hematocrit viscoelastic blood analog was created for use within
the mock circulatory loop as a median point within the range. The fluid was comprised of
sodium iodide (50%), water (35%), glycerin (16%), and Xanthan gum (0.03%) by weight.
Sodium iodide was used in order to match the refractive index of 1.49 consistent with the acrylic
parts. The viscosity was increased to match that of blood through the addition of glycerin, and
the elastic and shear thinning properties of blood were accounted for through the use of Xanthan
gum. The fluid was seeded with low-density 10 μm hollow glass spheres (Potters Industries,
Valley Forge, PA) to act as particle tracers as necessary for PIV, without affecting the fluid flow.
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3.6 Operating Conditions
Three separate conditions were run within the circulatory loop. For each condition the
cardiac output (CO) was 1.4 L/min. Ninety mmHg was set as the systolic pressure and 60
mmHg as the diastolic pressure. Physiologic conditions were adjusted within the flow loop to
mimic 100% support from the VAD. Another experiment was set up to mimic 50% support at
75 beats per minute (bpm).
In the experiment simulating full support from the VAD, the total flow of 1.4 L/min was
generated solely by the VAD pump. For this experiment, the beat rate of the VAD was set to 75
bpm, and the ventricle was not pulsed. The systolic duration was set to 340 ms. Waveforms are
shown in Figure 11, corresponding to the flow sensors depicted in Figure 9; these
measurements include the total flow (F8 in Figure 9) through the descending aorta and the great
vessels, VAD outflow (F3), ventricular inflow (F2), and VAD inflow (F1). Vertical gridlines on
the graph represent times in which PIV data was collected.

23

Figure 11: Flow waveforms for one cardiac cycle in the anastomotic model under 100% VAD
support

For the simulation of 50% support, the total flow of 1.4 L/min was generated by
combining the flow through the VAD and the ventricular pump.

The pumps were first

synchronized to run at 75 bpm at a systolic duration of 340 ms. For the purposes of this
experiment, synchronization is considered to be the VAD and the ventricle filling and ejecting in
unison. Flow waveforms representing this are displayed in Figure 12. In this figure, vertical
gridlines represent times in which data was collected.
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Figure 12: Flow rates within the anastomotic model under 50% support at 75 bpm

3.7 PIV Data Acquisition
Three planes of data within the anastomotic model were acquired using PIV for each of
the flow conditions. Planes were measured at distances of 12 mm, 17 mm, and 19 mm from the
edge of the model. These planes correspond to the locations of the end of the anastomosis
cannula immediately before its attachment to the aortic arch, the centerline of the ascending
aorta, and the centerline of the brachiocephalic artery, as shown in Figure 13. A PIV system
(TSI, Inc., Shoreview, MN) was triggered at 25 ms intervals from the beginning to the end of the
cardiac cycle for each condition and each data plane. Two hundred image pairs for each time
step, acquired by triggering a synchronized charge-coupled device camera (TSI, Inc., Shoreview,
MN), were averaged during post-processing to calculate fluid velocity within regions of the
aorta.
25

Figure 13: Two-dimensional data planes through the pediatric aortic model where PIV data was
acquired

3.8 PIV Data Processing
Flow maps were produced to show magnitude and direction of the flow within the model.
Insight™ (Shoreview, MN) was used to process PIV data, as well as MATLAB and Tecplot to
create average files and flow plots. Each flow map represents mean velocity and is distinct for
each time step within the cardiac cycle. The minimum velocity that can be measured by the PIV
system at the lowest magnitude and the highest differential time interval between images is 0.012
m/s.
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Chapter 4
Results and Discussion

4.1 Interpretation of PIV Images
Acquired PIV data is represented in flow maps in which arrows represent the direction
and relative magnitude of the flow. The basic geometry of the aortic arch can be seen in each of
the images, though data was not necessarily collected for the entire geometry due to poor optical
access. The flow within the anastomotic aorta is highly three-dimensional, though data was
acquired for planar PIV at areas of interest. Cross sections of data planes within the anastomotic
model are shown in Figure 14 and represent the areas where flow was measured.

The

anastomosis plane does not intersect any part of the aorta, and only includes the fluid region
within the anastomosis cannula. The aortic arch plane shows PIV data throughout the ascending
aorta and the first part of the aortic arch. Data acquired in the brachiocephalic plane also shows
flow in the ascending aorta and the aortic arch.
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Figure 14: Sectional views of planes where PIV data was collected. Red lines highlight the
fluid region for PIV. The anastomosis plane only includes flow within the anastomosis cannula.
The aortic arch plane includes the centerline of the ascending aorta and part of the
brachiocephalic artery. The brachiocephalic plane includes the centerline of the brachiocephalic
artery and flow within the ascending aorta and the left common carotid artery.

An example of a plot for each of these planes is shown in Figure 15. Note that only the
fluid regions evident from the sectional views of Figure 14 represent locations within the image
where velocity is measured. Areas outside these locations display “zero velocity,” but are only
included to offer perspective of the aortic geometry.
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Figure 15: Flow maps of the anastomosis, aortic arch, and brachiocephalic data planes where
PIV data were collected

Selected images from these three data planes under the conditions of 100% and 50%
VAD support are discussed. All flow maps for collected PIV data can be found in the Appendix.

4.2 100% VAD Support
For the flow condition of 100% VAD support, the beat rate was set to 75 bpm. The total
cardiac cycle was therefore 800 ms, with the length of systole set to 340 ms. For the duration of
systole, the flow through the anastomosis cannula into the aorta exhibits a strong jet with a
maximum velocity of approximately 4 m/s. Based on the average flow rate of 1.4 L/min, the
average velocity through the anastomosis cannula is 0.825 m/s. Flow within the anastomosis
cannula is shown in Figure 16.
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Figure 16: The anastomosis plane at A) 200 ms, B) 250 ms, and C) 300 ms

At the end of systole, the flow decreases to 0 m/s in the anastomosis cannula within 50
ms, and then reverses direction, as shown in Figure 17. This retrograde flow in the anastomosis
cannula continues for approximately 100 ms.
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Figure 17: Deceleration of the fluid following systole at A) 350 ms, B) 375 ms,
C) 400 ms, and D) 425 ms

The retrograde flow in the anastomosis cannula at about 500 ms into the cardiac cycle
stops and remains relatively stagnant until the start of systole in the next cycle. Figure 18
displays the 475 ms and 500 ms time steps where the flow is nearly 0 m/s.
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Figure 18: Flow within the anastomosis plane at A) 475 ms and B) 500 ms

While the anastomosis plane shows the flow through the anastomosis cannula into the
aortic arch, the aortic arch plane gives more insight into the flow downstream of the anastomosis.
Within the aortic arch, the maximum velocity reaches approximately 2 m/s.

During the

acceleration of the fluid at the beginning of systole, the flow exits from the anastomosis cannula
and into the great vessels of the aortic arch. Figure 19 shows the 25 ms and 50 ms time steps at
which time fluid flow enters the brachiocephalic artery.

32

Figure 19: Flow within the A) 25 ms and B) 50 ms time steps of the aortic arch plane

Following the initial jet, flow within the aortic arch begins to show retrograde flow and
recirculation. At 125 ms, the direction of the flow goes against the general path through the
aortic arch and turns toward the closed valve of the ventricular outlet port. This retrograde flow
is shown in Figure 20.
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Figure 20: Retrograde flow in the ascending aorta, seen in the aortic arch data plane at
A) 125 ms and B) 150 ms

The flow at the bottom of the aortic arch begins to recirculate around 200 ms, as shown in
Figure 21. Also shown in this figure is skewness of the flow toward the inner wall of the
brachiocephalic artery and a small recirculation region where it joins the aortic arch. This same
skewness was noted by Yang et al. in their CFD model [34].
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Figure 21: Flow during systole within the aortic arch plane for A) 200 ms, B) 225 ms,
C) 250 ms, D) 275 ms, E) 300 ms, and F) 325 ms
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As systole ends, the jet at the center of the aortic arch has an approximate maximum
velocity of 2 m/s. The flow from this jet is directed across the aortic arch and, to a much lesser
extent, up the brachiocephalic artery. Figure 22 shows flow at the 350 ms and 375 ms time steps
and includes retrograde flow through the brachiocephalic artery.

Figure 22: Flow map of the aortic arch data plane at A) 350 ms and B) 375 ms

At the end of systole, the flow decelerates, and the retrograde flow through the
brachiocephalic artery continues. The aortic arch begins to experience retrograde flow. Flow
maps for early to mid-diastole are shown in Figure 23.
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Figure 23: Flow maps of the aortic arch plane at the beginning of systole: A) 400 ms,
B) 425 ms, C) 450 ms, and D) 475 ms.

During the last 300 ms of the cardiac cycle under 100% VAD support, the flow becomes
almost stagnant, showing little flow. The maximum velocity for this part of the cardiac cycle
was no more than 0.2 m/s. Figure 24 shows flow during the last 300 ms of the cardiac cycle
through the aortic arch data plane.
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Figure 24: Flow in the aortic arch data plane for A) 525 ms, B) 625 ms, and C) 725 ms

Images from the brachiocephalic data plane are similar to those of the aortic arch plane,
as they are only 2 mm apart, though the brachiocephalic plane captures flow better in the great
vessels. As was the case in the aortic arch plane of Figure 19, the beginning of systole is shown
to promote flow through the brachiocephalic artery in the brachiocephalic plane. Flow maps for
this plane at time steps of 25 ms and 50 ms into the cardiac cycle are shown in Figure 25.
During this time at the beginning of systole, the flow is directed from the aortic arch to
brachiocephalic artery.
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Figure 25: Flow maps for the brachiocephalic data plane at A) 25 ms and B) 50 ms

The jet from the anastomosis cannula during systole is shown to affect the flow within
the brachiocephalic artery similarly to what was discussed for the aortic arch data plane. In
Figure 26, the flow is shown to be skewed toward the near wall, and an area of recirculation
exists at the base of the vessel.
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Figure 26: Flow map of the brachiocephalic plane at A) 150 ms and B) 200 ms

The benefit of the brachiocephalic data plane is the ability to observe the flow within the
first two great vessels, but particularly, the brachiocephalic artery. As is shown in Figure 27, the
recirculation at the base of the brachiocephalic artery that is evident in Figure 26 remains until
about 375 ms. In both Figure 26 and Figure 27, flow within the brachiocephalic artery is shown
to be skewed toward the inner wall, which is consistent with the aortic arch plane. Flow in this
region accelerates as it travels through the vessel, despite the vessel maintaining a constant
geometry. This acceleration is therefore not an effect of the geometry of the model, but instead
due to the complex flow at the root of the brachiocephalic artery.
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Figure 27: Recirculation at the base of the brachiocephalic artery at A) 250 ms and
B) 325 ms in the brachiocephalic data plane

In Figure 26 (B) and Figure 27, it is noticeable that the flow within the aortic arch
appears to drop suddenly, and pick up at the brachiocephalic artery.

Figure 28 (A) shows

vector counts of the 325 ms image within the brachiocephalic plane, which is the image shown in
Figure 27 (B). The region where flow appears to be reduced in the aortic arch of Figure 27 (B)
is the same region which shows vector counts of approximately 50 passed vectors within the
plane of data collection. Vector counts greater than 50 are typically considered necessary for
displaying planar flow.

Figure 28 (B) shows a plot of vector counts at 25 ms, a point

representing early systole in the cardiac cycle. Here the passed vectors within the aortic arch are
between 100 and 150, and the flow is much less than at 325 ms.

The velocities which

correspond to the 25 ms time step are shown in Figure 25 (A). At the beginning of systole, flow
is only beginning to enter the aortic arch from the anastomosis cannula. It can be assumed that
this region experiences a large amount of out-of-plane flow during peak systole, evidenced by
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the discrepancies in vector counts.

This finding is logical based on the geometry of the

anastomotic model since the anastomosis is not in the same plane as the ascending aorta. Figure
13 shows a perspective of the anastomotic model that demonstrates how the anastomosis cannula
is not parallel to the data plane, and may therefore support the idea of severe out-of-plane flow or
three-dimensionality.

Figure 28: Vector counts within the A) 325 ms image on the brachiocephalic plane, as
compared to vector counts at B) 25 ms (during early systole). The circled area highlights the
difference in passed vector counts.

Around 375 ms into the cardiac cycle, the flow in the brachiocephalic artery ceases to
circulate and instead reverses flow direction, back into the aortic arch. This retrograde flow is
also present in the left common carotid artery, though at a lower speed. Figure 29 shows the
flow at this point in the cycle.
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Figure 29: Flow in the brachiocephalic data plane at A) 375 ms and B) 400 ms

Between 500 ms and 525 ms into the cardiac cycle, the general direction of the flow
reverts to its original direction toward the outlet of the aorta. Figure 30 shows images from
these two time steps.
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Figure 30: Flow for the A) 500 ms and B) 525 ms time steps of the brachiocephalic plane

For the remainder of the cardiac cycle in the brachiocephalic plane, the flow is nearly 0
m/s but maintains the same direction toward the aortic arch and anastomosis. Figure 31 shows
selected images from these time steps, which are part of diastole.

Figure 31: Flow for the A) 575 ms, B) 675 ms, and C) 775 ms time steps of the brachiocephalic
plane
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4.3 50% VAD Support
To simulate 50% VAD support, the same conditions were held as the 100% support
experiment, though the total flow was split evenly between the VAD and the ventricle. The
same data planes were used as with the 100% condition. Due to inconsistency in waveforms
from the pumps interacting, the waveforms were triggered from the pneumatic pressure
waveform of the VAD. The time step of 0 ms is equivalent to the drive pressure increasing to
mimic the beginning of systole.
In the anastomosis plane, similar flow distribution to the 100% support condition was
observed. The velocity during peak systole at 50% support was approximately half that of 100%
support since the flow was split evenly between the VAD and the ventricle. A comparison of the
anastomosis plane at peak systole is shown in Figure 32.

Figure 32: Flow in the anastomosis plane at peak systole (300 ms) for A) 50% support and B)
100% support
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Diastole in the anastomosis plane was nearly identical between the 100% and 50%
support conditions. Figure 33 shows a point in early diastole that demonstrates the consistency
in retrograde flow for both levels of support.

Figure 33: Retrograde flow during early diastole (425 ms) for A) 50% and B) 100% support

The aortic arch plane also shows similar results for 50% support as compared to 100%
support. Shown in Figure 34 is the 200 ms time step in mid-systole. Although velocity
magnitudes are lower at 50% support, the same areas of skewness and recirculation are present.
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Figure 34: Flow at 200 ms for A) 50% and B) 100% support in the aortic arch. Areas of
skewness and separation are circled.

At the end of systole, and through the beginning of diastole, the aortic arch experiences
flow in the positive direction for 50% support, but experiences retrograde flow for 100% support.
Figure 35 shows time steps at the beginning and middle of diastole that show the difference in
flow direction between 50% and 100% support.
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Figure 35: Flow at 400 ms for A) 50% and B) 100% support, and at 475 ms for C) 50% and D)
100% support in the aortic arch

Flow through the aortic arch and the brachiocephalic artery continues for most of diastole
in the 50% support condition, but does not in the 100% condition. For 50% support, discernible
flow is present for all but 50 ms at the end of the cardiac cycle. Under full support, the aortic
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arch experiences almost no flow for the majority of diastole. A comparison of a point in the
middle of diastole is shown in Figure 37.

Figure 36: Flow at 675 ms for A) 50% and B) 100% support in the aortic arch

These same findings were observed in the brachiocephalic plane, where the flow
resembled more of the native flow presented by Yang et al. than it did that of the anastomotic
model for 100% support. Under 50% support, the aortic arch did not experience as much
retrograde flow or recirculation as was noted in the 100% VAD support data.
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Chapter 5
Conclusions

The VAD anastomosis has been shown to affect the fluid dynamics within the pediatric
aorta. For pediatric aortic blood flow without the anastomosis to the PVAD, it is expected that
flow is characterized as that described by Yang et al. [34]. That is, fluid flow is primarily in the
direction of circulation with some natural areas of separation, with little recirculation or
retrograde flow. Under 100% VAD support, the native blood flow across the aortic arch and the
great vessels is altered by the inflow from the anastomosis cannula. The high-velocity jet from
the VAD was found to cause recirculation and retrograde flow at the base of the brachiocephalic
artery and the ascending aorta. The branches of the aortic arch were fed by the flow from the
PVAD pump immediately upon the start of systole. As the fluid accelerated, the velocity of the
flow within the aortic arch increased, and backflow from the great vessels generated flow
patterns that are not present in the aorta without PVAD anastomosis.
Areas of three-dimensionality were observed within the PIV data, as evidenced by low
vector counts near peak systole. In order for these areas to be examined, future experiments
must orient the PIV system such that the anastomosis cannula cross-flow is normal of the light
sheet. Without these data, it is difficult to characterize flow within the aortic arch at peak
systole.
Although the PVAD and ventricle pneumatic drivers for the 50% support condition were
started at the same time, it was not easy to maintain synchronization. The flow waveforms
fluctuate over time. Because of the variability within the flow conditions for 50% support, the
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challenge remains to compare the effect of different beat rates and flow distribution between the
pumps. Studies should consider methods to establish more consistent operating conditions.
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100% VAD Support - Anastomosis Plane – 75 bpm
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